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ABSTRACT

Bicarbonate facilitates mucin unpacking and bacterial killing however its transport 

mechanisms in the airways are not well understood. cAMP stimulates anion efflux through 

the CFTR (ABCC7) anion channel and this is defective in CF. The anion exchanger 

pendrin (SLC26A4) also mediates HCO3
- efflux and is upregulated by proinflammatory 

cytokines. Here we examined pendrin and CFTR expression and their contributions to 

HCO3
- secretion by human nasal and bronchial epithelia. In native tissue, both proteins 

were most abundant at the apical pole of ciliated surface cells with little expression in 

submucosal glands. In well-differentiated primary nasal and bronchial cell cultures, IL-4 

dramatically increased pendrin mRNA levels and apical immunostaining. Exposure to 

low-Cl- apical solution caused intracellular alkalinization (ΔpHi) that was enhanced 4-fold 

by IL-4 pretreatment. ΔpHi was unaffected by DIDS or CFTRinh-172 but was reduced by 

adenoviral shRNA targeting pendrin. Forskolin increased ΔpHi and this stimulation was 

prevented by CFTRinh-172 implicating CFTR, yet forskolin only increased ΔpHi after 

pendrin expression had been induced by IL-4. The dependence of ΔpHi on pendrin 

suggests there is minimal electrical coupling between Cl- and HCO3
- fluxes and that CFTR 

activation increases anion exchange-mediated HCO3
- influx. Conversely, inducing 

pendrin expression increased forskolin-stimulated, CFTRinh-172-sensitive current by ~2-

fold in epithelial and non-epithelial cells. We conclude that pendrin mediates most HCO3
- 

secretion across airway surface epithelium during inflammation and enhances 

electrogenic Cl- secretion via CFTR as described for other SLC26A transporters.
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CLINICAL RELEVANCE

Luminal pH plays a critical role in airway host defense and depends in part on 

bicarbonate secretion, however the mechanisms of HCO3
- secretion are not well 

understood.  We show here that pendrin becomes a major route for HCO3
- secretion 

when its expression is upregulated by a proinflammatory cytokine and that pendrin also 

enhances cAMP stimulation of CFTR. Thus pendrin plays a central role in HCO3
-, Cl- 

and fluid secretion by inflamed airways. 

INTRODUCTION

Anion secretion by airway epithelia is required for efficient mucociliary clearance of inhaled 

particles and pathogens from the lungs. Electrogenic Cl- secretion generates a transepithelial 

potential that drives paracellular sodium flow, and the resulting salt transport generates an osmotic 

gradient that drives fluid secretion (1). Bicarbonate is also secreted into the airway lumen and this 

transport is reduced in cystic fibrosis (CF) indicating an important role for CFTR (2). Despite the 

importance of HCO3
- in CF and other respiratory diseases the mechanisms mediating apical HCO3

- 

efflux remain uncertain. 

Airway epithelia express apical cAMP- and Ca2+-activated channels that are permeable to both Cl- 

and HCO3
- (3-6). Under bi-ionic conditions, the equilibrium permeability ratio for CFTR (PHCO3-

/PCl-) is 0.14 with HCO3
- bathing the extracellular aspect (5, 6) and somewhat higher (0.25) when 

HCO3
- is present intracellularly (5). The Calu-3 cell line expresses CFTR at high levels and 

generates a large forskolin-stimulated short-circuit current (Isc) that is carried exclusively by 

HCO3
- (7-10). Electrogenic HCO3

- secretion is also observed across airway epithelia ex vivo during 
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cAMP stimulation.  Early studies of canine trachea showed that a fraction of the cAMP-stimulated 

Isc is carried by HCO3
- (11, 12), although electroneutral HCO3

- secretion under particular 

conditions was not excluded, for example during inflammation when the expression of transporters 

such as pendrin is increased (13, 14). Pendrin mediates Cl-/HCO3
- (15, 16), Cl-/formate- (17), and 

Cl-/I- (18) exchange and its expression is strongly induced by IL-4, IL-13 and IL-17A (19-24), 

proinflammatory cytokines that are implicated in several airway diseases (25). Pendrin levels 

increase in animal models of bronchial asthma and chronic obstructive pulmonary disease (COPD) 

and are associated with mucous cell hyperplasia and mucus accumulation (23, 26). Asthma and 

COPD symptoms are less severe in pendrin null mice and can be induced by ectopic pendrin 

expression, which implies a causal relationship whereby pendrin increases disease severity (23). 

Although HCO3
- transport by CFTR and pendrin clearly play important roles in airway 

pathophysiology, the interactions between these pathways and their relative contributions to 

HCO3
- secretion are not well understood. 

Exposing bronchial epithelial cell cultures to IL-4 increases cAMP- and Ca2+-stimulated Isc and 

elevates the expression of pendrin and many other transporters and channels (27). Since pendrin 

is an electroneutral anion exchanger, increased expression of apical CFTR and the basolateral 

Na+,K+,2Cl- cotransporter NKCC1 have been suggested as possible reasons for larger Isc responses 

to cAMP after IL-4 treatment (27). Alternatively, CFTR might be regulated by pendrin as occurs 

in mouse pancreatic duct (28) and with other SLC26A transporters notably SLC26A3, SLC26A6, 

and SLC26A9 (28-30). Conversely, CFTR can increase pendrin activity (28) through interaction 

of its R domain with the STAS domain of pendrin (29) although in the airways it remains unclear 

whether CFTR and pendrin are expressed in the same cells where they could physically interact. 
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The aim of this study was to clarify the roles of pendrin and CFTR in HCO3
- secretion by nasal 

and bronchial surface epithelia. We began by localizing the transporters in bronchial tissue and 

well-differentiated primary cultures, then studied their expression and function in well 

differentiated primary nasal and bronchial epithelial cell cultures. 

MATERIALS AND METHODS

Human airway tissue and cells 

Lung and nasal samples were obtained with informed consent following protocols approved by 

the Institutional Review Boards of the IRCM and McGill University (#A08-M70-14B). Cell

isolation and histological methods are detailed in SUPPLEMENTAL INFORMATION. 

Immunostaining pendrin and CFTR in bronchial sections and primary cultures

Fresh tissue specimens were collected within 48 h of lung resection and fixed in 10 % neutral 

buffered formalin overnight at 4 °C for paraffin embedding and sectioning.  Primary cells were 

cultured on collagen-coated Transwell™ inserts, incubated with PBS on the apical side for 15 min 

at 37 oC in a 5% CO2 incubator, and rinsed three times to reduce mucus immediately before 

immunostaining. (see SUPPLEMENTAL INFORMATION for details). 

RNA interference and qRT-PCR  

Adenovirus particles (Biofocus DPI/Galapagos, Leiden, Netherlands) were used to express 

shRNAs that target pendrin transcripts (see SUPPLEMENTAL INFORMATION).  Pendrin 

shRNA reduced pendrin mRNA levels by ~50% (Supplementary Figure 1)
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Intracellular pH measurement

Intracellular pH was measured using an inverted fluorescence microscope (IX81, Olympus, Center 

Valley PA) and imaging system (Photon Technology International, Edison NJ) as described (7, 

31). Cells were loaded with the ratiometric pH-sensitive dye BCECF-AM and studied at 37 oC 

with independent perfusion of the apical and basolateral sides as described in the 

SUPPLEMENTAL INFORMATION. 

Short-circuit current measurements 

Snapwell™ inserts were mounted in Ussing chambers to measure (Isc (μA cm−2). 

Transepithelial voltage was clamped at 0 mV except during 2 s bipolar pulses to ±1 mV at 100 s 

intervals to monitor resistance. Basolateral solution contained (mmol l−1): 115 NaCl, 25 NaHCO3, 

1.2 MgCl2, 1.2 CaCl2, 2.4 KH2PO4, 1.24 K2HPO4, and 10 D-glucose. Apical solution contained 

(mmol l−1): 1.2 NaCl, 115 Na-gluconate, 25 NaHCO3, 1.2 MgCl2, 4 CaCl2, 2.4 KH2 PO4, 1.24 K2 

HPO4, and 10 glucose. After Isc had stabilized, amiloride was added apically to block Na+ 

absorption and this was followed by sequential apical additions of forskolin (10 μM), CFTR 

inhibitor, CFTRinh-172 (10 μM) and ATP (100 μM). 

Patch clamp

BHK cells stably expressing wild-type CFTR were seeded on plastic coverslips at low density and 

transfected the following day with the expression plasmid pReceiver-M29 containing the CMV 

promoter to drive expression of EGFP-SLC26A4 (EGFP fused to the N-terminus of pendrin; 

Genecopoeia, Germantown MD). Patch-clamp experiments were performed 1-2 days after 
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transfection. Whole cell Cl- currents were measured after compensating for pipette capacitance 

electronically in the cell-attached mode. (see SUPPLEMENTAL INFORMATION).

Fluid transport

ASL height was measured using an LSM-780 confocal microscope (Zeiss, Jena, Germany) 

equipped with a multiline argon laser (488nm, 561nm) after labeling the surface liquid with 

BCECF-dextran (see SUPPLEMENTAL INFORMATION). Secretions were collected by 

aspiration and measured using a micropipet as described previously (32) after 2 days exposure to 

basolateral 10 μM forskolin and apical 10 μM amiloride.

Statistics

Data are means ± standard error of mean (s.e.m.) of n observations except the histogram in Fig. 

7C, which shows means ± standard deviation (s.d.). Data sets were compared using the Student’s 

t-test (GraphPad Prism) with p<0.05 considered significant unless otherwise indicated.

RESULTS

Pendrin co-localizes with CFTR in ciliated airway surface epithelial cells

Bronchial tissue sections were immunostained for both CFTR and pendrin. In non-CF bronchus 

(Figure 1A, top row of images), most CFTR was detected at the apical pole of ciliated cells that 

covered much of the airway surface (green fluorescence, epithelium outlined by white dotted lines). 

A similar distribution was observed using anti-pendrin antibody (Figure 1A, PDS, red). Co-

localization of CFTR and pendrin is indicated by yellow in the merged images (Figure 1A). CF 

bronchus had barely detectable CFTR immunostaining as expected and moderately increased 
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pendrin staining compared to non-CF tissue (second row of images in Figure 1A). Specificity of 

CFTR immunostaining in surface epithelium was further confirmed by the absence of signal when 

primary anti-CFTR antibody was omitted (Figure 1A, WO 1o). Omitting the anti-pendrin primary 

antibody caused a similar decrease in the pendrin signal (data not shown). CFTR and pendrin 

immunostaining were less prominent in submucosal gland mucus (MC) and serous (SC) cells 

(Figure 1B). The glands (outlined using white dotted lines in the fluorescence images) were 

identified as mucous cells (MC) or serous cells (SC) based on their granularity and by comparison 

with sections that had been stained for mucins using Alcian-blue periodic acid Schiff stain (AB-

PAS; data not shown). Although a diffuse signal was detected for both proteins in serous cells, it 

was weak and was not near the apical membrane (Figure 1B). These results indicate that pendrin 

is prominently expressed in surface epithelial cells in vivo but not in submucosal glands.

Pendrin expression was also examined en face in first passage primary nasal and bronchial 

epithelial cultures treated with vehicle (0.1 % DMSO) or IL-4 (10 ng/ml) for 2 days (Figure 1C). 

Immunostaining was low in non-CF nasal inferior turbinate and bronchial cells under control 

conditions (Figure 1C, left panels) but increased after pretreatment with IL-4 (Figure 1C, right 

panels). Although pendrin immunostaining varied between patients, it was usually higher in CF 

bronchial cells compared to non-CF cells and was further increased by IL-4. 

X-Z images constructed from image stacks revealed more prominent pendrin expression at the 

apical pole of both non-CF and CF bronchial cells after 2 days pretreatment with IL-4 (10 ng/ml) 

compared to vehicle (0.1% DMSO, Figure 1D).  Cellular coexpression of pendrin and CFTR in 

vitro was assessed using non-CF bronchial cells that had been maintained at the air-liquid interface 
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for ≥4 weeks and then treated with DMSO or IL-4 (10 ng/ml) for 2 days (Figure 1E). X-Y images 

revealed increased pendrin (red) immunostaining after IL-4 exposure and coexpression with CFTR 

in some cells (white arrowheads). When well-differentiated bronchial epithelial cells treated with 

DMSO or IL-4 were gently scraped from the culture supports, fixed and immunostained, CFTR 

(green) was clearly concentrated near the apical pole of the cell (Figure 1F, left panels) and its 

levels and distribution were not noticeably affected by IL-4 pretreatment. By contrast, pendrin 

immunostaining (red, center panels) was more intense after IL-4, forming a band at the apical pole 

(shown by the white arrowheads) that was colocalized with CFTR at the bases of cilia (yellow 

merged signal, bottom right panel). 

Pendrin mRNA expression is elevated in CF cells and further increased by IL-4

We used qRT-PCR to quantify mRNA transcripts coding for CFTR, pendrin, and the pendrin-

related anion channel SLC26A9 (33) under the conditions used below for functional studies. In 

non-CF nasal and bronchial cells, CFTR mRNA levels normalized to GAPDH mRNA appeared 

3- to 7-fold higher than those for pendrin under basal conditions (Figure 2A,B) and SLC26A9 

transcripts were 3- to 5-fold more abundant than those for CFTR. These differences between genes 

are only approximate as they rely on different primer sets, nevertheless they confirm the low 

expression of pendrin under basal conditions. Pendrin transcript levels were much higher in CF 

than in non-CF bronchial cells (Figure 2C), consistent with the immunostaining shown in Figure 

1A (native tissue) and Figure 1C (primary culture). 

Exposure to IL-4 (10 ng/ml) for 2 days dramatically increased pendrin mRNA in non-CF nasal 

and bronchial cells (normalized to DMSO vehicle, Figure 2E,F). IL-4 also elevated pendrin 
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expression in CF bronchial epithelial cells, although the relative increase (2- to 5-fold) was smaller 

than in non-CF cells due to the higher basal expression in CF (Fig. 2G). The Calu-3 cell line was 

also compared with primary surface epithelial cells (Figure 2D) and had higher levels of CFTR 

mRNA but low pendrin and SLC26A9 mRNA expression, consistent with previous studies (7, 10, 

31). Moreover, IL-4 did not increase pendrin mRNA expression in the Calu-3 (Figure 2H) 

consistent with our previous studies (7). Figure 2I summarizes the relative expression of CFTR 

and pendrin transcripts in non-CF and CF cells in untreated (naïve) cells and after pretreatment 

with IL-4. All values were normalized to those for non-CF cells treated with vehicle.  Consistent 

with immunostaining results, pendrin mRNA expression in CF bronchial cells was generally 

higher than in non-CF cells and was further increased several-fold by IL-4.

Pendrin mediates Cl-/HCO3- and Cl-/I- antiport and enhances forskolin-stimulated 

electrogenic anion transport

We studied apical bicarbonate transport in nasal and bronchial epithelial cells by measuring the 

increase in intracellular pH (ΔpHi) when cells were briefly challenged with low-Cl- saline 

(gluconate replacement) on the apical side. ΔpHi in nasal cells was small under basal conditions 

(Figure 3A) but became much larger after the cells had been pretreated with IL-4 for 2 days (Figure 

3B).  The rate of re-acidification upon restoring extracellular Cl- (dpHi/dt, dashed red lines) was 

also increased by 3- to 4-fold, indicating faster Cl-/HCO3
- antiport in IL-4-treated nasal cells (0.029 

± 0.013 vs 0.113 ± 0.004 pH units min-1, n=4, Figure 3B). Iodide can be carried by pendrin (18) 

but not by most other anion exchangers and provides a useful tool for identifying pendrin-mediated 

transport (34). Selectivity was assessed as the re-acidification rate after ΔpHi when low-Cl- 

solution was replaced with one containing I- (Figure 3C,F). This rate was similar when apical 
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gluconate was replaced with either Cl- or I- (0.113 ± 0.004 vs 0.083 ± 0.059 pH units, n=4-5, not 

significant p=0.37) consistent with HCO3
-/I- exchange and pendrin-mediated base efflux. Similar 

results were obtained when non-CF bronchial epithelial cells were pretreated with vehicle for 2 

days before challenge with low-Cl- solution; there was little increase in pHi irrespective of 

forskolin stimulation (Figure 3D). By contrast, after treatment with IL-4 for 2 days acute challenge 

with low-Cl- extracellular solution caused abrupt intracellular alkalinization in bronchial cells that 

was further enhanced by forskolin stimulation (ΔpHi=0.046 ± 0.065 (basal) vs 0.288 ± 0.023 pH 

units (with IL-4 and forskolin, n=4; Figure 3E-G). A spontaneous decline in ΔpHi during pulses 

with apical 0 Cl- solution under these conditions suggests that basolateral Cl- entry may become 

rate-limiting for apical anion exchange during forskolin stimulation (Fig. 3E, second pulse). Taken 

together, these results suggest that pendrin expression induced by IL-4 increases apical HCO3
-/Cl- 

antiport which is further enhanced by CFTR activation in nasal and bronchial epithelial cells. 

Further evidence for the role of CFTR in apical anion exchange comes from the partial inhibition 

of ΔpHi by the CFTR inhibitor CFTRinh-172 (Supplementary Figure 2). Remarkably, forskolin 

alone did not enhance ΔpHi in primary cells despite the presence of functional CFTR channels, in 

contrast to previous results in Calu-3 cells where ΔpHi was also elicited by apical low-Cl- solution 

only during forskolin stimulation. This indicates that ΔpHi is not mediated by CFTR in primary 

cells even though forskolin enhances ΔpHi after IL-4 pretreatment. The results can be readily 

explained if electrically-coupled HCO3
- influx is negligible in primary cells, pendrin mediates most 

apical anion exchange after IL-4 pretreatment, and forskolin activation of CFTR enhances the 

anion exchange via pendrin. 
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IL-4 alters the expression of many ion transporters and channels (27). To assess the specific 

contribution of pendrin to ΔpHi we compared IL-4 effects when bronchial cells had been 

transduced with adenoviruses expressing scrambled or pendrin-specific shRNA. In naïve cells (i.e. 

that had not been treated with IL-4), intracellular alkalinization was not significant regardless of 

the adenovirus used; i.e. expressing scrambled (0.015 ± 0.018 pH units, n=4; Scr KD, Figure 4A) 

or pendrin-specific shRNA (0.047 ± 0.048 pH units, n=4; PDS KD, Figure 4B). As summarized 

in Figure 4E, forskolin (0.024 ± 0.015, Scrambled shRNA vs 0.036 ± 0.007 pH units, Pendrin 

shRNA, n=4) and CFTRinh-172 (0.017 ± 0.04, Scrambled shRNA vs 0.029 ± 0.023 pH units, 

Pendrin shRNA, n=4) also had no effect on ΔpHi under these conditions. By contrast, after 

pretreatment with IL-4 (10 ng/ml) for 2 days ΔpHi was greatly increased in control cells expressing 

scrambled shRNA when challenged with apical Cl--free solution (0.196 ± 0.014 pH units, n=4; 

Figure 4C). Importantly, these large ΔpHi responses were reduced >50% by adenoviral shRNA 

targeting pendrin (0.08 ± 0.025 pH units, n=4; Figure 4D). Further, ΔpHi was enhanced by 80% 

when cells were challenged with apical Cl--free solution during exposure to forskolin (0.353 ± 

0.025 pH units, n=4), pendrin shRNA inhibited this forskolin-dependent stimulation of ΔpHi 

(0.201 ± 0.022 pH units, n=4), and CFTRinh-172 inhibited ΔpHi to pre-forskolin levels (0.115 ± 

0.04 pH units, n=4). These results confirm that IL-4 enhances ΔpHi by increasing pendrin-

mediated antiport and further suggest that forskolin activation of CFTR enhances anion exchange 

(Figure 4F).

Pendrin expression increases cAMP-stimulated HCO3- and fluid secretion

To examine the role of pendrin in forskolin stimulated fluid and HCO3
- secretion, primary nasal 

cells cultured at the air-liquid interface for at least 2 weeks were transduced with scrambled (Scr) 
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or pendrin-specific (PDS) shRNA using adenovirus particles and exposed to amiloride and vehicle 

(0.1% DMSO) or IL-4 (10 ng/ml) for 48 h (see MATERIALS AND METHODS). BCECF-dextran 

was delivered onto the surface by evaporation from perfluorocarbon (FC-72) and confocal imaging 

was performed 1-2 h later.  Image z-stacks were constructed to determine the ASL height under 

each condition. Cells were studied under control conditions, after forskolin (10 μM) alone, and 

after treatment with both forskolin and IL-4 (10 ng/ml) using cells from 4 different patients. Images 

were taken from the same location ~0.88 mm from the edge of the Transwell. Forskolin increased 

ASL height in both control (Scr) and pendrin knockdown cells (PDS), and the stimulation by 

forskolin was larger after treatment with IL-4. The effects of IL-4 and shRNA targeting PDS on 

ASL height during forskolin stimulation are summarized for 7 – 9 monolayers in Fig. 5B. Forskolin 

stimulation was not affected significantly by shRNA against PDS alone, although compared to 

Scr, shRNA although there was a trend towards smaller responses. However pretreating cells with 

both IL-4 and Scr shRNA (Scr KD/IL-4) increased ASL height significantly during forskolin 

stimulation compared to pretreatment with Scr shRNA alone (Scr KD; p<0.01, n=7-9, Fig. 5B). 

Moreover, this increase was diminished when cells were pretreated with both IL-4 and PDS 

shRNA (Scr shRNA/IL-4; p<0.01, n=9), indicating that the positive effect of IL-4 on forskolin-

stimulated fluid secretion was pendrin-dependent.  The effects of IL-4 and PDS shRNA on ASL 

height are summarized in Fig. 5B.  To measure the volume and pH of secretions, fluid was 

collected by aspiration after 2 days and fluid volumes were compared. Changes in ASL volume 

paralleled those in ASL height, with IL-4 increasing forskolin-stimulated fluid volume ~2-fold 

(p<0.005, n=8) and PDS shRNA blunting the response (p<0.05, n=6).  Finally, in separate 

experiments secretions were collected after 48 h continuous stimulation by 10 μM forskolin + 200 

μM cpt-cAMP and pH was measured while equilibrated with 5% CO2 / 95% air (5 measurements 
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using cells from 3 patients, n=3, * p<0.05, ** p<0.01).  PDS knockdown had little effect on pH 

under basal conditions, however pretreatment with IL-4 caused a significant increase in pH 

(p<0.01) that was significantly blunted by shRNA targeting pendrin (Figure 5D). These results 

indicate that pendrin upregulation by IL-4 enhances cAMP-stimulated secretion of both fluid and 

HCO3
- through pendrin-dependent mechanisms.

The IL-4-induced increase in CFTR activity is pendrin-dependent

If pendrin enhances fluid secretion by increasing cAMP stimulation of CFTR as indicated above, 

then IL-4 should also increase the short-circuit current (Isc) response to forskolin and the increase 

should be sensitive to pendrin knockdown. To test those predictions, Isc was measured across 

highly differentiated primary cell cultures after exposure to vehicle (0.1% DMSO) or IL-4 for 2 

days. IL-4 dramatically increased Isc stimulation by both forskolin (ΔIsc=4.663 ± 0.905 vs 14.06 ± 

0.582 μA cm-2, n=4, P<0.0001) and ATP (ΔIsc=5.595 ± 1.071 vs 14.26 ± 0.793 μA cm-2, n=4, 

P=0.0003) in nasal cells, indicating that cAMP- and Ca2+-activated anion secretion were both 

enhanced by IL-4 (Supplementary Figure 3). Larger purinergic responses were expected as they 

are mediated by TMEM16A, a Ca2+-activated Cl- channel that is induced by IL-4 (20, 35). Similar 

results were obtained using well-differentiated bronchial epithelial cells (Supplementary Figure 

3C,D). IL-4 induction resulted in 2- to 3-fold larger forskolin responses (ΔIsc=4.7 ± 0.379 vs 12.55 

± 1.146 μA cm-2, n=4-5, P=0.0002) that were sensitive to CFTRinh-172, indicating an increase in 

CFTR activation (Supplementary Figure 3F). CFTRinh-172 nearly abolished the forskolin response 

in both nasal and bronchial cells, indicating that IL-4 enhances CFTR responses to forskolin 

without increasing CFTR mRNA expression (Figure 2, see also ref (27)).
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IL-4 increases the expression of many genes therefore we examined whether the enhanced 

forskolin response was due specifically to pendrin. Nasal and bronchial cells that had been 

pretreated with vehicle or IL-4 for 2 days were transduced with adenoviruses encoding scrambled 

or pendrin-specific shRNA. Incubating cells with IL-4 increased their responses to forskolin by 2- 

to 3-fold compared to vehicle (non-CF nasal; ΔIsc=6.11 ± 0.624 vs 13.15 ± 0.692 μA cm-2, non-

CF bronchial; 4.24 ± 0.60 vs 12.07 ± 0.778 μA cm-2, n=4, P=0.0002; Figure 6A,C). This IL-4-

induced increase was inhibited >70% by pendrin shRNA (non-CF nasal 8.348 ± 1.036 μA cm-2, 

n=4, P=0.008; non-CF bronchial 7.953 ± 0.917 μA cm-2, n=4, P=0.014, Figure 6B,D). These 

results suggest that inducing pendrin expression with IL-4 enhances the activation of CFTR by 

forskolin. Large ATP-stimulated currents were observed after IL-4 exposure and they were 

unaffected by pendrin shRNA (non-CF nasal; ΔIsc=11.6 ± 0.437 vs 11.05 ± 0.668 μA cm-2, n=4, 

P=0.5212; non-CF bronchial; 13.2 ± 0.682 vs 14.35 ± 0.743 μA cm-2, n=4, P=0.299), consistent 

with a distinct, pendrin-independent mechanism of action (i.e. increased expression of Ca2+-

activated Cl- channels). We conclude from these Isc experiments that IL-4 elevates pendrin 

expression, which in turn enhances the activation of CFTR by cAMP. Such modulation of CFTR 

would also explain the ability of IL-4 to increase forskolin-stimulated fluid secretion (Figure 5). 

Pendrin increases cAMP-stimulated CFTR current in transfected cells   

To study the effect of pendrin on CFTR activity without cytokine induction of other genes we 

studied whole cell Cl- current in BHK cells stably expressing CFTR. Currents were measured by 

stepping from a holding potential of -40 mV to test potentials of -100 to +100 mV in 20 mV 

increments under basal conditions and after sequential exposure to forskolin (Fsk, 10 µM) and 

CFTR inhibitor (CFTRInh-172, 10 µM). In cells stably expressing CFTR forskolin activated 80 
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pA/pF currents that reached a maximum after 6 - 7 minutes. By contrast, forskolin stimulation was 

faster in cells co-expressing CFTR with EGFP-pendrin and the maximum current was almost 

doubled (Figure 7A). Current-voltage relations revealed a 5-fold increase in slope conductance in 

control cells during forskolin stimulation and a 9-fold increase in cells co-expressing pendrin 

(identified by their green fluorescence; Figure 7B). Forskolin-stimulated current was abolished by 

CFTRin-172 and was therefore mediated by CFTR (Figure 7A,B). The mean slope conductances 

measured in the absence and presence of pendrin coexpression are summarized in Figure 7C. These 

results indicate that pendrin expression enhances forskolin activation of CFTR. 

DISCUSSION

The present studies indicate that pendrin and CFTR are uniformly co-expressed in ciliated cells of 

the airway surface epithelium in native tissue and have overlapping expression in well-

differentiated primary airway cell cultures. Most HCO3
- secretion across nasal and bronchial 

epithelial primary cultures pretreated with IL-4 appears mediated by pendrin, which also enhances 

cAMP activation of CFTR. Pendrin expressed during inflammation would increase luminal pH 

through electroneutral, anion exchange-mediated bicarbonate transport while simultaneously 

increasing the volume of secreted fluid by enhancing cAMP-stimulated, electrogenic chloride flux 

through CFTR channels. 

Pendrin expression and co-localization with CFTR

Colocalization of CFTR and pendrin at the apical pole of ciliated surface cells is consistent with 

the previous reports demonstrating CFTR mRNA in bronchial surface epithelium and lamina 

propria (36), CFTR immunofluorescence in ciliated cells of the airway surface (37), and pendrin 
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immunohistochemical staining in mouse airway surface epithelium (23).  CFTR and pendrin 

expression both appeared much lower in submucosal gland serous cells, and neither protein was 

detected in mucous cells. Low CFTR expression in the glands agrees with some (37) but not all 

(38) previous studies, and the variable results may simply reflect cellular heterogeneity of CFTR 

expression in native tissue (39). Impaction of CF submucosal glands in the fetus (40) and extensive 

studies of secretion by single glands in vitro (41, 42) have established beyond doubt that CFTR is 

functional in glands, although weak immunostaining in glands compared to ciliated surface cells 

of the bronchus suggests its expression is relatively low. 

Pendrin mRNA levels were elevated in primary human bronchial and nasal cell cultures pretreated 

with the proinflammatory cytokine IL-4, consistent with previous studies (14, 27). Under control 

conditions, pendrin mRNA expression (normalized to GAPDH) appeared 2- to 10-fold lower than 

CFTR and 10- to 30-fold lower than SLC26A9. Transcripts amplified using different primers 

cannot be compared quantitatively, nevertheless these large differences confirm that pendrin 

expression is low under basal conditions and dramatically increases (>100-fold) after IL-4. 

Upregulation was greater than reported previously (~30-fold (27)), perhaps due to differences in 

cell culture conditions. IL-4 only increased pendrin mRNA expression by ~2.5-fold in CF 

bronchial epithelial cells, where pendrin expression was already elevated. High basal pendrin 

expression implies that CF cells may be in an inflamed state, although that suggestion has been 

controversial (43) and was not confirmed by measuring inflammatory cytokines and NFκB activity 

in well differentiated primary bronchial epithelial cells (44). Further studies are needed to 

understand the mechanism responsible for high basal pendrin expression. Perhaps only some 

manifestations of inflammation are constitutively increased in CF epithelial cells. 
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Unlike tissue sections, CFTR and pendrin expression overlapped only partially in primary cultures; 

i.e. some ciliated cells expressed both proteins while others expressed only CFTR or pendrin. 

Further studies are needed to determine if ciliated cells are incompletely differentiated even under 

ALI conditions. Pendrin was reported exclusively in cells lacking cilia after pretreatment with IL-

17A (21). We observed apical co-localization of CFTR and pendrin in ciliated cells after IL-4 but 

cannot exclude the possibility that pendrin is also present in goblet and club cells. 

Well-differentiated surface epithelium and Calu-3 cells secrete HCO3- through 

different mechanisms 

Results obtained with nasal and bronchial primary cells contrast with those from the Calu-3 cell 

line. Pendrin mRNA levels (after normalization to GAPDH) were much lower (i.e. 20-fold) in 

Calu-3 under basal conditions and were not increased by IL-4, consistent with our recent findings 

(7). Stable knockdown of pendrin in Calu-3 cells using lentiviral shRNA reduced pendrin 

expression measured by qRT- PCR and immunofluorescence staining as expected but did not 

affect rates of HCO3
- or fluid secretion. HCO3

- transport under pH-stat conditions and net HCO3
- 

flux across basolaterally-permeabilized monolayers were also unaffected by pendrin knockdown. 

In Calu-3 cells, low extracellular Cl- solution produced a large ΔpHi during forskolin activation of 

CFTR because it is a major determinant of the membrane potential and its activation leads to 

electrically-coupled Cl- efflux and HCO3
- influx (45). This CFTR dependence of ΔpHi in Calu-3 

was further suggested by changes in intracellular pH when apical Cl- and HCO3
- concentrations 

were varied in control and pendrin knockdown cells, but not in CFTR deficient cells (7). Finally, 

IL-4 had little effect on pendrin expression in Calu-3 and did not alter fluid or HCO3
- secretion, 
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unlike the primary airway surface cells used in the present study. We conclude that Calu-3 and 

surface airway epithelial cells are fundamentally different with respect to HCO3
- transport and the 

role of pendrin. Calu-3 is an adenocarcinoma cell line that shares some characteristics with 

submucosal gland serous cells and is used as a model for them (46-48). The negligible contribution 

of pendrin to bicarbonate secretion by Calu-3 cells may be appropriate for submucosal gland acinar 

cells, since we detected little pendrin in glands by immunostaining bronchial sections (Figure 1B). 

Pendrin as a potential therapeutic target

Pendrin modulation of cAMP-stimulated fluid secretion by non-CF cells may contribute to the 

beneficial effects of beta-agonists used to treat allergic asthma. ASL height was increased on 

tracheal epithelial cell cultures from pendrin-deficient mice pretreated with IL-13, suggesting that 

inhibiting pendrin might improve mucus hydration and mucociliary clearance (24, 49). Increased 

ASL height has been observed during exposure to pendrin inhibitors (50) in the absence of cAMP 

stimulation. Since pendrin promotes cAMP-stimulated fluid secretion it may increase ASL height 

and mucociliary clearance during cAMP stimulation by endogenous agonists (adenosine, 

vasoactive intestinal peptide, epinephrine) and by therapeutics used to treat asthma such as beta-

agonists (51) and phosphodiesterase inhibitors (52). It will be important to exclude adverse effects 

of pendrin inhibitors on CFTR activation before pursuing them as therapeutics for CF, especially 

when used in combination with correctors and potentiators that only partially restore CFTR 

function.

Author disclosures are available with the text of this article at www.atsjournals.org.
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FIGURES

Figure 1. Pendrin expression in bronchial tissue and primary airway epithelial cells.  (A) 

Surface epithelium in normal bronchial tissue sections (EP: epithelium) showing apical 

CFTR and pendrin (PDS) expression (scale bar 50 μm). An example of immunostaining 

without primary antibody (WO1o) and the corresponding bright field image are shown in 

lower images (representative of n = 4 samples from one CF patient and n = 4 samples 

from one non-CF donor). (B) Immunostaining for CFTR and pendrin in bronchial 

submucosa. No CFTR or pendrin was detected in submucosal gland mucous cells (MC). 

Weak CFTR and pendrin signals were observed in serous cells of the submucosal glands 

(SC), however they were not localized at the apical membrane (scale bar 50 μm). 

Background staining without primary antibody (WO 1o) and brightfield image with DAPI 

stained nuclei are shown in lower images (representative of n = 4 samples from one non-

CF donor). (C) Detection of pendrin in non-CF nasal, non-CF bronchial, and CF bronchial 

cells after treatment with either vehicle (0.1% DMSO, left images) or with IL-4 (10 ng/ml, 

right images) for 2 days. Note that IL-4 increased pendrin immunostaining in all three 

surface epithelial cell types (xy view; scale bar 20 μm). Pendrin immunostaining was 

already elevated in CF bronchial epithelial cells under basal conditions and was further 

increased by IL-4 (representative of n = 16 samples from 4 different non-CF donors, and 

n = 12 samples from 3 different CF patients).  (D) x-z view showing pendrin 

immunostaining localized at the apical pole of normal and CF bronchial cells following 

treatment with IL-4 for 2 days (scale bar 10 μm, AP:apical, BL:basolateral). (E) Top view 

shows partial co-localization of CFTR and pendrin (indicated by yellow) in a subset of 

bronchial epithelial cells cultured at the air-liquid interface (white arrowheads, 
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representative of n = 8 samples from 4 different non-CF donors). (F) Co-localization of 

CFTR (green band) and pendrin (PDS, red band indicated by white arrowheads) at the 

apical membrane of individual ciliated cells that had been isolated from air-liquid interface 

cultures after 48 h exposure to IL-4 (representative of n = 12 samples from 4 different 

non-CF donors). 

Figure 2. CFTR, pendrin and SLC26A9 mRNA expression in surface airway epithelia and 

the effect of IL-4 on pendrin in each cell type.  (A-D) CFTR, SLC26A4 (A4) and SLC26A9 

(A9) mRNA levels in well-differentiated primary cultures measured using qRT-PCR. (A) 

non-CF nasal epithelial cells, (B) non-CF bronchial epithelial cells, (C) CF bronchial 

epithelial cells containing F508del/F508del CF, (D) Calu-3 cell line (submucosal gland 

serous cell). mRNA levels were normalized to GAPDH. (E-H) Effect of IL-4 (10 ng/ml, 2 

days) on pendrin expression in (E) nasal, (F) non-CF bronchial, (G) CF bronchial epithelial 

cells and (H) Calu-3. (I) CFTR and pendrin mRNA levels in untreated vs IL-4-treated non-

CF and CF bronchial epithelial cells. Expression is shown relative to control, DMSO 

treated non-CF cells (Mean ± s.e., n = 4 - 7; *p < 0.05, ***p < 0.001, Student’s t-test). 

Figure 3. Effect of IL4 on the intracellular pH response (ΔpHi) to apical Cl- removal in 

nasal and bronchial epithelial cells.  Intracellular pHi was measured while Cl- in HCO3
- 

buffered apical solution was replaced with gluconate. Well-differentiated non-CF nasal 

(A-C) and bronchial (D-E) epithelial cells. (A) pHi in cells pretreated with vehicle (0.1% 

DMSO). (B) pHi after pretreatment with 10 ng/ml IL-4 for 2 days. The dashed line indicates 

the rate of re-acidification dpHi/dt that results from HCO3
- efflux when extracellular Cl- is 
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restored on the apical side. (C) pHi when apical Cl- was substituted with gluconate 

followed by iodide. Note the re-acidification rate with extracellular I- is similar to that with 

Cl- in panel B. (D) Effect of apical Cl- replacement on pHi in well differentiated primary 

bronchial epithelial cells under control conditions and during forskolin stimulation. Cells 

were pretreated with vehicle (0.1% DMSO) for 2 days then perfused with HCO3
--buffered 

solution with or without forskolin. (E) Same conditions as in (D) except cells were 

pretreated for 2 days with 10 ng/ml. Note much larger responses to apical Cl- and 

enhanced response during forskolin stimulation. (F) Effect of IL-4 pretreatment on the 

initial rate of re-acidification after restoring extracellular Cl-, and when I- is restored to 

assess selectivity (mean ± s.e.m. n ≥ 4 experiments, *p < 0.05, one-way ANOVA). (G) 

Summary of ΔpHi induced by substituting apical Cl- with gluconate without vs with IL-4 

pretreatment to upregulate pendrin, and in the absence or presence of forskolin to 

activate CFTR. Note the larger response after IL-4, and increased response to forskolin 

after IL-4 pretreatment (Mean ± s.e., n = 8, ***p < 0.001).  

Figure 4. Effect of pendrin knockdown on ΔpHi responses to apical Cl- removal in control 

and IL-4 pretreated cells. Well differentiated primary human bronchial epithelial (pHBE) 

cells were transduced with adenovirus particles expressing scrambled or pendrin-specific 

shRNA under control conditions (naive) or in combination with 10 ng/ml IL-4 for 2 days. 

After loading with the pH indicator BCECF-AM cells were exposed to Cl--free apical 

solution sequentially under control conditions, in the presence of forskolin (FSK), and in 

the presence of FSK + CFTRinh-172. (A) naive pHBE cells transduced with scrambled 

shRNA. (B) effect of pendrin knock down in naive pHBE cells, (C) ΔpHi after IL-4 induction 
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of pHBE cells transduced with scrambled shRNA, (D) ΔpHi after IL-4 induction of pHBE 

cells transduced with pendrin shRNA, (E) summary of ΔpHi in naive cells transduced with 

scrambled and pendrin shRNA adenoviruses (mean ± s.e. n = 3), (F) summary of ΔpHi in 

IL-4 treated cells transduced with scrambled or pendrin shRNA adenoviruses (mean ± s.e. 

n = 4, * p < 0.05, student’s t-test).

Figure 5. Role of pendrin in IL-4-induced, forskolin-stimulated secretion by nasal 

epithelial cells. Non-CF nasal inferior turbinate cells were cultured for at least 2 weeks at 

the air-liquid interface, then transduced with adenovirus particles directing expression of 

scrambled (Scr) or pendrin (PDS) shRNA. (A) Non-CF nasal inferior turbinate cells were 

exposed to amiloride (10 μM) to inhibit fluid absorption for 48 h along with either vehicle 

(0.1% DMSO, top row), 10 μM forskolin (second row), or both forskolin + IL-4 (10 ng ml-

1, third row). Note that pendrin shRNA reduced ASL height during forskolin stimulation. 

Image stacks are representative of n = 8 cultures from 4 different patients. (B) Summary 

of ASL heights measured during forskolin stimulation (mean ± s.e., n = 7 - 9, ** p < 0.01, 

student’s t-test). (C) Total forskolin-stimulated fluid volume on Scr and PDS cells when 

pretreated with vehicle (0.1% DMSO) or IL-4 (10 ng ml-1) in the presence of amiloride (10 

μM). Accumulated fluid was collected by aspiration after 48 h stimulation (mean ± s.e.m., 

n = 7 - 9, * p < 0.05, *** p < 0.001). Note that the IL-4-dependent fluid secretion during 

forskolin stimulation was significantly reduced in PDS cells. (D) pH of apical secretions 

by cells from 3 donors after 48 h stimulation with 10 μM forskolin + 200 μM cpt-cAMP (5 

cultures total, n=3 donors, * p < 0.05, ** p < 0.01).  IL-4 increased both the volume and 

pH of fluid secreted during cAMP stimulation, and both these effects of IL-4 were inhibited 
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by shRNA targeting pendrin. 

Figure 6. Effect of pendrin knockdown on IL-4 and forskolin-stimulated anion secretion 

by surface epithelial cells. The effect of pendrin knockdown (PDS KD) using shRNA 

adenovirus when surface airway epithelial cells were pretreated with vehicle (0.1% DMSO) 

or IL-4 (10 ng/ml) for 2 days. (A) Recordings of Isc across naïve (i.e. no exposure to IL-4), 

IL-4 pretreated, and IL-4 + pendrin shRNA-pretreated nasal epithelial cells sequentially 

exposed to forskolin (Fsk), CFTRinh-172 and ATP. (B) Summary of nasal cell responses 

to forskolin (Fsk) or ATP in naïve, IL-4 pretreated (10 ng/ml, 2 days) and IL-4+pendrin 

shRNA cells. shPDS reduced the forskolin stimulated Isc but not the ATP-stimulated Isc 

after induction by IL-4. (C) Bronchial cell responses under same conditions as in (A). (D) 

Summary of mean Isc response to forskolin and ATP in bronchial epithelial cells under 

same conditions as in (B). Note that in both cell types, pendrin knockdown attenuates 

forskolin-stimulated currents but not ATP-stimulated currents. Mean ± s.e., n = 12, ** p < 

0.01, NS not significant. 

Figure 7. Effect of co-expressing pendrin on CFTR current in BHK cells. EGFP-pendrin 

was transiently transfected into BHK cells that stably express wild-type CFTR and whole 

cell Cl- currents were measured during sequential exposure to control solution, forskolin 

(10 µM) and the CFTR inhibitor (CFTRInh-172, 10 µM). (A) Time-course of whole-cell 

anion current activation by forskolin and inhibition by CFTRinh-172 with and without 

pendrin co-expression. (B) Currents elicited by stepping from -40 mV holding potential to 

test potentials ranging from -100 to +100 mV in 20 mV increments, normalized to 
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membrane area (cell capacitance). Purple and orange lines show forskolin-stimulated 

current without and with pendrin co-expression, respectively. Blue and red lines show 

basal currents and stimulated currents after inhibition with CFTRinh-172. Means ± s.e., n 

= 7 - 8 cells. (C) Histogram comparing mean whole-cell conductance without (purple) or 

with (orange) pendrin co-expression. Conductance was determined by linear fit of the 

entire cell I/V relationship (mean ± s.d., n = 7 - 8, ***p < 0.001 Student’s t-test). 

Page 28 of 46 AJRCMB Articles in Press. Published on 11-February-2019 as 10.1165/rcmb.2018-0158OC 

 Copyright © 2019 by the American Thoracic Society 



Page 29 of 46  AJRCMB Articles in Press. Published on 11-February-2019 as 10.1165/rcmb.2018-0158OC 

 Copyright © 2019 by the American Thoracic Society 



 

Figure 2. CFTR, pendrin and SLC26A9 mRNA expression in surface airway epithelia and the effect of IL-4 on 
pendrin in each cell type.   
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Figure 3. Effect of IL4 on the intracellular pH response (ΔpHi) to apical Cl- removal in nasal and bronchial 
epithelial cells.   
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Figure 4. Effect of pendrin knockdown on ΔpHi responses to apical Cl- removal in control and IL-4 pretreated 
cells. 
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Figure 5. Role of pendrin in IL-4-induced, forskolin-stimulated secretion by nasal epithelial cells. 
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Figure 6. Effect of pendrin knockdown on IL-4 and forskolin-stimulated anion secretion by surface epithelial 
cells. 
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Figure 7. Effect of co-expressing pendrin on CFTR current in BHK cells. 
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SUPPLEMENTAL INFORMATION

MATERIALS AND METHODS (SUPPLEMENTARY)

Human airway tissue and cells

Lung samples from 5 CF patients (F508del/F508del) undergoing lung transplantation were 

obtained from the Institut de recherches cliniques de Montréal (IRCM) and Centre hospitalier de 

l'Université de Montréal (CHUM). Non-CF lungs from 7 donors were provided National 

Development and Research Institutes, Inc. (NDRI, New York, NY) and the International Institute 

for the Advancement of Medicine (IIAM, Edison NJ). Nasal tissue from 11 patients undergoing 

surgery for obstruction was collected at St. Mary Hospital, Jewish General Hospital, Royal 

Victoria Hospital and LaSalle Hospitals in Montréal. Samples were obtained with informed 

consent following protocols approved by the Institutional Review Boards of the IRCM and McGill 

University (#A08-M70-14B). Cells were isolated by the Primary Airway Cell Biobank at the 

McGill Cystic Fibrosis Translational Research center (CFTRc) and maintained in differentiation 

medium (Opti-MEM; Life Technologies Inc., Burlington ON) with supplements at the air-liquid 

interface (ALI) for 28 - 30 days as described (53). 

Histology

For histological studies, primary cell cultures were, then washed with PBS, fixed in 10% neutral 

buffered formalin (pH 6.8 - 7.2, EMD Chemicals Inc.) overnight at 4°C, embedded in paraffin and 

sectioned at 5 µm. Slides were rehydrated and stained with standard hematoxylin and eosin (H&E) 

and Alcian-blue periodic acid Schiff (AB-PAS) stain. Morphology was assessed by imaging five 

regions under each condition with an Axioskop (Zeiss) wide-field microscope and analyzing the 

images using AxioVision 4 software.
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RNA interference and qRT-PCR

Primary bronchial or nasal epithelial cells were treated with 5 mM EDTA for 10 - 20 min at 37°C 

to improve access to coxsackie adenovirus receptors on the lateral membrane. Virus particles were 

added together with vehicle (0.1% DMSO) or 10 ng ml-1 IL-4 on the basolateral side of air-liquid 

interface cultures for 48 h (estimated multiplicity of infection ~150). Cells were then rinsed with 

fresh medium and used for functional studies.  Total RNA was isolated from ALI cultures of 

primary nasal and bronchial epithelial cells using the Qiagen RNeasy Miniprep Kit according to 

the manufacturer’s instructions.

First-strand cDNA for real-time PCR was prepared using 1µg of total RNA and SuperScript VILO 

MasterMix (Invitrogen). CFTR, SLC26A4 and SLC26A9 mRNA levels were assessed by 

quantitative real-time PCR (qRT-PCR) using Taqman primers (Life technologies; Assay ID: 

CFTR: Hs00357011_m1; SLC26A4: Hs01070620_m1; SLC26A9: Hs00369451_m1). Reactions 

were analyzed using the Quant Studio™ 7 Flex Real-Time PCR system (Life Technologies) and 

the “Fast” program: 95 °C for 20 s, followed by 40 cycles of 95 °C for 1 s and 60 °C for 20 s. Data 

were normalized to GAPDH. 

Immunostaining pendrin and CFTR in bronchial sections and primary cultures

To image single isolated primary cells, ALI cultures were gently scraped into PBS and centrifuged 

onto a glass slide at using a Cytospin4 (450 rpm for 5 min, Thermo Scientific, Cheshire, UK). 

After fixation in 10% neutral buffered formalin (15 min at RT), samples were rinsed with PBS (3 

x 5 min), permeabilized using 1% Triton X-100, and blocked with 2% BSA in PBS for 1.5 h at RT 

Tissue sections (5 µm thick) were mounted on microscope slides, de-paraffinized in xylene baths 
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(3 x 5 min each), and rehydrated in alcohol baths (95%, 95%, 70%; 5 min each) followed by two 

5 min rinses in ddH2O and equilibration in PBS. Sections were permeabilized using 0.5% Triton 

X-100 and blocked for 1 h with 2% bovine serum albumin (BSA) in PBS at room temperature 

(RT).  Primary cells cultured on collagen-coated Transwell™ inserts were incubated with PBS on 

the apical side for 15 min at 37 oC in a 5% CO2 incubator, rinsed three times to remove apical 

mucus secretions and then immunostained. To image single isolated primary cells, ALI cultures 

were washed three times with PBS at RT and gently scraped from the inserts into PBS and 

centrifuged onto a glass slide at using a Cytospin4 (450 rpm for 5 min, Thermo Scientific, Cheshire, 

UK). After fixation in 10% neutral buffered formalin (15 min at RT), samples were rinsed with 

PBS (3 x 5 min), permeabilized using 1% Triton X-100, and blocked with 2% BSA in PBS for 1.5 

h at RT. 

Intracellular pH measurements

Any mucus on the apical surface was removed by 5-10 min incubation with PBS containing N-

acetyl-l-Cysteine (1 mg ml-1) at 37°C and the cells were rinsed three times with PBS at RT. Then 

confluent cell monolayers were washed for 30 min in HCO3
--buffered solution and incubated with 

the pH-sensitive dye BCECF-AM (2’,7’-bis-(2-carboxyethyl)- 5(6)-carboxyfluorescein 

acetoxymethyl ester)  (5 μmol l−1) in HCO3
--buffered 5% CO2 solution at 37 oC for ≥45 min. Cells 

were then rinsed again and mounted in a chamber that allowed independent apical and basolateral 

perfusion. Experiments were carried out at 37 °C using a thermostatically controlled platform (FC-

5, Live Cell Instr., Seoul Korea). Flow to both surfaces was maintained at 1.5 ml min−1 using a 

four-channel peristaltic pump (205S, Watson Marlow, Wilmington MA). The normal HCO3
- 

solution contained (mmol l−1): 116 NaCl, 25 Na HCO3
-, 5 KCl, 1 CaCl2, 1 MgSO4, 2.8 NaHEPES, 
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2.2 HEPES and 10 D-glucose and Cl--free solution contained 116 sodium gluconate, 25 Na HCO3
-, 

5 potassium gluconate, 4 calcium gluconate, 1 MgSO4, 2.8 NaHEPES, 2.2 HEPES and 10 D-

glucose. All solutions were adjusted to pH 7.4 by bubbling with a 95% O2, 5% CO2 mixture at 37 

oC. 

Intracellular BCECF was excited alternately at 440 and 490 nm (1 s each wavelength) every 5 s. 

The signal was not perfectly uniform therefore fluorescence intensities were measured in at least 

10 regions of interest (ROIs) using Easy Ratio Pro software (Horiba Sci. Mississauga, ON). 

Unbiased sampling of pHi was performed by measuring fluorescence in five ROIs per field; one 

at the outer edge of each of four quadrants and one near the center. These ROIs covered ∼2/3 of 

the field of view using a 40× objective. Fluorescence intensities in several ROIs were averaged to 

obtain one measurement from each experiment. Fluorescence ratios (F490/F440) were recorded 

and displayed continuously. To calculate pHi, the F490/F440 was calibrated using high-K+-

nigericin solution that contained (mmol l−1): 140 KCl, 1 CaCl2, 1 MgSO4, 20 HEPES and 20 μmol 

l−1 nigericin, and was adjusted to different pH values. Graphs and statistical analyses were 

performed using Microsoft Excel and Prism 5 software. 

Measurement of ASL height

ASL height was measured using an LSM-780 confocal microscope (Zeiss, Jena, Germany) 

equipped with a multiline Argon laser (488 nm, 561 nm) after transduction with adenovirus 

particles directing expression of scrambled (Scr) or pendrin (PDS) shRNA. Cells were exposed to 

amiloride (10 μM) alone, or together with forskolin (10 μM) or forskolin + IL-4 (10 ng/ml) for 48 

h before experiments. To visualize the ASL, BCECF-dextran was delivered onto the apical surface 
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in perfluorocarbon FC-72 that was allowed to evaporate for 1-2 h before imaging the surface liquid. 

xz scanning images (1.06 μm apart, 40 - 100 images) were collected from 4 - 6 different regions 

at ~0.88 mm from the edge of the Transwell to determine fluid height.

Patch clamp

Transfections were performed using Gene Juice (Millipore) according to the manufacturer’s 

instructions. Cells were cultured at 37 °C in 5% CO2.  Voltage-clamp signals were recorded with 

an analog/digital interface (Digidata 1440; Axon Instruments, Inc., Burlingame, CA) and analyzed 

using pCLAMP version 10 (Axon Instruments). The external bath solution contained (in mM): 

145 NaCl, 4 CsCl, 1 CaCl2, 1 MgCl2, 10 glucose, and 10 tetradecyl sulfate (TES) titrated with 

NaOH to pH 7.4.  The osmolarity of the bath solution was 315 ± 5 mOsmol kg-1. The intra-pipette 

solution contained (in mM): 113 L-aspartic acid, 113 CsOH, 27 CsCl, 1 NaCl, 1 MgCl2, 1 

ethyleneglycoltetraacetic acid, 1 TES, and 3 MgATP titrated to pH 7.2 with CsOH. Osmolality of 

the pipette solution was 285 ± 5 mOsmol kg-1. Patch clamp experiments were performed at room 

temperature (20 - 25 °C).

RESULTS (SUPPLEMENTARY)

Supplementary Figure 1 Comparison of pendrin mRNA expression in non-CF bronchial 

epithelia after pendrin knockdown using shRNA adenovirus.

Supplementary Figure 2 CFTR-dependent intracellular alkalinization response (ΔpHi) 

after upregulation of pendrin by IL-4.

Supplementary Figure 3 Upregulation of CFTR-dependent short-circuit current (Isc) by 

IL-4 in well-differentiated primary nasal and bronchial epithelial cells.
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Supplementary Table 1 Gene-specific primers used for real-time qPCR using Taqman 

Gene Expression assay

DISCUSSION (SUPPLEMENTARY)

Regulation of pendrin and CFTR function

Reciprocal CFTR - pendrin regulation was observed in both nasal and bronchial primary cells. 

Forskolin activation of CFTR increased the ΔpHi induced by apical Cl--free solution, but only after 

pendrin expression had been elevated by IL-4. Thus, electrical coupling between HCO3
- and Cl- 

flows is not detectable during CFTR activation and the ΔpHi during challenge with apical Cl--free 

solution is mainly due to electroneutral HCO3
- entry through pendrin. Our finding that 

purinoceptor-activation of anion conductance also did not induce or increase ΔpHi after IL-4 

pretreatment further strengthens the argument against electrical coupling between anions. IL-4 

induced pendrin expression and increased bicarbonate and fluid secretion across nasal cells, and 

both these effects were suppressed by pendrin shRNA, which reduced pendrin mRNA levels by 

~50% (Supplementary Figure 1). This indicates that pendrin both mediates HCO3
- flux and 

enhances Cl- secretion through CFTR, with the latter driving most fluid transport. Purinoceptor-

stimulation of Ca2+-activated Cl- channels was also increased by IL-4 but was unaffected by 

pendrin shRNA, as expected when TMEM16A expression is elevated (14, 20, 27, 35). Reciprocal 

pendrin-CFTR regulation may result from a direct protein-protein interaction resembling those 

proposed for SLC26A3, SLC26A6 and SLC26A9 (28-30, 54-56). The present work provides direct 

evidence for pendrin-mediated regulation of CFTR in primary HBE cells and in non-epithelial 

BHK cells that stably express heterologous CFTR. Forskolin stimulation of CFTR-mediated whole 

cell Cl- currents was strongly enhanced in BHK cells by the co-expression of pendrin, and this was 
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observed when cells were bathed with nominally bicarbonate-free solution.  Finally, activation of 

CFTR would lower intracellular [Cl-] and this may enhance CFTR-mediated HCO3
- secretion 

through a mole fraction effect on permeation (57) or an increase in PHCO3-/PCl- due to  WNK1-

OSR1/SPAK signaling, which is activated by low intracellular Cl- (58). 
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Supplementary Figure 1 Comparison of pendrin mRNA expression in non-CF bronchial epithelia after pendrin 
knockdown using shRNA adenovirus. 
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Supplementary Figure 2 CFTR-dependent intracellular alkalinization response (ΔpHi) after upregulation of 
pendrin by IL-4. 
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Supplementary Figure 3 Upregulation of CFTR-dependent short-circuit current (Isc) by IL-4 in well-
differentiated primary nasal and bronchial epithelial cells. 
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Supplementary Table 1 Gene-specific primers used for real-time qPCR using Taqman Gene Expression assay 
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