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Abstract
Autosomal dominant polycystic kidney disease (ADPKD) is characterized by the 
development of bilateral renal cysts which enlarge continuously, leading to com-
pression of adjacent intact nephrons. The growing cysts lead to a progressive de-
cline in renal function. Cyst growth is driven by enhanced cell proliferation and 
chloride secretion into the cyst lumen. Chloride secretion is believed to occur 
mainly by the cAMP-activated cystic fibrosis transmembrane conductance regu-
lator (CFTR), with some contribution by the calcium-activated chloride channel 
TMEM16A. However, our previous work suggested TMEM16A as a major factor 
for renal cyst formation. The contribution of CFTR to cyst formation has never 
been demonstrated in an adult ADPKD mouse model. We used mice with an 
inducible tubule-specific Pkd1 knockout, which consistently develop polycystic 
kidneys upon deletion of Pkd1. Cellular properties, ion currents, and cyst devel-
opment in these mice were compared with that of mice carrying a co-deletion 
of Pkd1 and Cftr. Knockout of Cftr did not reveal any significant impact on cyst 
formation in the ADPKD mouse model. Furthermore, knockout of Cftr did not 
attenuate the largely augmented cell proliferation observed in Pkd1 knockout 
kidneys. Patch clamp analysis on primary renal epithelial cells lacking expression 
of Pkd1 indicated an only marginal contribution of CFTR to whole cell Cl− cur-
rents, which were clearly dominated by calcium-activated TMEM16A currents. 
In conclusion, CFTR does not essentially contribute to renal cyst formation in 
mice caused by deletion of Pkd1. Enhanced cell proliferation and chloride secre-
tion is caused primarily by upregulation of the calcium-activated chloride chan-
nel TMEM16A.

K E Y W O R D S

ADPKD, CFTR, cyst growth, proliferation, TMEM16A

www.wileyonlinelibrary.com/journal/fsb2
mailto:﻿
https://orcid.org/0000-0002-3974-5363
mailto:rainer.schreiber@ur.de


2 of 12  |      TALBI et al.

1   |   INTRODUCTION

Autosomal dominant polycystic kidney disease (ADPKD) is 
a frequent monogenic kidney disease often resulting in end-
stage renal failure.1 It is caused by mutations in either PKD1 
(~85%) encoding polycystin-1 or PKD2 (~15%) encoding 
polycystin-2.1 ADPKD is characterized by the development 
of multiple bilateral renal cysts which enlarge continuously 
over years and decades.2 Continuous cyst enlargement leads 
to compression of adjacent intact tissue which results in de-
cline of renal function.2 Cyst growth is driven by increased 
cell proliferation and chloride transport into the cyst lumen 
accompanied by fluid transport secretion.2,3

Chloride conductance has been early demonstrated 
in monolayers of human ADPKD cyst cells.4,5 Fluid se-
cretion was stimulated by adenylyl cyclase agonists like 
forskolin, and also by the phosphodiesterase inhibitor 
3-isobutyl-1-methylxanthine (IBMX).6,7 The analogy be-
tween observations in ADPKD cyst epithelial cells and 
those in other secretory epithelial cells, suggested that cys-
tic fibrosis transmembrane conductance regulator (CFTR) 
chloride channels mediate cAMP-stimulated Cl− secre-
tion in ADPKD cysts.8 CFTR belongs to the ATP-binding 
cassette (ABC) superfamily of integral membrane trans-
porters.9 CFTR is regulated by cAMP-dependent phos-
phorylation of the regulatory (R) domain via PKA resulting 
in transepithelial Cl− transport.9 Mutations of CFTR are 
known to cause cystic fibrosis, a common lethal autosomal 
recessive disease.10 Expression of CFTR has been detected 
in isolated primary ADPKD cells and ADPKD kidney ex-
tracts, with a staining pattern suggesting localization in the 
apical membrane of cyst-lining cells.8

Cl− currents were observed in isolated ADPKD cyst 
cells, which were activated by forskolin or stable an-
alogs of cAMP. These currents could be inhibited by 
diphenylamine-2-carboxylate, and by antisense oligo-
nucleotide against human CFTR.8,11 Moreover, specific 
inhibitors of CFTR like the thiazolidinone inhibitor 
CFTRinh-172, which stabilizes the channel closed state, 
inhibited cyst growth of MDCK cells and in cAMP-
stimulated metanephric kidney cultures.12,13 Interestingly, 
the CFTR inhibitors tetrazolo-CFTRinh-172 and Ph-
GlyH-101 suppressed MDCK cyst enlargement without 
affecting cell proliferation.12 In addition, both inhibitors 
retarded cyst growth in a metanephric kidney cyst model 
and in a neonatal, kidney-specific Pkd1 knockout (KspCre; 
Pkd1flox/−) mouse model.12 However, the role of CFTR to 
polycystic kidney disease has not been demonstrated in 
vivo in a suitable animal model. Such a model probably 
reflects better the long-standing course of the disease in 
humans. Furthermore, a significant heterogeneity in 
CFTR expression has been reported in isolated primary 
cyst cells from ADPKD patient.8,11,14 Notably, a milder 

cystic phenotype has been reported in three patients with 
ADPKD and cystic fibrosis, when compared to their sib-
lings suffering from ADPKD alone.15,16 However, the po-
tential protective effect by cystic fibrosis in ADPKD has 
not been confirmed in a subsequent report.17

In our previous reports, we identified the calcium-
activated chloride channel TMEM16A to be significantly 
involved in cyst growth in ADPKD.18,19 In ADPKD, expres-
sion of TMEM16A is upregulated in the apical membrane 
of human cyst-lining cells.18 Knockdown of TMEM16A 
(Anoctamin1; ANO1) in cyst-forming MDCK cells signifi-
cantly inhibited ATP-dependent, that is, calcium-activated 
chloride currents.18 ATP is released by renal epithelial 
cells and accumulates in the cyst fluid of human ADPKD 
cysts.20,21 Pharmacological inhibition of TMEM16A and 
morpholinos directed against TMEM16A inhibited cyst 
growth in metanephric kidney cultures.18 Importantly, 
tubule-specific knockout of TMEM16A as well as phar-
macological inhibition by the TMEM16A inhibitors Ani9, 
as well as benzbromarone, and niclosamide, inhibited cyst 
growth in an adult Pkd1 orthologous mouse model.19 In 
addition, both, knockout and inhibition of TMEM16A 
inhibited cyst cell proliferation markedly.18,19 This is ex-
plained by suppression of the pro-proliferative and pro-
cancerous function of TMEM16A.22,23 The unmasked 
importance of TMEM16A for ADPKD asks for the pro-
portionate contribution of CFTR to cyst formation in 
ADPKD. In the present study, we therefore co-deleted Cftr 
together with Pkd1 in adult mice, and analyzed how this 
would affect cyst growth, proliferation and ion currents. 
The data demonstrate uncompromised cyst development 
by deletion of CFTR. Thus, CFTR is not required for cyst 
formation in the examined adult ADPKD mouse model.

2   |   MATERIALS AND METHODS

2.1  |  Animals

Animal experiments were approved by the local insti-
tutional review board and the local Ethics Committee 
of the Government of Unterfranken/Wuerzburg (AZ: 
55.2-2532-2-328, and AZ: 55.2.2-2532-2-853). All experi-
ments complied with the United Kingdom Animals Act, 
1986, and associated guidelines, EU Directive 2010/63/EU 
for animal experiments. Animals were hosted on a 12:12 h 
light:dark cycle under constant temperature (24 ± 1°C) in 
standard cages. They were fed a standard diet with free 
access to tap water. Generation of mice with a tamoxifen-
inducible, kidney epithelium-specific Pkd1 deletion 
were described recently.24 Mice carrying loxP-flanked 
conditional alleles of Pkd1 were crossed with KSP-Cre 
mice in a C57BL/6 background (KspCreERT2; Pkd1lox;lox; 
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abbreviated as Pkd1−/−). Mice carrying loxP-flanked Exon 
10 alleles of Cftr were crossed to generate KspCreERT2; 
Pkd1lox;lox; Cftrlox;lox double knockout mice in a C57BL/6 
background (abbreviated as Pkd1−/−/Cftr−/−). Primers for 
genotyping are listed in Table S1.

2.2  |  Animal treatment

Conditional knockout was induced in male Pkd1−/− 
(n = 5) and Pkd1−/−/Cftr−/− mice (n = 7) by intraperitoneal 
injection of tamoxifen (2 mg/kg body weight) dissolved in 
5% ethanol and 95% neutral oil, daily at postnatal days PN 
20–22. Non-induced KspCreERT2; Pkd1lox;lox mice (n = 5, 
abbreviated as Pkd1+/+) served as controls. All animals 
were sacrificed 10 weeks after induction with tamoxifen 
and kidneys were analyzed. In addition, and in accord-
ance with pre-defined abort criteria, two mice were sacri-
ficed 6 and 8 weeks after induction, respectively.

2.3  |  Isolation of renal medullary 
primary cells

Mice were sacrificed and kidneys were removed and kept 
in ice-cold DMEM/F12 medium (Thermo Fisher Scientific, 
Darmstadt, Germany). The renal capsule was removed 
under germ-free conditions. Medulla was separated and 
chopped into smaller pieces of tissue using a sharp razor 
blade (Heinz Herenz, Hamburg, Germany). Tissues were 
incubated in Hanks balanced salt solution/DMEM/F12 (Life 
Technologies/Gibco, Karlsruhe, Germany) containing 1 mg/
ml collagenase type 2 (Worthington, Lakewood, USA) for 
20 min at 37°C. The digested tissue was passed through a 
100 µm cell strainer (Merck KGaA, Darmstadt, Germany), 
transferred to a 50 ml falcon tube and washed with ice cold 
PBS. After centrifugation at 600 g for 4 min/4°C, tubules were 
resuspended. After washing with ice-cold PBS, tubules were 
maintained at 37°C/5% CO2 in DMEM/F12 supplemented 
with 1% fetal bovine serum, 1% Penicillin/Streptomycin, 1% 
l-Glutamine (200 mM), 1% ITS (100×), 50 nM hydrocorti-
sone, 5  nM triiodothyronine, and 5  nM epidermal growth 
factor (all Sigma-Aldrich, Taufkirchen, Germany). After 
24 h, primary cells grew out from isolated tubules.

2.4  |  RT-PCR

For RT-PCR total RNA from tissue or primary cells was 
isolated using NucleoSpin RNA II columns (Macherey-
Nagel, Dueren, Germany). Total RNA (1  µg/50  µl re-
action) was reverse transcribed using random primer 
(Promega, Mannheim, Germany) and M-MLV Reverse 

Transcriptase RNase H Minus (Promega). Each RT-PCR 
reaction contained sense (0.5  µM) and antisense primer 
(0.5 µM) (Table S2), 0.5 µl cDNA and GoTaq Polymerase 
(Promega). After 2 min at 95°C cDNA was amplified (35 
cycles for target sequence and 30 cycles for the reference 
GAPDH) for 30 s at 95°C, 30 s at 56°C and 1 min at 72°C. 
PCR products were visualized by loading on peqGREEN 
(Peqlab; Duesseldorf, Germany) containing agarose gels 
and analyzed using ImageJ.

2.5  |  Western Blotting

2.5.1  |  Isolated medullary renal primary cells

Proteins were isolated using a sample buffer contain-
ing 25  mM Tris-HCl, 150  mM NaCl, 100  mM dithi-
othreitol, 5.5% Nonidet P-40, 5% glycerol, 1 mM EDTA, 
and 1% protease inhibitor mixture (Roche, cOmplete, 
EDTA-free, Mannheim, Germany). Proteins were sepa-
rated by 8.5% sodium dodecyl sulfate (SDS) polyacryla-
mide gel and transferred to a polyvinylidene difluoride 
membrane (GE Healthcare Europe GmbH, Munich, 
Germany) or 4%–20% Mini-PROTEAN TGX Stain-
Free (Bio-Rad) using a semi-dry transfer unit (Bio-
Rad, Hercules, CA, USA). Membranes were incubated 
with primary anti-TMEM16A rabbit polyclonal anti-
body (Davids Biotech, Regensburg, Germany; 1:1000), 
anti-CFTR (alomone labs, Jerusalem, Israel, 1:1000), 
or anti-PKD1 (Polycystin-1 (7E12), Santa Cruz; 1:500) 
mouse antibody overnight at 4°C. Proteins were visual-
ized using horseradish peroxidase-conjugated second-
ary antibody and ECL detection. Beta-Actin was used 
as a loading control. Whole kidneys: Proteins were iso-
lated using a sample buffer containing 50 mM Tris-HCl, 
150 mM NaCl, 10 mM EDTA, 1% sodium deoxycholate, 
0.1% SDS and 1% protease inhibitor mixture (Roche, 
cOmplete, EDTA-free), and 1% Triton X-100. Proteins 
were separated using 8% SDS polyacrylamide gels for 
TMEM16A and NuPAGE 3%–8% Tris-Acetate Protein 
Gels for CFTR (Life Technologies/Gibco). For detection 
of TMEM16A the proteins were blotted via iBlot 2 Dry 
Blotting System (Thermo Fisher Scientific) to a polyvi-
nylidene difluoride membrane (GE Healthcare Europe 
GmbH, Munich, Germany). For detection of CFTR the 
proteins were blotted using a semi-dry transfer unit 
(Bio-Rad) for 3 h. The membranes were incubated with 
primary antibody anti-TMEM16A DOG-1 polyclonal 
(Thermo Fisher, 1:1000) and anti-CFTR (Alomone labs, 
Jerusalem, Israel 1:500) overnight at 4°C. Proteins were 
visualized using horseradish peroxidase-conjugated 
secondary antibody and ECL detection. Beta-Actin was 
used as loading control.
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2.6  |  Immunohistochemistry and 
antibodies

Affinity purified polyclonal antiserum against 
mouse TMEM16A was produced in rabbits im-
munized with DPDAECKYGLYFRDGKRKVD (aa 

44-63, N-terminus) or NHSPTTHPEAGDGSPVPSYE 
(aa 957-976, C-terminus), coupled to keyhole limpet 
hemocyanin (Davids Biotechnologie, Regensburg, 
Germany) as described previously.18 Mouse kidneys 
were fixed by perfusion with 4% (v/v) paraformal-
dehyde and post-fixed in 0.5  mol/L sucrose and 4% 

(G) (H)

(E) (F)

(A) (B)

(C) (D)
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paraformaldehyde solution. Paraffin sections of 2 µm 
were blocked with 5% bovine serum albumin (BSA) 
and 0.04% Triton X-100 in PBS for 30  min. For co-
staining of CFTR and TMEM16A, anti-CFTR (rabbit; 
1:100; Alomone labs) and anti-TMEM16A (rabbit; 
1:200, P80, described previously19) antibodies were 
used in 0.5% BSA and 0.04% Triton X-100 overnight 
at 4°C. As secondary antibodies, anti-rabbit IgG Alexa 
Fluor 555 and 488 antibodies (1:1000; Thermo Fisher 
Scientific) were used. Ki-67 staining was performed 
using a monoclonal anti-ki-67 antibody (rabbit; 1:100, 
Linaris, Dossenheim, Germany). Sections were coun-
terstained with Hoe33342 (1:200, Sigma-Aldrich). 
Signals were amplified by the use of the Vectastain 
Elite ABC Kit (Vector Laboratories, Burlingame, CA) 
according to the manufacturer's instructions. Signals 
were analyzed with a DM6000B fluorescence micro-
scope (Leica, Wetzlar, Germany), and photographs 
were taken with a Leica DFC 450C camera.

2.7  |  Quantification of 
immunohistochemistry and 
fluorescent signals

Four random photographs were taken from the cortex of 
each kidney (n  =  5 per condition) at a magnification of 
X200. Immunofluorescence (TMEM16A and CFTR) was 
analyzed as described previously.19 Briefly, fluorescent sig-
nals were turned into 8-bit images after subtracting back-
ground (ImageJ) and a predefined threshold was used for 
all images to capture signals. For quantification of ki67, 
the color deconvolution algorithm (ImageJ) was applied to 
dissect the different signals, followed by binarization and 
particle analysis to obtain the ratio of the number of posi-
tive cells and cortex area (normalized to mm2 cortex tissue).

2.8  |  Morphological analyses

Photographs from hematoxylin and eosin-stained kid-
ney sections were taken at a magnification of X25 and 
stitched to obtain single photographs of the whole trans-
verse kidney sections using a Leica DM6000B microscope 
and a Leica DFC 450C camera. We used an algorithm that 
separates normal tubule space from cystic area by defin-
ing diameters of non-cystic tubules <50 µm (ImageJ) as 
described previously.24 The whole cyst area was divided 
by the whole cortex area and defined as cystic index.

2.9  |  YFP-quenching assay

For YFP-quenching assays, primary renal cells were in-
fected with lentiviral vectors to express halide-sensitive 
YFPI152L, as previously described.25 Cells were isolated 
from four different mice per condition and for each mouse 
40 cells were measured. Quenching of the intracellular 
fluorescence generated by the iodide sensitive Enhanced 
Yellow Fluorescent Protein (EYFP-I152L) was used to 
measure anion conductance. YFP-I152L fluorescence was 
excited at 500 nm using a polychromatic illumination sys-
tem for microscopic fluorescence measurement (Visitron 
Systems, Puchheim, Germany) and the emitted light meas-
ured at 535  ±  15  nm with a Coolsnap HQ CCD camera 
(Roper Scientific). Cells were grown on cover slips and 
mounted in a thermostatically controlled imaging chamber 
maintained at 37°C. Cells were continuously perfused at 
8 ml/min with Ringer solution (mmol/l: NaCl 145; KH2PO4 
0.4; K2HPO4 1,6; Glucose 5; MgCl2 1; Ca2+-gluconate 1.3) 
and quenching of YFP-I152L fluorescence by I− influx 
was induced by replacing 5  mM extracellular Cl− with 
I− and exposed to I− concentration of 5 mM by replacing 
same amount of NaCl with equimolar NaI. Background 

F I G U R E  1   Knockout of Cftr does not inhibit cyst development in ADPKD. Tubule-specific knockout of Pkd1 (Pkd1−/−) or double 
knockout of Pkd1 and Cftr (Pkd1−/−/CFTR−/−) was induced by application of tamoxifen at postnatal day 20–22. Non-induced KspCreERT2; 
Pkd1lox;lox mice served as control (Pkd1+/+). Analyses were performed 10 weeks after induction. (A) Western blotting from whole kidney 
lysates from Pkd1−/− (n = 4), and Pkd1−/−/Cftr−/− (n = 5) mice detecting reduced expression of CFTR. The core glycosylated immature 
form of CFTR is designated as “band B.” The complex glycosylated form of CFTR, representing transit through the Golgi, is termed “band 
C.” (B) Quantification of expression of CFTR based on densitometric analysis with CFTR (band C) normalized to β-actin. *Significant 
difference when compared to Pkd1−/−, t test. (C) Tubule-specific knockout of Pkd1 (Pkd1−/−; n = 5 animals) induced polycystic kidney 
disease indicated by increased kidney weight. Additional knockout of Cftr (Pkd1−/−/Cftr−/−; n = 7 animals) did not prevent cyst formation 
and kidney weight. Non-induced KspCreERT2; Pkd1lox;lox (Pkd1+/+; n = 5 animals) served as controls. (D) Summary of two times kidney 
weight (2 kw) to body weight (bw). *Significant difference when compared to Pkd1+/+, one-way ANOVA, Posthoc test: Bonferroni–Holm. 
(E) Tubule-specific knockout of Pkd1 (Pkd1−/−; n = 5 animals) induced cyst formation. Additional knockout of Cftr (Pkd1−/−/Cftr−/−; 
n = 7 animals) did not prevent cyst formation. Non-induced KspCreERT2; Pkd1lox;lox (Pkd1+/+; n = 5 animals) served as controls. (F) 
Corresponding cystic indices (defined as cortical cyst area normalized to whole cortex area). Mean ± SEM. *Significant difference when 
compared to Pkd1+/+, one-way ANOVA, Posthoc test: Bonferroni–Holm. (G) Analysis of cell proliferation in Pkd1+/+, Pkd1−/−, and Pkd1−/−/
Cftr−/− tissues indicated by Ki67 expression. (H) Summary of Ki67 positive cells/mm2 tissue area in Pkd1+/+, Pkd1−/−, and Pkd1−/−/Cftr−/− 
kidneys. Mean ± SEM. *Significant difference when compared to Pkd1+/+, one-way ANOVA, Posthoc test: Bonferroni–Holm
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fluorescence was subtracted, while auto-fluorescence was 
negligible. Changes in fluorescence induced by I− are ex-
pressed as initial rates of maximal fluorescence decrease 
(ΔF/Δt). For quantitative analysis, cells with low or exces-
sively high fluorescence were discarded.

2.10  |  Patch clamping

Patch clamp experiments were performed in the fast whole-
cell configuration. Patch pipettes had an input resistance of 
2–4 MΩ, when filled with a solution containing (mM) KCl 
30, K+-gluconate 95, NaH2PO4 1.2, Na2HPO4 4.8, EGTA 

1, Ca2+-gluconate 0.758, MgCl2 1.034, D-glucose 5, ATP 
3. pH was 7.2, the Ca2+ activity was 0.1  µM. The access 
conductance was measured continuously and was 30–140 
nS. Currents (voltage clamp) and voltages (current clamp) 
were recorded using a patch clamp amplifier (EPC 7, List 
Medical Electronics, Darmstadt, Germany), the LIH1600 
interface and PULSE software (HEKA, Lambrecht, 
Germany) as well as Chart software (AD-Instruments, 
Spechbach, Germany). Data were stored continuously on a 
computer hard disc and were analyzed using PULSE soft-
ware. In regular intervals, membrane voltages (Vc) were 
clamped in steps of 20 mV from −100 to +100 mV rela-
tive to resting potential. Membrane conductance Gm was 

F I G U R E  2   TMEM16A is upregulated in Pkd1−/− as well as in Pkd1−/−/Cftr−/− double-knockout animals. Kidney sections from 
Pkd1+/+, Pkd1−/−, Pkd1−/−/CFTR−/− mice (each n = 5 animals with each a total of n = 20 photos) were stained for CFTR and TMEM16A. 
(A) Analysis of CFTR-positive area in relation to the whole cortex area. (B) Analysis of TMEM16A-positive area in relation to the whole 
cortex area. *Significant difference when compared to Pkd1+/+, unpaired t test. §Significant difference when compared to Pkd1−/−, one-way 
ANOVA, Posthoc test: Bonferroni–Holm. (C) Representative CFTR stainings (green) and nuclei (blue) in the upper panel and representative 
TMEM16A stainings (red) and nuclei (blue) in the lower panel

(A) (B)

(C)
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calculated from the measured current (I) and Vc values ac-
cording to Ohm's law.

2.11  |  Statistics

Data are reported as mean ± SEM. Student's t test for 
unpaired samples and ANOVA were used for statistical 
analysis. A p value of <.05 was accepted as significant dif-
ference. Data are expressed as mean ± SEM. Differences 
among groups were analyzed using one-way ANOVA, 
followed by a Bonferroni test for multiple comparisons. 
An unpaired or paired t test was applied to compare the 
differences between two groups. p < .05 was considered 
statistically significant.

3   |   RESULTS

3.1  |  Knockout of Cftr does not inhibit 
cyst development in ADPKD mice

Pkd1 knockout was achieved by tamoxifen treatment 
at postnatal day 20–22 of KspCreERT2; Pkd1lox;lox and 
KspCreERT2; Pkd1lox;lox/Cftrlox;lox animals to generate 
either single tubule-specific Pkd1−/− knockout or dou-
ble Pkd1−/−/Cftr−/− knockout animals (Figure  1A,B). 
Knockout of Pkd1 led to a significant polycystic kid-
ney phenotype 10  weeks after induction (Figure  1C,D). 
Remarkably, additional knockout of Cftr had no im-
pact on cyst formation (Figure 1C,D). As reported previ-
ously, knockout of Pkd1 enhanced renal cell proliferation 

F I G U R E  3   cAMP-activated CFTR currents make a minor contribution to the whole cell Cl− conductance in Pkd1−/− cells. Whole 
cell patch clamp recordings in primary epithelial cells from Pkd1+/+, Pkd1−/−, and Pkd1−/−/Cftr−/− mice were performed. Currents were 
obtained under basal conditions (Con) and after stimulation with IBMX/Forskolin (IF, 100 µM/2 µM). (A) Original whole cell patch 
clamp recordings in primary epithelial cells from Pkd1+/+, Pkd1−/−, and Pkd1−/−/Cftr−/− mice showing currents obtained under basal 
conditions and after stimulation with IF. (B) I/V curves for the currents shown in A. (C) Summaries of the current densities for the currents 
summarized in I/V curves shown in B. (number of mice/number of cells). *Significant difference when compared to control, paired t test. 
#Significant difference when compared to Pkd1+/+ con, and significant difference when compared to Pkd1+/+ IF, one-way ANOVA, Posthoc 
test: Bonferroni–Holm



8 of 12  |      TALBI et al.

significantly (Figure  1E,F).19 This increase in cell pro-
liferation was unaffected by additional knockout of Cftr 
(Figure  1E,F). These data indicate that CFTR is not re-
quired for upregulation of proliferation and cyst growth in 
adult ADPKD mice.

3.2  |  TMEM16A is upregulated in 
Pkd1−/− mice, independent of CFTR

Knockout of Pkd1 causes upregulation of TMEM16A 
in kidneys of mouse and human.19,26 Upregulation of 
TMEM16A expression and ATP-activated whole cell 

currents persist throughout disease development and 
increase over time (Figure S1). In kidneys from Pkd1−/− 
mice, enhanced expression of TMEM16A is detected in 
the apical membrane of the cyst epithelium, along with 
upregulation of CFTR (Figure  2). Due to the relation-
ship of CFTR and TMEM16A reported earlier,19,27 we 
wondered whether deletion of CFTR would affect expres-
sion of TMEM16A. However, in the absence of CFTR, 
TMEM16A expression was still found to be enhanced by 
deletion of Pkd1 (Figure  2). Western blots from whole 
kidney lysates indicate that loss of CFTR expression in 
Pkd1−/−/Cftr−/− kidneys does not affect expression of 
TMEM16A (Figure S2).

F I G U R E  4   Ca2+-activated Cl− currents are upregulated in Pkd1−/− cells independent of CFTR expression. Whole cell patch clamp 
recordings in primary epithelial cells from Pkd1+/+, Pkd1−/−, and Pkd1−/−/Cftr−/− mice were performed. Currents were obtained under basal 
conditions (Con) and after stimulation with ATP (50 µM). (A) Original whole cell patch clamp recordings in primary epithelial cells from 
Pkd1+/+, Pkd1−/−, and Pkd1−/−/Cftr−/− mice illustrating currents obtained under basal conditions and after stimulation with ATP. (B) I/V 
curves for the currents shown in A. (C) Summaries of the current densities for the currents summarized in I/V curves shown in B. (number 
of mice/number of cells). *Significant difference when compared to control, paired t test. #Significant difference when compared to Pkd1+/+ 
con, and significant difference when compared to Pkd1+/+ cells stimulated with ATP, one-way ANOVA, Posthoc test: Bonferroni–Holm
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F I G U R E  5   Ca2+-activated Cl− currents dominate in Pkd1−/− cells and are mediated by TMEM16A. Whole cell patch clamp recordings 
in primary epithelial cells from Pkd1+/+, Pkd1−/−, and Pkd1−/−/Cftr−/− mice were performed. Currents were obtained under basal conditions 
(Con), after removal of extracellular Cl− by replacement with the impermeable gluconate ions (5 Cl−), or in the presence of 10 µM of the 
TMEM16A inhibitor Ani9. (A) Summaries for current densities under basal conditions (Con) and after Cl− removal (5 Cl−). (B) Summaries 
for current densities under basal conditions and after application of the TMEM16A inhibitor Ani9. (number of mice/number of cells). 
*Significant difference when compared to control, paired t test. #Significant difference when compared to Pkd1+/+ con, one-way ANOVA, 
Posthoc test: Bonferroni–Holm

F I G U R E  6   Halide permeability in Pkd1−/− cells largely depends on Ca2+- but not cAMP-mediated signaling. Measurement of iodide-
induced quenching of yellow fluorescent protein (YFP) in isolated primary renal epithelial cells from Pkd1+/+, Pkd1−/−, and Pkd1−/−/
Cftr−/− mice were performed in the presence of 5 mM extracellular iodide (5 I−) under basal conditions (Con), in the presence of ATP 
(100 µM), or in the presence of IBMX/Forskolin (IF, 100 µM/2 µM). (A) Original tracings for basal, Ca2+- and IF-activated (100 µM ATP) 
anion conductances detected by YFP quenching in cells from Pkd1+/+, Pkd1−/−, and Pkd1−/−/Cftr−/− mice. To measure the fast activation 
of iodide conductance by ATP, ATP was added in the presence of iodide. However, iodide was added after 2 min IF incubation when 
iodide conductance was maximal (determinate by patch clamp experiments). Initial slopes correlate with the size of anion conductance. 
(B) Summary of initial slopes (ΔFluorescence/s) for the experiments shown in A. (number of mice/number of measured cells). §Significant 
difference when compared to Pkd1+/+, one-way ANOVA, Posthoc test: Bonferroni–Holm. &Significant difference when compared to control 
(con), one-way ANOVA, Posthoc test: Bonferroni–Holm, $Significant difference to Pkd1+/+ IF and Pkd1−/− IF one-way ANOVA, Posthoc 
test: Bonferroni–Holm
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3.3  |  Dominating TMEM16A currents in 
renal epithelial cells from Pkd1−/− mice

The above-mentioned results ask for the contribution of 
CFTR to the chloride currents present in primary renal 
epithelial cells. Therefore, medullary renal primary cells 
were isolated and characterized 8–10 weeks after induc-
tion confirming distal tubular origin of the cells (Figure 
S3). Of note, and in line with previous findings,24,28 
Pkd1 knockout resulted in an increased expression of 
the purinergic receptor P2y2 (Figure S3). Increase in 
intracellular cAMP by IBMX (100  µM) and forskolin 
(2  µM) (I/F) activated no CFTR-mediated whole cell 
currents in Pkd1-competent cells (Figure  3). We dem-
onstrated earlier that loss of Pkd1 leads to upregulation 
of CFTR expression.19 In fact, a small but significant 
I/F-activated CFTR current was observed in renal cells 
isolated from Pkd1−/− animals, which was abolished by 
additional knockout of Cftr (Figure  3). Expression of 
CFTR in Pkd1−/− mice as well as depletion of CFTR in 
Pkd1−/−/Cftr−/− mice has been confirmed by Western 
blotting of whole kidney lysates (Figure S2) and iso-
lated primary epithelial cells (Figure S4). In contrast 
to the small CFTR-mediated whole cell current, the 
ATP-activated TMEM16A-dependent current was much 
more prominent in Pkd1−/− cells, and was not attenu-
ated by additional knockout of Cftr (Figure  4). These 
results correspond well to previous findings reported in 
mouse primary medullary epithelial cells and M1 mouse 
collecting duct cells lacking expression of Pkd1.19,29 The 
present data also suggest enhanced basal membrane cur-
rents in PKD1−/− cells in the absence of ATP (Figures 4 
and 5). Enhanced currents are not detectable when re-
lated to the membrane surface area (current density, 
pA/pF) presumably because of the larger cell size and 
capacitance of Pkd1−/− cells due to loss of polycystin-1.30 
Removal of extracellular chloride or current inhibition 
by the TMEM16A-inhibitor Ani9 indicated a basal activ-
ity of TMEM16A in PKD1−/− cells (Figure 5).

In order to validate enhanced ATP-activated chloride 
currents in Pkd1−/− and Pkd1−/−/Cftr−/− cells, we used an 
independent technique to assess the anion permeability by 
measuring iodide-induced quenching of yellow fluorescent 
protein (YFP). In the presence of 5 mM iodide (5 I−) in the 
extracellular bath solution, stimulation with ATP (100 µM) 
caused a rapid YFP-fluorescence quenching. ATP-induced 
quenching was enhanced in both Pkd1−/− and Pkd1−/−/
Cftr−/− cells, thus confirming the results obtained in patch 
clamp experiments (Figure  6). I/F (cAMP increase) acti-
vated a small but significant YFP quenching in Pkd1−/− but 
not Pkd1+/+ and Pkd1−/−/Cftr−/− cells, which again shows 
a minimal contribution of CFTR to chloride secretion by 
renal epithelial cells from mice lacking PKD1.

Our results demonstrate that renal cyst formation in 
an adult mouse ADPKD model is largely independent of 
CFTR. In connection with our previous report we conclude 
that inhibition of TMEM16A18,19,29 rather than CFTR12,31 
will be effective to reduce cyst growth in ADPKD.

4   |   DISCUSSION

Cyst growth in ADPKD is mediated by chloride secretion 
and fluid transport across the cyst epithelium into the cyst 
lumen. The chloride channel CFTR has been suggested 
to be largely involved in this process based on numerous 
findings in MDCK cells, human ADPKD cyst cells, cAMP-
stimulated metanephric mouse kidneys, and a neonatal, 
kidney-specific Pkd1 knockout mouse model (reviewed 
in Ref. [3]). In contrast, we show that knockout of Cftr in 
an adult Pkd1 orthologous mouse model does not inhibit 
cyst formation. CFTR currents activated by cAMP (I/F) 
only slightly contributed to whole cell currents in primary 
renal epithelial cells isolated from Pkd1−/− knockout mice. 
Instead, we found that knockout of Pkd1 resulted in en-
hanced expression of TMEM16A, causing pronounced 
ATP-dependent, that is, calcium-activated chloride currents 
in Pkd1−/− cells, and, importantly, also in Pkd1−/−/Cftr−/− 
cells. This is seemingly in contradiction with earlier in vitro 
studies.4,6 In other studies with primary cells from ADPKD 
patients, ATP-dependent chloride transport strongly as-
sisted cAMP-dependent chloride currents.32,33 These data 
are in line with our own studies showing a pronounced 
crosstalk between cAMP- and calcium-dependent signaling 
pathways: (i) purinergic receptors such as P2Y2R increase 
intracellular calcium. (ii) Intracellular calcium affects the 
activity of enzymes that control intracellular cAMP like ade-
nylate cyclases.27,34 (iii) Intracellular cAMP and PKA affect 
proteins like SERCA which in contrast affects intracellular 
calcium levels. (iv) Most importantly, membrane expression 
of CFTR requires the presence of TMEM16A.27,35 Tubular 
deletion of TMEM16A in our Pkd1 orthologous model was 
accompanied by significant reduction of CFTR expres-
sion.19 In vivo renal cyst development largely depends on 
enhanced cell proliferation and on TMEM16A-mediated 
fluid secretion, apart from additional reported factors.19,29 
For both, cell proliferation and fluid secretion, upregula-
tion of TMEM16A expression is largely responsible, while 
CFTR does not contribute to augmented cell proliferation 
in Pkd1−/− kidneys. Upregulation of TMEM16A enhances 
cyclin D1 and the MAPK kinase pathway.36 Moreover, cyc-
lin kinase D1 (CDK1) was found to be dysregulated in Pkd1 
orthologous mouse models.37 Conditional co-deletion of 
CDK1 significantly improved progression of the disease.37

Appearance of TMEM16A currents and a small but sig-
nificant CFTR current in renal primary cells, required the 
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knockout of Pkd1. It was not observed in control cells, making 
a culture artifact unlikely. Moreover, the role of TMEM16A 
for chloride transport has now been demonstrated by patch 
clamping, YFP quenching, and Ussing chamber measure-
ments. We chose a mouse model with a time-course of 
10  weeks resulting in polycystic kidneys, which, however, 
still was not lethal and did not result in decline of renal 
function as shown previously.24 This model, although being 
still rather rapid compared to the course of the disease in 
humans, may better reflect disease progression found in 
humans than embryonic ex vivo or neonatal in vivo cyst de-
velopment occurring within a few days. Of note, CFTR may 
play a more prominent role in neonatal or embryonic tubule 
cells which would explain the significant impact of CFTR in 
early onset and rapid progressive PKD models.12,13 Kidneys 
in our mouse model experience hypoxia upon expanding 
cyst enlargement, which leads to induction of the hypoxia-
inducible transcription factor (HIF)-1α.24 This further pro-
motes calcium-activated chloride secretion, for example, 
by transcriptional induction of P2Y2R.24,28,38 Activation of 
HIF-1α might vary between the different models, which may 
determine the contribution of CFTR and TMEM16A.

After all, we did find a small but significant CFTR-
mediated chloride secretion. Such an ongoing secretion 
that takes place over years in human disease, may have an 
impact on disease progression in patients. At last it should 
be mentioned that the contribution of CFTR to epithelial 
chloride secretion is variable in the mouse, with lower ac-
tivity in the airways but pronounced contribution in the 
intestine.39–41 Apart from a few findings, loss of CFTR 
function does not lead to an overt phenotype in human 
and mouse. A more recent report shows that in healthy 
mice it is only expressed in ß-intercalated cells, where it 
controls bicarbonate secretion.42

Taken together the present data together with previous 
reports18,19,29 identify TMEM16A rather than CFTR as a 
promising pharmacological target to inhibit cyst growth 
in ADPKD.
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