
The FASEB Journal. 2022;36:e22534.     | 1 of 15
https://doi.org/10.1096/fj.202200313RR

wileyonlinelibrary.com/journal/fsb2

Received: 1 March 2022 | Revised: 11 August 2022 | Accepted: 24 August 2022

DOI: 10.1096/fj.202200313RR  

R E S E A R C H  A R T I C L E
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Abstract
The solute carrier 26 family member A9 (SLC26A9) is an epithelial anion trans-
porter that is assumed to contribute to airway chloride secretion and surface hydra-
tion. Whether SLC26A9 or CFTR is responsible for airway Cl− transport under basal 
conditions is still unclear, due to the lack of a specific inhibitor for SLC26A9. In the 
present study, we report a novel potent and specific inhibitor for SLC26A9, identi-
fied by screening of a drug- like molecule library and subsequent chemical modi-
fications. The most potent compound S9- A13 inhibited SLC26A9 with an IC50 of 
90.9 ± 13.4 nM. S9- A13 did not inhibit other members of the SLC26 family and had 
no effects on Cl− channels such as CFTR, TMEM16A, or VRAC. S9- A13 inhibited 
SLC26A9 Cl− currents in cells that lack expression of CFTR. It also inhibited proton 
secretion by HGT- 1 human gastric cells. In contrast, S9- A13 had minimal effects on 
ion transport in human airway epithelia and mouse trachea, despite clear expres-
sion of SLC26A9 in the apical membrane of ciliated cells. In both tissues, basal and 
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1  |  INTRODUCTION

The epithelial anion transporter SLC26A9 (solute carrier 
26 family member A9) is thought to contribute to hy-
dration of the airway surface liquid (ASL) by operating 
as an Cl− transporter.1- 7 A recent cryo- EM structure and 
functional analysis revealed that SLC26A9 operates as an 
uncoupled chloride transporter with a high turnover rate 
due to a rapid alternate- access mechanism.8 Biochemical 
properties, trafficking, and interaction between SLC26A9 
and cystic fibrosis transmembrane conductance regu-
lator (CFTR) are well noticed, but the true contribution 
of SLC26A9 to airway ion transport remains unclear. 
Although SLC26A9 operates as a Cl− transporter rather 
than a Cl− channel, it nevertheless produces substan-
tial Cl− currents that may contribute to basal airway Cl− 
transport, that is, Cl− transport under resting conditions 
in nonstimulated airway epithelial cells.4,9,10,11 Notably, 
in gastric parietal cells, SLC26A9 was shown to be rele-
vant for acid secretion, probably by operating as a parallel 
Cl−  secretory pathway.6

CFTR and members of the SLC26A solute transporter 
family (SLC26A3,4,6,8,9) physically and functionally inter-
act via R (regulatory) and STAS (sulfate transporter and an-
tisigma factor antagonist) domains.4,12,13,14,15,16,17. Transport 
of bicarbonate (HCO3

−) by SLC26A9 has been proposed by 
some scientists,3,18,19 but was not found by other laborato-
ries.1,2,4,8 Loss of SLC26A9 was shown to alter intestinal 
HCO3

− transport, acid secretion, and fluid absorption.5,6 
SLC26A9 is inhibited by nonselective chloride channel  
inhibitors, including 4,4’- diisothiocyanatostilbene- 2,2′-  di-
sulfonic acid (DIDS), NS3623, flufenamic acid, niflumic acid, 
and GlyH- 101. However, these compounds inhibit a large 
range of Cl− channels and showed a low potency and only 
partial inhibition of SLC26A9.1,2,4 Thus the lack of potent 
and selective inhibitors of SLC26A9 has hampered further 
investigations into the physiological function of SLC26A9.

In the present paper, we describe S9- A13, a highly 
potent and selective inhibitor of SLC26A9. Because we 
found no cross- inhibition of other SLC26 transporters 
or chloride channels, it was possible to analyze the con-
tribution of SLC26A9 and CFTR to airway transport. 
While SLC26A9 does not contribute to airway Cl− secre-
tion, it controls ASL pH, probably by operating as a Cl−/

HCO3
− exchanger. However, in cells that do not express 

CFTR, SLC26A9 may operate as Cl− transporter and may 
facilitate proton secretion in parietal cells.

2  |  MATERIAL AND METHODS

2.1 | Identification of SLC26A9 inhibitors 
by high- throughput screening

A drug- like small- molecule library including 30 000 com-
pounds was purchased from ChemDiv. (San Diego, CA, 
USA). Unless indicated otherwise, other chemicals were 
purchased from Sigma- Aldrich (St. Louis, MO, USA). 
Screening was performed in Ringer solution contain-
ing 140 NaCl, 5 KCl, 1 MgCl2, 1 CaCl2, 10 d- glucose, 10 
HEPES (in mM; pH 7.4 with NaOH).

2.2 | Animals and treatments

Allergen challenge of mice has been described previ-
ously.20 In brief, mice were sensitized to ovalbumin 
(OVA; Sigma- Aldrich, St. Louis, Missouri, USA) by in-
traperitoneal (ip) injection of 100 μg OVA in 100 μl alu-
minum hydroxide gel adjuvant (InvivoGen, San Diego, 
California, USA) on days 0 and 14. At days 21– 23, mice 
were anesthetized (ketamine 90– 120 mg/kg and xyla-
zine 6– 8  mg/kg) and challenged to OVA by intratra-
cheal (it) instillation of 50 μg OVA in 100 μl saline. All 
animal experiments complied with the guidelines for 
animal research and were carried out in accordance 
with the EU Directive 2010/63/EU for animal experi-
ments. Animal experiments were approved by the local 
Ethics Committee of the Government of Unterfranken/
Wurzburg (AZ: 55.2.2- 2532- 2- 1359).

2.3 | Cell culture and transfections

LN215 cells were cultured with Dulbecco Modified Eagle 
Medium (Welgene, Daegu, Korea) supplemented with 
10% FBS, 100 U/ml penicillin, 100 μg/ml streptomycin, 
4 mM L- glutamine, and 1 mM sodium pyruvate. FRT 

stimulated Cl− secretion was due to CFTR, while acidification of airway surface 
liquid by S9- A13 suggests a role of SLC26A9 for airway bicarbonate secretion.
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and CHO- K1 cells expressing ANO1, CFTR, or SLC26A4 
were cultured using methods described previously.21 
For SLC26A9 inhibitor screening and selectivity assays, 
LN215 cells expressing YFP- F46L/H148Q/I152L together 
with SLC26A3, SLC26A6, or SLC26A9 were generated 
by a lentiviral system containing the vectors pLenti6P.3- 
slc26a3, pLenti6P.3- slc26a6, and pLenti6P.3- slc26a9, re-
spectively. Stable cell lines were selected using 1  μg/ml 
puromycin. Human embryonic kidney 293 (HEK293) 
cells were grown in DMEM media supplemented with 
2 mM  l- glutamine. cDNA encoding human SLC26A9 
with eGFP fused to its C- terminal was transfected in 
pcDNA3.1. Cells were transfected using standard proto-
cols for Lipofectamine3000 (Thermo Fisher Scientific, 
Darmstadt, Germany). All media were supplemented 
with 10% heat- inactivated fetal calf serum (Capricorn 
Scientific, Ebsdorfergrund, Germany).

BCi- NS1 cells (kindly provided by Prof. R. Crystal, 
Weill Cornell Medical College, New York, USA) were cul-
tured in supplemented bronchial epithelial cell growth 
medium (BEGM; Lonza, Basel, Switzerland). BCi- NS1 
cells were grown on permeable supports for up to 30 days 
(Snapwell #3801, Corning, New York, USA) in an air/
liquid interface (ALI). Human nasal cells were obtained 
from one adult donor using a cytological nasal brush and 
all procedures were ethically approved by the Institutional 
Medical Research Ethics Committee of the University 
Medical Centre, Utrecht (protocol ID: 16/586). The cells 
were expanded and fully differentiated as previously de-
scribed.22 The human gastric tumor cell line HGT- 1 was 
cultured as described earlier.23

2.4 | RT- PCR and plasmids

For RT- PCR, total RNA from tissues or cells were isolated 
using NucleoSpin RNA II columns (Macherey- Nagel, 
Düren, Germany) and reverse- transcribed using ran-
dom primer (Promega, Mannheim, Germany) and M- 
MLV Reverse Transcriptase RNase H Minus (Promega, 
Mannheim, Germany). Each RT- PCR reaction con-
tained sense (0.5  μM) and antisense primer (0.5  μM) 
(Table 1), 0.5 μl cDNA, and GoTaq Polymerase (Promega, 

Mannheim, Germany). After 2  min at 95°C, cDNA was 
amplified (targets 35 cycles, reference GAPDH 25 cycles) 
for 30 s at 95°C, 30 s at 56°C, and 1 min at 72°C. PCR prod-
ucts were visualized by loading on Midori Green Xtra 
(Nippon Genetics Europe) containing agarose. Primers 
are shown in Table 1.

2.5 | Cell- based high- throughput 
screening and YFP- fluorescence quenching

LN215 cells expressing YFP- F46L/H148Q/I152L and 
SLC26A9 were plated at a density of 25 000 cells per well 
in 96- well microplates. Each well was washed two times 
with PBS (200 μl per well) and 50 μl of regular solution 
was added afterward. Test compounds were applied to 
each well at 25 μM and plates were incubated for 10 min 
at 37°C. The 96- well plates were transferred to a FLUOstar 
Omega Microplate Reader (BMG Labtech, Ortenberg, 
Germany) to measure SLC26A9 activity. Baseline fluores-
cence was recorded for 0.8 s, then 50 μl of NaI- substituted 
regular solution (140 mM NaI replacing 140 mM NaCl) 
was injected by a syringe pump. Fluorescence was re-
corded for 8 s. The initial slope of YFP fluorescence was 
used to analyze SLC26A9- mediated I− flux rate. The YFP 
fluorescence quenching assay for assessment of SLC26A4, 
SLC26A6, SLC26A9, CFTR, ANO1, and VRAC activity 
were performed accordingly, as described in a previous 
study.21

2.6 | Cell viability assay

A Cell Titer 96® AQueous One Solution Assay kit (MTS) 
(Promega, WI, USA) was used to determine the effect of 
compounds on cell viability. Calu- 3 cells were cultured 
in 96- well plates in growth medium supplemented with 
10% FBS for 24 h until cell density reached ~40%. Cells 
were treated with S9- A13 and cisplatin for 24 h followed 
by MTS analysis according to the supplier's protocol. The 
absorbance was measured by an Infinite M200 microplate 
reader (Tecan, Männedorf, Switzerland) at a wavelength 
of 490 nm.

Gene accession number Primer Size (bp)

human SLC26A9
NM_052934.4

s: 5′- CTACATCATTCCTGACCTGC
as: 5′- CTGCATGTGATACTTTTTGGG

724

mouse Slc26a9
NM_177243.4

s: 5′- CATTTGCTGCGCTCTCTCAG
as: 5′- CCTCTTCTCCTGCTTCCGG

568

GAPDH NM_001289726 s: 5′- GTATTGGGCGCCTGGTCAC
as: 5′- CTCCTGGAAGATGGTGATGG

200

T A B L E  1  PCR primers
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2.7 | Immunoblots

Cells were lysed with RIPA buffer (Millipore, MA, 
USA) containing protease inhibitor cocktail. Each sam-
ple with equal amounts of protein was mixed with 5x 
SDS- sample buffer and then warmed to 37°C for 30 min. 
Eighty micrograms of protein samples were loaded to 
each lane, separated by 4– 12% Tris Glycine Precast 
Gel (KOMA BIOTECH, Seoul, Korea) and then trans-
ferred into a PVDF membrane. PVDF membranes were 
blocked with 5% nonfat skim milk in Tris- buffered sa-
line including 0.1% Tween 20 (TBST), by incubation 
for 1  h at room temperature and afterward incubating 
overnight at 4°C with the primary antibody for SLC26A9 
(H00115019- A01; Abnova, Taipei City, Taiwan) and  
β- actin (Santa Cruz Biotechnology, Dallas, TX, USA). 
After incubation, the membranes were washed and in-
cubated with HRP- conjugated anti- secondary IgG anti-
bodies (Santa Cruz Biotechnology, Dallas, TX, USA) for 
1  h at room temperature. SuperSignal™ Western Blot 
Substrate (Thermo Fisher Scientific, MA, USA) was 
used to visualize protein bands.

2.8 | Immunocytochemistry

Mouse lung sections were fixed using 4% paraform-
aldehyde (PFA) and 3.4% sucrose in PBS. Lung sec-
tions were deparaffinized with xylene and rehydrated 
through a series of ethanol. Cells grown on permeable 
inserts were fixed with 4% PFA in PBS and embedded 
in paraffin. Sections or cells were incubated with rab-
bit anti- SCL26A9 antibody (1:100, raised against mouse 
SCL26A9 aa 11– 29, DRAAYSLSLFDDEFEKKDR, 
Davids Biotechnologie, Regensburg, Germany) over-
night at 4°C. Nonspecific binding of the antibody to the 
airway epithelium was excluded in previous publications 
showing lack of binding in airways from patients carry-
ing the F508del- CFTR/F508del- CFTR mutation, which 
causes a lack of apical expression of SLC26A9.24 Antigen 
retrieval was performed in preheated Tris- EDTA buffer 
(pH 9.0) for 15 min, using a microwave before blocking. 
Cells were incubated with secondary anti- rabbit anti-
body conjugated with Alexa Fluor 488 or Alexa Fluor 
546 (1:400) for 1  h at room temperature. Nuclei were 
counterstained with 5  μM Hoe33342 (Thermo Fisher 
Scientific, Darmstadt, Germany). Section or cells were 
mounted with a fluorescence mounting medium (DAKO 
Cytomation, Hamburg, Germany). Immunofluorescence 
was examined with an Axio Observer microscope 
equipped with Axiocam 503 mono, ApoTome.2, and 
ZEN 3.0 (blue edition) software (Zeiss, Oberkochen, 
Germany).

2.9 | Patch clamp

Cells were patch clamped when grown on coated glass 
coverslips. Experiments were done at 37°C. Patch pipettes 
were filled with a cytosolic- like solution containing (in 
mM): KCl 30, K- gluconate 95, NaH2PO4 1.2, Na2HPO4 
4.8, EGTA 1, Ca- gluconate 0.758, MgCl2 1.03, d- glucose 5, 
ATP 3; pH 7.2. The intracellular (pipette) Ca2+ activity was 
0.1 μM. The bath was perfused continuously with Ringer's 
solution (in mM): NaCl 145, KH2PO4 0.4, K2HPO4 1.6, glu-
cose 5, MgCl2 1, Ca- gluconate 1.3 at a rate of 5 ml/min. In 
some experiments, extracellular chloride was substituted 
by equimolar concentrations of gluconate. Patch clamp 
experiments were performed as described previously.25

2.10 | Transepithelial Ussing 
chamber recordings

BCi- NS1 and primary human airway epithelial cells po-
larized on permeable supports were measured under 
short- circuit conditions in non- perfused chambers with 
bicarbonate- buffered Ringer solution (mmol/l: NaCl 
118.75; KH2PO4 0.4; K2HPO4 1.6; glucose 5; MgSO4 1; 
Ca- gluconate 1.3, NaHCO3 25; bubbled with 95% O2/5% 
CO2). For measurements on mouse tracheas, animals 
were sacrificed by cervical dislocation, and freshly iso-
lated tracheas were cleaned, opened, and measured 
in Ussing chambers under open circuit conditions. 
Methods have been detailed in previous reports.26,27

2.11 | Intracellular pH measurements

For intracellular pH measurements cells were mounted 
and perfused with HCO3

−/CO2 solution (mmol/l: NaCl 
118.75; KH2PO4 0.4; K2HPO4 1.6; glucose 5; MgSO4 1; 
Ca- gluconate 1.3, NaHCO3 25; bubbled with 95% O2/5% 
CO2). Transport was stimulated with Cl− free HCO3

−/CO2 
solution bubbled with 95% O2/5% CO2). ΔpH was taken 
as a measure of Cl−/HCO3

− antiport. Experimental pro-
cedures, acquisition of images, and data analysis were de-
scribed recently.26

2.12 | Airway surface liquid pH and 
assessment of proton secretory activity

Airway surface liquid pH (ASL pH) was measured using 
a temperature and CO2- controlled plate reader (TECAN 
SPARK 10 M), as previously described.28 Briefly, the ASL 
was stained with 3  μl of a mixture of dextran- coupled 
pH- sensitive pHrodo Red (0.5 mg/ml, λex: 565 nm, λem: 
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585 nm, P10361, Thermo Fisher) and Alexa Fluor® 488 
(0.5 mg/ml, λex: 495 nm, λem: 519 nm, D22910, Thermo 
Fisher) diluted in glucose- free HCO3

− KRB, overnight 
at 37°C, 5% CO2. For experiments, all chemicals were 
added to the basolateral bathing solution. pHrodo and 
Alexa Fluor® 488 were measured every 5 min, data were 
analyzed by subtracting the background values from each 
time point and then a ratio from pHrodo and Alexa Fluor® 
488 was calculated. ASL pH standard calibration solu-
tions were modified Ringer solution containing, in mM, 
86 NaCl, 5 KCl, 1.2 CaCl2, 1.2 MgCl2, and either 50 MES 
(pH 5.5), 50 HEPES (pH 7.0), or 50 Tris (pH 8.0) at 37°C.

Proton secretory activity and corresponding data 
analysis were conducted by means of the pH- sensitive 
fluorescence dye 1,5 carboxy- seminaphto- rhodafluor ac-
etoxymethylester (SNARF- 1- AM; Life Technologies), as 
described previously.23

2.13 | Materials and statistical analysis

All compounds used were of highest available grade of pu-
rity. Data are reported as mean ± SEM. Student's t- test (for 
paired or unpaired samples as appropriate) or ANOVA 
were used for statistical analysis. A p- value <.05 was ac-
cepted as significant difference. For each experimental 
series, the number of animals used and the number of 
measurements/assays/reactions is provided.

3  |  RESULTS

3.1 | Identification of SLC26A9 inhibitor 
by high- throughput screening

For identification of novel small- molecule inhibitors 
for SLC26A9, a cell- based high- throughput screening 
was conducted using LN215 astrocytoma cells that were 
stably expressing human SLC26A9 and halide- sensitive 
yellow fluorescent protein (YFP- F46L/H148Q/I152L) 
(Figure 1A). LN215- SLC26A9- YFP cells were incubated 
in 96- well microplates for 24 h, and then treated with 
25 μM of the test compounds for 10  min. Afterward, 
YFP fluorescence quenching by addition of iodide 
buffer was measured (Figure  1B). Representative YFP 
fluorescence traces and the effects of SLC26A9 inhibi-
tors and inactive compounds are shown in Figure 1C,D. 
Screening of 30 000 drug- like small molecules revealed 
three novel chemical classes of SLC26A9 inhibitors: 
S9- A01, S9- B01 and S9- C01. S9- A01, S9- B01, and  
S9- C01 potently inhibited the Cl−/I− exchange ac-
tivity of SLC26A9 in a dose- dependent manner with 
IC50 of 2.25 ± 0.52, 16.63 ± 3.43, and 38.00 ± 1.88 μM, 

respectively (Figure  2A– D). In contrast, the CFTR- 
inhibitor GlyH- 101 that has been reported to inhibit 
also SLC26A9 currents4 did not inhibit the Cl−/I− ex-
change activity of SLC26A9, even when applied at 
100 μM (Figure 2E). Notably, S9- A01 blocked SLC26A9 
activity more potently than other inhibitors. To im-
prove potency of S9- A01, 17 derivatives of S9- A01 were 
generated of which S9- A13 inhibited SLC26A9 most po-
tently with an IC50 = 90.9 ± 13.4 nM (Table 2).

3.2 | Potent inhibition of SLC26A9- 
mediated anion exchange by S9- A13

The effects of S9- A13 on SLC26A9- mediated anion (Cl−/
I− and Cl−/SCN−) exchange activities were measured in 
LN215- SLC26A9- YFP cells. S9- A13 potently inhibited 
SLC26A9- mediated Cl−/I− and Cl−/SCN− exchange ac-
tivities with IC50 of 90.9 ± 13.4 nM and 171.5 ± 34.7 nM, 
respectively (Figure  3A– D). To determine whether S9- 
A13 affects cell viability, MTS assays were performed 
on Calu- 3 cells endogenously expressing SLC26A9. 
Cells were treated with S9- A13 up to a concentration of 
10 μM. No cytotoxicity was observed for S9- A13 even at 
high concentrations of the inhibitor (Figure 3E).

3.3 | Selective inhibition of SLC26A9 by 
S9- A13

We examined potential effects of S9- A13 on other anion 
exchangers (SLC26A3, SLC26A4, SLC26A6), and chloride 
channels (CFTR, ANO1, and VRAC). However, even a high 
concentration (10 μM) S9- A13 did not affect the Cl−/I− ex-
change activity of SLC26A3 and SLC26A4 or Cl−/SCN− ex-
change activity of SLC26A6. At 10 μM S9- A13 did not alter 
chloride transport by CFTR, ANO1, or VRAC. In contrast, 
the Cl−/I− exchange activities of SLC26A3, SLC26A4, and 
SLC26A6 were significantly inhibited by DRAinh- A250, YS- 
01, and niflumic acid, while Cl− transport by CFTR, ANO1, 
and VRAC was completely blocked by CFTRinh- 172, 
Ani9- 5f, and DCPIB, respectively (Figure 4A– G).

3.4 | S9- A13 inhibits SLC26A9 but 
shows little effects on CFTR currents in 
HEK293 cells

HEK293 cells were transfected with SLC26A9- cDNA, 
which induced strong expression of SLC26A9 protein 
(Figure  5A,B). Partially membrane- localized SLC26A9 
caused robust constitutive whole cell currents as detected 
by whole cell patch clamping, which were inhibited by  
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F I G U R E  1  Identification of novel small molecule inhibitors of SLC26A9. (A) Immunoblot of SLC26A9 in LN215 and LN215- SLC26A9- 
YFP cells. (B) Schematic diagram showing the high- throughput screening process. (C) Representative YFP fluorescence traces of SLC26A9 
inhibitors and inactive compounds in LN215- SLC26A9- YFP cells. Cells were treated with test compounds at 25 μM for 10 min. (D) Chemical 
structures of three classes of SLC26A9 inhibitors. Non- transfected cells (NTC, dashed line).

F I G U R E  2  Effect of S9- A01, S9- B01, and S9- C01 on the Cl−/I− exchange activity of SLC26A9. (A– C) Inhibitory effect of S9- A01,  
S9- B01, and S9- C01 on SLC26A9- mediated Cl−/I− exchange observed in YFP halide- quenching assays with LN215- SLC26A9- YFP cells. The 
indicated concentrations of S9- A01, S9- B01, and S9- C01 were used to pretreat for 10 min prior to iodide injection. (D) Dose– response curves 
for S9- A01, S9- B01, and S9- C01. Mean ± SEM (n = 4– 6). (E) LN215- SLC26A9- YFP cells were pretreated with the indicated concentrations of 
GlyH- 101 and S9- A01 (30 μM) for 10 min prior to iodide injection. Mean ± SEM (n = 4– 6).

(A)

(D) (E)

(B) (C)
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S9- A13 in a dose- dependent manner (Figure  5C– 
F). Currents in mock- transfected cells were not af-
fected by S9- A13. Moreover, CFTR currents were only 
marginally inhibited at the highest concentration of S9- A13  
(5 µM), and only at strongly depolarized clamp voltages  
(Figure 5G,H). Notably, SLC26A9 currents were not further 
stimulated by increase in intracellular cAMP using IBMX/for-
skolin (Figure 5I).

3.5 | S9- A13 has a minor effect on ion 
transport in human airway epithelial cells

We analyzed the effects of S9- A13 in BCi- NS1 
human airway epithelial cells, which strongly ex-
press CFTR.25 These cells  also express a number of 
SLC26A9 splice variants, leading to isoform a (87 kDa; 
NM_052934.4), b (97.3 kDa; NM_134325.3), ×1 (77 kDa; 

T A B L E  2  Effect of S9- A01 derivatives (Cmpd) on Cl−/I− exchange activity of SLC26A9

Cmpd R1 R2 IC50 (μM) Cmpd R1 R2 IC50 (μM)

S9- A01 CH2CH3 2.25 ± 0.52 S9- A10 Cl 3.68 ± 0.92

S9- A02 H >30 S9- A11 CH2CH3 >30

S9- A03 CH3 0.28 ± 0.04 S9- A12 CH2CH3 1.08 ± 0.89

S9- A04 Cl 0.11 ± 0.02 S9- A13 CH3 0.09 ± 0.01

S9- A05 CH3 >30 S9- A14 CH2CH3 >30

S9- A06 Cl >30 S9- A15 CH2CH3 >30

S9- A07 CH3 0.58 ± 0.04 S9- A16 H >30

S9- A08 Cl 0.10 ± 0.02 S9- A17 CH2CH3 >30

S9- A09 CH3 >30 S9- A18 CH3 0.26 ± 0.01

Note: IC50 values were determined using YFP fluorescence quenching assay in LN215- SLC26A9- YFP cells (mean ± S.E., n = 3).
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XM_011509121.2), ×2 (68.9 kDa; XM_011509122.2), and 
×3 (51 kDa; XM_011509124.2)18 (Figure 6A, Figure S1). 
The same pattern for SLC26A9 variants was detected in 
other human airway epithelial cell lines, such as Calu3 
or CFBE14o-  (not shown). The larger band size for 
SLC26A9 in airways of about 120 kDa is most likely due 
to glycosylation,4 while overexpression of SLC26A9 in 
HEK293 cells produced a band at only around 90 kDa 
(Figure  5A). Immunostaining of SLC26A9 in plastic 
grown BCi- NS1 cells demonstrated intracellular and 
plasma membrane localization (Figure 6B). Surprisingly, 
S9- A13-  inhibitable Cl− currents were not detected, sug-
gesting no Cl−  transport by SLC26A9 in normal airways. 
(Figure 6C).

BCi- NS1 cells were grown on permeable supports 
in PneumaCult™ differentiation media under ALI. 
BCi- NS1 formed a well differentiated epithelium with 
mostly ciliated epithelial cells (Figure  7A). The effects 
of S9- A13 on short circuit currents were examined in 
Ussing chamber recordings. We found a small albeit 
significant inhibition of basal Isc by increasing concen-
trations of S9- A13 (Figure 7B,C). However, when com-
pared to the pronounced inhibition of IF-activated  Isc 

by CFTRinh- 172 (CFinh), inhibition of Isc by S9- A13 
was negligible. In BCi- NS1 airway cells, CFTRinh- 172 
inhibited also basal Isc present under non- stimulated 
conditions (Figure S4C-E ). Essentially identical results 
were obtained in primary human airway epithelial 
cells (Figure  S4A,B). The results indicat that CFTR is 
in charge of both basal and stimulated Cl− secretion in 
human airways.

3.6 | Basal transport in mouse trachea is 
due to CFTR but not Slc26a9

We also examined expression of Slc26a9, constitutive 
transport (I'sc; measured under open circuit conditions) 
and inhibition by S9- A13 in freshly excised mouse tra-
cheas. Immunohistochemistry demonstrated apical 
expression of Slc26a9 in ciliated cells of mouse airway 
epithelium, while non- ciliated cells such as club cells and 
goblet cells did not express SLC26A9 (Figure 8A). S9- A13 
did not inhibit constitutive (basal) ion transport in mouse 
trachea (Figure 8B,C). In contrast, CFTRinh- 172 dose de-
pendently blocked basal Isc, again demonstrating CFTR 

F I G U R E  3  Effect of S9- A13 on SLC26A9- mediated Cl−/base exchange activity. (A) Chemical structure of S9- A13. (B and C) SLC26A9- 
mediated Cl−/I− and Cl−/SCN− exchange activities were measured in LN215- SLC26A9- YFP cells. Indicated concentrations of S9- A13 
were pretreated for 10 min. (D) S9- A13 dose– response for the inhibition of SLC26A9- mediated Cl−/I− and Cl−/SCN− exchange activity. 
Mean ± SEM (n = 5). *Significant activation by IF (p < .05; paired t- test). (E) Effect of S9- A13 on cell viability in Calu- 3 cells. Cells were 
treated with S9- A13 for 24 h be cell viability was determined by MTS colorimetric assay. Mean ± SEM (n = 6).
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as constitutive Cl− conductance in airways (Figure 8D,E). 
In contrast to Ca2+- dependent (Tmem16a) Cl− secre-
tion (ATP), cAMP activated transport (CFTR; IF) was 
small, due to low expression of CFTR in mouse tra-
chea.29 The small activation of I'sc by IF in the presence 
of CFTRinh- 172, is explained by activation of KCNQ1/
KCNE3 K+ channels.30

3.7 | SLC26A9 supports alkalization of 
ASL pH and H+ secretion by gastric cells

Because we found little contribution of SLC26A9 to 
Cl− transport, we examined if SLC26A9 has a different 
function in airways. In ASL pH measurements, fully dif-
ferentiated nasal epithelial cells were exposed to S9- A13 

or control solution. Online recordings of ASL pH under 
thin film conditions indeed showed a sustained decrease 
in ASL pH by S9- A13. (Figure 9A– D). Two hours after 
application of S9- A13, ASL pH dropped by 0.23 ± 0.11 
(n =  6) units. Subsequent stimulation of CFTR by for-
skolin caused only a small but not significant increase 
in ASL pH in airways exposed to S9- A13. These results 
strongly suggest a role of SLC26A9 for alkalization of 
ASL pH.

As SLC26A9 was proposed as apical Cl− transporter 
relevant for HCl secretion by gastric parietal cells,6 we also 
examined the effect of S9- A13 on histamine- induced H+ 
secretion by HGT- 1 human gastric cells. Remarkably, S9- 
A13 significantly inhibited H+ secretion by HGT- 1 cells, 
supporting the concept of SLC26A9 being a Cl− release 
channel in parietal cells5,6,19 (Figure 9E).

F I G U R E  4  Effect of S9- A13 does not inhibit other SLC26 family members or chloride channels. (A– C) Effects of S9- A13 on Cl−/I− 
exchange activities by SLC26A3, SLC26A4, and SLC26A6 were measured using a YFP fluorescence quenching assay. Cells were pretreated 
with 10 μM of S9- A13 (gray line) for 10 min. SLC26A3, SLC26A4, and SLC26A6 were inhibited by DRAinh- A250 (10 μM), YS- 01 (10 μM), and 
niflumic acid (500 μM), respectively. (D– F) Effects of S9- A13 on CFTR, ANO1, and VRAC measured by YFP quenching in FTR- CFTR- YFP, 
FTR- ANO1- YFP, and LN215- YFP cells. CFTR was activated by 10 μM forskolin. ANO1 was activated by 100 μM ATP. CFTR and ANO1 were 
inhibited by CFTRinh- 172 (10 μM) and Ani9- 5f (10 μM), respectively. VRAC was activated by a hypotonic challenge and was inhibited by 
30 μM DCPIB. (G) Summary of the results obtained in A– F. Mean ± SEM (n = 4– 5).

(A) (B) (C)

(D)

(G)

(E) (F)
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4  |  DISCUSSION

In the present study, we demonstrate S9- A13 as the first 
specific and highly potent inhibitor of SLC26A9. S9- A13 
inhibits SLC26A9 in the low nanomolar range. It does 
not show cytotoxic effects, even at micromolar concen-
trations. The inhibitor was used to examine the potential 
role of SLC26A9 for ion transport in the airway epithe-
lium. This is of particular interest in cystic fibrosis, as 
genome- wide association studies demonstrated SLC26A9 
as an important modifier of CF lung and gastrointestinal 

disease: (i) SLC26A9 is expressed in the intestinal and air-
way epithelium as well as other CF- relevant tissues, (ii) 
single nucleotide polymorphisms (cSNPs) of SLC26A9 
were found to be associated with variable anion transport 
properties, and (iii) SLC26A9 was shown to modulate CF- 
related intestinal disease, diabetes and airway response to 
CFTR- therapeutics.31- 35

A number of studies argue in favor of CFTR being 
responsible for constitutive (basal) anion secretion 
that is absent in CF airways.26,36,37,38 Other reports pro-
vided evidence for the role of SLC26A9 in basal airway 

F I G U R E  5  S9- A13 inhibits SLC26A9 currents in HEK293 cells. (A and B) Western blot and immunolabeling of SLC26A9 expressed 
in HEK293 cells demonstrating partial membrane expression of SLC26A9. Bar = 20 μm. (C) Current/voltage relationships for whole cell 
currents obtained in mock- transfected HEK293 cells, demonstrating absence of basal currents and lack of S9- A13 effects. (D) Enhanced 
basal ion currents in cells expressing SLC26A9, which are inhibited dose dependently by S9- A13. (E) Overlays of SLC26A9 currents showing 
inhibition by S9- A13. (F) Corresponding concentration- response curve. (G) RT- PCR showing overexpression of SLC26A9 and CFTR in 
HEK293 cells. (H) Lack of inhibition of CFTR whole cell currents (IBMX and forskolin, IF; 100 μM and 2 μM) by S9- A13. Only the highest 
concentration of S9- A13 (5 μM) inhibited currents at +100 mV clamp voltages, while CFTRinh- 172 (10 μM) strongly inhibited CFTR currents. 
(I) Inhibition of SLC26A9 by S9- A13 and lack of further activation of SLC26A9 by IF. Mean ± SEM (number of cells). *Significant inhibition 
by S9- A13 and CFinh172 (10 μM) (p < .05; paired t- test).
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Cl− transport.4,7,11,39,40 So far it was difficult to discrim-
inate between both conductances due to the lack of 
specific inhibitors for SLC26A9. SLC26A9 inhibitors 
used in earlier studies were not specific and inhibited 
also other Cl− channels.1,2,4 Moreover, expression and 
activity of both CFTR and SLC26A9 are functionally 
connected. Intracellular trafficking and constitutive 
activity of SLC26A9 are compromised in cystic fibrosis 
(CF) airway epithelia expressing the trafficking mutant 
F508del- CFTR.40- 42 In the presence of F508del- CFTR, 
binding of the PDZ- domain protein CAL inhibits the 
function of SLC26A9 due to enhanced endoplasmic 
reticulum- associated proteasomal degradation.43 Vice 
versa, SLC26A9 may support biogenesis and/or stabili-
zation of CFTR.44

Here we present evidence that SLC26A9 is located in 
the apical membrane of ciliated airway epithelial cells, but 

not in non- ciliated club or goblet cells. Overexpression of 
SLC26A9 induced a basal Cl−-  conductance in HEK293 
cells, which was well inhibited by S9- A13. Unlike reported 
recently,39 SLC26A9 in HEK293 cells could not be further 
activated by increase in intracellular cAMP (Figure  5I). 
SLC26A9 is expressed endogenously in human airway ep-
ithelial cells such as CFBE, Calu3, and BCI- NS1, but Cl−  
transport by SLC26A9 could not be detected in these cells 
using S9- A13. As airways express CFTR, we speculate reg-
ulation of SLC26A9 mediated HCO3

−  transport by CFTR.
Evidence for a role of SLC26A9 in HCO3

− trans-
port was presented earlier.3,5,6,19,45,46 Other stud-
ies detected transport of Cl− but not HCO3

− by 
SLC26A9.1,2,4,8 pH measurements in HEK293 cells ex-
pressing SLC26A9 did not provide conclusive evidence 
for SLC26A9- mediated HCO3

− transport (Figure  S2). 
In CFTR- expressing BCi- NS1 cells, primary human 

F I G U R E  6  Endogenous SLC26A9 in BCi- NS1 human airway epithelial cells does not produce a Cl− current. (A) Western blot indicates 
expression of various isoforms of SLC26A9. (B) Immunocytochemistry of SLC26A9 in nonpolarized BCi- NS1 cells. (C) Current/voltage 
relationships showing no effect S9- A13 (5 μM) on constitutive currents. Mean ± SEM (number of cells).

(A) (B) (C)

F I G U R E  7  Minimal contribution of SLC26A9 to basal ion transport in differentiated BCi- NS1 airway epithelial cells. (A) 
Pseudostratified ciliated airway epithelium formed by differentiated BCi- NS1 cells. Immunohistochemistry indicates apical expression of 
SLC26A9 in ciliated cells. Bar = 10 μm. (C and D) Small but significant concentration- dependent inhibition of basal short circuit currents by 
S9- A13 (Isc; presence of amiloride). Increasing concentrations of S9- A13 were added subsequently to the chamber. Activation of CFTR by IF 
(100 μM/2 μM) and inhibition by CFTRinh- 172 (CFinh; 20 μM) was dominating when compared to the effects of S9- A13. ATP was applied at 
100 μM. Mean ± SEM (number of tissues). *Significant inhibition of Isc (p < .05; paired t- test).
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airway epithelial cells and mouse trachea a substan-
tial SLC26A9- mediated Cl− transport could not be 
detected (Figures 6– 8, Figure S4). In contrast, airway 
surface liquid pH was significantly reduced by S9- A13, 
suggesting a role of SLC26A9 for HCO3

− secretion 
(Figure 9A– D).

In cells that only express SLC26A9 but not CFTR such 
as HEK293 cells or LN215 cells, Cl−/HCO3

− exchange 
by SLC26A9 could not be detected, while Cl− trans-
port by SLC26A9 is clearly present (Figures  1– 3, and 5, 
Figure  S3). Stomach mucosa expresses only low levels 
of CFTR,47 Here SLC26A9- mediated Cl− transport may 
parallel H+ secretion by the proton pump. This is sup-
ported by S9- A13- dependent inhibition of H+ secretion in 
HGT- 1 human gastric cells5,6,19 (Figure  9). We speculate 

that depending on expression of CFTR, SLC26A9 may 
transport Cl− or HCO3

− 3. While Cl− secretion is due to 
CFTR, basal HCO3

− secretion might be due to SLC26A9 
(Figure 8, Figure S4C,D). Immunofluorescence suggested 
pronounced expression in ciliated cells, while transcrip-
tome analysis indicated SLC26A9 enriched in pulmonary 
neuroendocrine cells, where it could have sensory, neu-
roendocrine or other functions to protect airways from 
mucus obstruction . Interestingly, even in the presence of 
the inhibitor of adenylate cyclase type 1, ST034307, or in 
the presence of the adenosine 2AB inhibitor PSB603, basal 
Cl− secretion by CFTR is still detectable  (Figure  S4E). 
This suggests that CFTR does not need to be activated by 
cAMP/PKA to produce a basal Cl− conductance, but may 
be activated by SLC26A9 44 The novel SLC26A9 inhibitor 

F I G U R E  8  Basal ion transport in 
mouse trachea is due to CFTR but not 
SLC26A9. (A) Airway epithelium from 
mouse trachea. Immunohistochemistry 
indicates apical expression of SLC26A9 
in ciliated airway epithelial cells. 
Bar = 20 μm. (B and C) Constitutive 
equivalent short circuit current (I'sc) 
assessed in open circuit Ussing chamber 
recordings, were not inhibited by S9- A13. 
(D and E) Concentration dependent 
inhibition of constitutive I'sc by 
CFTRinh- 172. Mean ± SEM (number of 
tracheas). *Significant inhibition of Isc 
(p < .05; paired t- test).
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S9- A13 may allow to further unravel functional relation-
ships between CFTR and SLC26A9.
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