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Abstract Polycystic kidney diseases are characterized by nu-
merous renal cysts that continuously enlarge resulting in com-
pression of intact nephrons and tissue hypoxia. Recently, we
have shown that hypoxia-inducible factor (HIF)-1α promotes
secretion-dependent cyst expansion, presumably by transcrip-
tional regulation of proteins that are involved in calcium-
activated chloride secretion. Here, we report that HIF-1α di-
rectly activates expression of the purinergic receptor P2Y2R
in human primary renal tubular cells. In addition, we found
that P2Y2R is highly expressed in cyst-lining cells of human
ADPKD kidneys as well as PKD1 orthologous mouse kid-
neys. Knockdown of P2Y2R in renal collecting duct cells
inhibited calcium-dependent chloride secretion in Ussing
chamber analyses. In line with these findings, knockdown of
P2Y2R retarded cyst expansion in vitro and prevented ATP-
and HIF-1α-dependent cyst growth. In conclusion, P2Y2R
mediates ATP-dependent cyst growth and is transcriptionally

regulated by HIF-1α. These findings provide further mecha-
nistic evidence on how hypoxia promotes cyst growth.
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Introduction

Polycystic kidney diseases comprise a number of genetic dis-
orders that are characterized by the development of bilateral
renal cysts [1]. The most common form, autosomal dominant
polycystic kidney disease (ADPKD), affects 1 in 400–1000
[1]. In ADPKD, cysts enlarge continuously over time which
results in compression of adjacent normal parenchyma and
often causes the need for renal replacement therapy [2]. Cyst
growth is driven by proliferation of the cyst-lining cells and
fluid secretion across the epithelium into the cyst lumen. [3]
Fluid secretion is largely mediated by transepithelial transport
of chloride which, in part, depends on activation of calcium-
activated chloride channels [3]. We have shown that hypoxia
is a typical feature of polycystic kidneys especially in later
stages of disease and have recently demonstrated that it pro-
motes calcium-activated chloride secretion through stabiliza-
tion of the hypoxia-inducible factor-1α (HIF-1α) [4, 5]. Since
HIF-1α mainly acts as a transcription factor, we postulated
that it may transcriptionally regulate genes that mediate
calcium-activated chloride conductance. Calcium-dependent
chloride secretion is typically induced by extracellular ATP
which stimulates purinergic Gq-coupled P2Y receptors or
ATP-gated P2X receptors, thereby resulting in an increase of
intracellular calcium which then activates calcium-activated
chloride channels [6–8]. ATP has been detected in cyst fluid
in concentrations sufficient to activate various P2 receptors,
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and it has been postulated to be involved in cyst enlargement
[9]. In line with this assumption, we and others have shown
that in vitro cyst growth depends on extracellular ATP and can
be inhibited by non-selective inhibitors of G-protein-coupled
P2Y receptors [10, 11]. However, the molecular identity of the
P2 receptor mediating ATP-dependent cyst growth has
remained elusive so far.

In view of these findings, we hypothesized that HIF-1α-
dependent cyst expansion may in part be mediated through an
enhanced expression of purinergic receptors and therefore
aimed at identifying a P2 receptor that is (i) regulated in a
HIF-1α-dependent manner and (ii) mediates renal cyst
expansion.

Results

The purinergic receptor P2Y2R is a target gene of HIF-1α
in renal tubular cells

In order to identify purinergic receptors that are regulated in a
HIF-dependent manner, we screened data obtained by chro-
matin immunoprecipitation of HIF subunits coupled to next-
generation high-throughput sequencing (ChIP-seq) performed
in human MCF-7 (Michigan Cancer Foundation-7) breast ad-
enocarcinoma cells [12]. Inspecting the gene loci of P2Y re-
ceptors (P2Y1, P2Y2, P2Y4, P2Y6, P2Y11, P2Y12, P2Y13,
and P2Y14), we discovered significant HIF-1α binding events
in an intergenic region approximately 23 kb upstream of the
P2Y2R gene (Fig. 1a). HIF-binding at this locus was associ-
ated with increased binding of RNA polymerase II suggesting
interaction of this regulatory element with a nearby promoter.
In addition to P2Y receptors, ATP-gated P2X receptors have
been proposed to affect renal cyst growth [13] and P2X7R has
been shown to affect cystogenesis in PKD2-deficient
zebrafish [14]. Therefore, we also inspected the genes coding
for P2X receptors for HIF-binding events. However, none of
the seven known P2X receptors (P2X1-7R) qualified as a
potential HIF-target gene in MCF-7 cells (data not shown)
[12]. Next, we aimed to evaluate HIF-1α-dependent regula-
tion of P2Y2R in renal tubular cells. To this end, we used
human primary tubular cells (hPTECs) isolated from healthy
parts of the kidneys of patients that were nephrectomized be-
cause of kidney cancer [15]. We first performed
formaldehyde-assisted isolation of regulatory elements
(FAIRE) assays in hPTECs. We observed high levels of open
chromatin at the HIF-binding region indicating gene regulato-
ry potential (Fig. 1b). In line with the data obtained from
MCF-7 cells, stabilization of HIF-1α by pharmacological in-
hibi t ion of HIF-prolyl-hydroxylases (PHD) with
dimethyloxalylglycine (DMOG) [12] resulted in binding of
HIF-1α and its dimerization partner HIF-1ß to the intergenic
genomic region upstream of P2RY2 in hPTECs (Fig. 1c). In

addition, binding of RNA polymerase II was also enhanced
confirming interaction with the transcriptional machinery
(Fig. 1c). Furthermore, HIF stabilization in hPTECs resulted
in increased P2Y2R messenger RNA (mRNA) expression
(Fig. 1d). In summary, these data indicate that P2Y2R gene
expression is directly regulated by HIF-1α in renal tubular
cells.

P2Y2R is expressed in cyst-lining epithelial cells

In the kidney, P2Y2R has been shown to be expressed in the
apical membrane of principal cells of the collecting duct [16,
17], where most of the cysts originate in ADPKD [10, 18, 19].
In addition, P2Y2R mRNA has been detected in primary
ADPKD cells from humans [20]. We analyzed human
ADPKD kidney tissue and found a positive staining for
P2Y2R in the apical membrane of cysts that also stained pos-
itive for Dolichos biflorus agglutinin (DBA), a marker for
collecting duct cells [21] (Fig. 2a). A similar expression pat-
tern was found in a PKD1 orthologous mouse model (Fig. 2b).
In order to validate antibody specificity, we analyzed P2Y2R
staining in P2Y2R knockout and wildtype mice. While DBA-
positive tubules in wildtype mice stained positive, staining
was absent in P2Y2R knockout kidney sect ions
(Supplemental Fig. S1). These data suggest that P2Y2R is
expressed in cyst-lining cells originating from the collecting
duct.

P2Y2R is localized in the apical membrane
of principal-like MDCK cells and its expression level
depends on HIF

Next, we used a subclone of Madin Darby Canine Kidney
cells resembling principal cells of the collecting duct
(plMDCK cells) which are capable of forming cysts within a
collagen matrix that grow in a secretion-dependent manner
[10]. P2Y2R mRNA and protein could be detected in these
cells, and expression levels were significantly reduced by sta-
ble transfection with two distinct shRNAs directed against
canine P2Y2R (Fig. 3a–c). Next, we analyzed the subcellular
localization of P2Y2R in polarized plMDCK cells and found a
predominant, but not exclusive localization in the apical mem-
brane (Fig. 3d–f). We then tested if HIF stabilization affects
P2Y2R expression in plMDCK cells. Cells were incubated
with the PHD inhibitor 2-(1-chloro-4-hydroxyisoquinoline-
3-carboxamido) acetate (ICA) which is more feasible for
long-term experiments than DMOG due to less toxicity [5,
22]. ICA led to an increase of P2Y2R signal in the apical
membrane of plMDCK cells in control-transfected cells
whereas ICA had no or only little effect in P2Y2R-deficient
cells (Fig. 3f). These data show that P2Y2R is preferentially
localized in the apical membrane of plMDCK cells and that its
expression is enhanced by HIF stabilization.
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P2Y2R mediates chloride secretion of plMDCK cells

Since cyst growth is largely driven by apical chloride secretion
of cyst epithelial cells [3], we next tested if P2Y2R expression
affects chloride conductance of plMDCK cells. Recently, we
have shown that application of either UTP or ATP at both, the
apical and the basolateral side of plMDCK cells, results in
transepithelial chloride secretion [23]. In line with these data,
control-transfected plMDCK cells showed a strong negative
deflection of the transepithelial potential upon addition of api-
cal UTP (Fig. 4a, b) resulting in an increase of the equivalent
short-circuit current (Fig. 4d) reflecting apical chloride secre-
tion [23]. Knockdown of P2Y2RmRNA resulted in markedly

reduced chloride secretion (Fig. 4a–d). These data indicate
that P2Y2R mediates chloride secretion of cyst-forming
plMDCK cells.

P2Y2R is involved in plMDCK cyst growth and mediates
ATP- and HIF-dependent cyst expansion

We next tested the impact of P2Y2R on plMDCK cyst growth
within a collagen matrix. P2Y2R-deficient cells showed sig-
nificantly reduced cyst growth under control conditions
(Fig. 5). Administration of extracellular ATP resulted in in-
creased cyst sizes of control-transfected cells whereas cyst
growth of P2Y2R-deficient cells remained unaffected

Fig. 1 P2Y2R is a target gene of HIF-1α in human primary renal tubular
cells. a HIF-1α and RNA polymerase II (RNApol II) ChIP-seq signals at
the P2Y2R gene locus on chromosome 11 in MCF-7 cells indicate
binding of both factors to a region approximately 23 kb upstream of the
transcriptional start site of P2Y2R. HIF-1α was stabilized by 1 mM
DMOG. b FAIRE assays indicate the presence of open chromatin at
this site compared to a putative non-regulatory site in hPTECs. n = 3
experiments from independent hPTEC cultures. c ChIP experiments

using antibodies targeting HIF-1α, HIF-1ß, and RNApol II in hPTECs
reveal binding of HIF-1 to the regulatory region and interaction with the
transcriptional machinery. HIF-1αwas stabilized by 1 mMDMOG. n = 3
experiments from independent hPTEC cultures. d Expression qPCR for
P2Y2R in lysates from hPTECs exposed to vehicle or 1 mM DMOG for
16 h. n = 13 experiments from independent hPTEC cultures. Asterisk
indicates comparison to control (Ctrl)

Fig. 2 P2Y2R is expressed in
cyst-lining cells in vivo.
Representative photos of a human
ADPKD kidney and b PKD1
orthologous mouse knockout
kidney stained for P2Y2R (red),
nuclei (DAPI; blue) and Dolichos
biflorus agglutinin (DBA; green)
showing expression of P2Y2R in
the apical membrane of DBA-
positive cysts
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(Fig. 5). Likewise, ICA augmented enlargement of P2Y2R-
competent cysts whereas it had no impact on cyst growth of
P2Y2R-deficient cells (Fig. 5). These data reveal a role of
P2Y2R in in vitro cyst growth and indicate that P2Y2R me-
diates ATP- and HIF-dependent cyst expansion.

Discussion

Cyst expansion and subsequent compression of adjacent
nephrons has been suggested as the main driving force for
the decline of renal function in PKD [2]. There is significant

Fig. 3 P2Y2R is localized in the apical membrane of plMDCK cells, and
its expression is regulated by HIF-1α. aQuantification of P2Y2RmRNA
in plMDCK cell clones stably transfected with two distinct shRNAs
directed against P2Y2R (shP2Y2R#1 and shP2Y2R#2) compared with
MDCKcells stably transfected with scrambled shRNA (shCtrl) serving as
control (n = 4). b Quantification of P2Y2R protein expression in P2Y2R
knockdown and control cells described in a (n = 5). Right panel shows
representative Western blot. c Representative photos of plMDCK cells
competent (shCtrl) or deficient for P2Y2R (shP2Y2R#1 and #2) that were
grown on permeable supports and stained for P2Y2R (red) and nuclei

(DAPI; blue). d Representative z-stack analysis of plMDCK cells stained
for P2Y2R (red) and DAPI (blue) in control-transfected, polarized
plMDCK cells showing P2Y2R signals predominantly at the top of the
cells and much less pronounced at the bottom. e Representative quantifi-
cation of P2Y2R signal (red) and DAPI (blue) along the z-axis from the
apical to the basal side of the cell. f Quantification of the apical P2Y2R
signal intensity in P2Y2R competent (shCtrl) and deficient (shP2Y2R#1
and #2) plMDCK cells in the absence and presence of 10 μM ICA.
Asterisk indicates comparison to non-treated control-transfected cells.
Section sign indicates comparison to ICA-treated control-transfected cells

Fig. 4 P2Y2R mediates calcium-dependent chloride secretion of
plMDCK cells. plMDCK cells were grown as polarized monolayers on
permeable supports for 9–15 days. Then, cells were mounted into a
perfused micro Ussing chamber. a Representative original recordings of
open-circuit Ussing chamber experiments using control-transfected
plMDCK cells (shCtrl) and P2Y2R-deficient cells (shP2Y2R#1 and
shP2Y2R#2). Application of 10 μM UTP at the luminal side resulted in
a strong negative deflection of the transepithelial potential (Vte) in control-

transfected cells and much less pronounced in P2Y2R-deficient cells. b
Quantification of baseline Vte prior to application of UTP (white bars),
maximum deflection of Vte initially after application of 10 μM UTP
(black bars), and Vte plateau in the presence of UTP (gray bars). c
Summary of the corresponding changes in transepithelial resistance
(Rte). d Summary of the calculated equivalent short-circuit currents (Isc).
N = 6.Asterisk indicates comparison to baseline values prior to incubation
with UTP. Ampersand indicates comparison to control-transfected cells
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interest therefore in identifying mechanisms that retard cyst
growth in order to prevent patients from developing renal
failure. Strategies that aimed at inhibition of cyst cell prolifer-
ation by targeting mTOR have not been successful so far [24,
25]. In contrast, pharmacological inhibition of the vasopressin
2 receptor (V2R) to reduce transepithelial cyst secretion atten-
uated cyst expansion and improved renal function in ADPKD
patients [26]. However, the effects were quantitatively modest
and the treatment is associated with relevant side effects.
Thus, there remains a need to further unravel molecular mech-
anisms of cyst expansion that are potentially targetable.

Stimulation of V2R leads to an increase of intracellular
cAMP which then results in activation of apical CFTR chloride
channels [27]. Besides cAMP-dependent secretion, calcium-
activated chloride secretion is also involved in cyst expansion
and both act synergistically [3, 10]. Stimulation of calcium-
dependent chloride secretion is typically induced by extracellu-
lar ATP which has been shown to accumulate in cyst fluids up
to concentrations of 10 μM [9]. Ten micromolars ATP is suffi-
cient to stimulate Gq-coupled P2Y-receptors. This leads to an
increase of intracellular calcium which then activates calcium-
activated chloride channels, includingAnoctamin 1 (ANO1) [7,
9, 23, 28]. In addition, we have shown that stimulation of the
Gq-coupled P2Y2R also activates CFTR and that ANO1 and
CFTR interact functionally [29, 30]. Here, we show that the
purinergic receptor P2Y2R mediates ATP-dependent chloride
secretion of cyst-forming plMDCK cells. Since P2Y2R is
mainly localized in the apical membrane of plMDCK cells
and mouse and human cyst epithelium in vivo, it is tempting
to speculate that luminal ATP may stimulate apical P2Y2R and
thereby activate chloride secretion. However, since P2Y2R is
also expressed in the basolateral membrane of plMDCK cells
and chloride secretion could be induced by application of ATP
at both, the luminal or basolateral membrane of plMDCK cells
[23], we cannot rule out that cyst expansion is also promoted by
basolateral ATP. Cyst growth may also be affected by the cysts’

micro-environment. Cyst epithelial cells can become severely
hypoxic, presumably due to compression of the interstitial vas-
culature [4, 31, 32]. We have previously shown that hypoxia
leads to stabilization of HIF-1α in cyst-lining cells which then
promotes calcium-dependent chloride secretion [4, 5]. Since
HIF-1α is a transcriptional activator, we postulated that HIF-
1αmay induce the expression of molecules that are involved in
chloride secretion. In line with this assumption, P2Y2R pro-
vides the first direct link between hypoxia, HIF-1α, and cyst
expansion. Previously, we found ANO1 to be upregulated
in vivo upon pharmacological stabilization of HIF-1α [5]. In
addition, we could show that ANO1 is involved in cyst growth
in vitro [23]. Furthermore, expression of KCa3.1, a basolateral
calcium-activated potassium channel which essentially pro-
vides the electrochemical driving force for secretion-
dependent MDCK cyst expansion [33], was also increased up-
on HIF stabilization in MDCK cells [5]. However, unlike
P2Y2R, both proteins seem to be upregulated in an indirect
manner since they are no direct HIF-1α target genes [12].
CFTR expression was neither directly nor indirectly upregulat-
ed by HIF-1α [5, 12]. Apart from the impact of oxygen supply,
we have also shown recently that glucose concentration affects
in vitro cyst growth and transcriptional regulation of ANO1 and
P2Y2R, thereby promoting calcium-dependent chloride secre-
tion [34]. Whether glucose-dependent upregulation of P2Y2R
is mediated in a HIF-dependent or -independent way deserves
further investigation. An ATP-dependent increase of intracellu-
lar calcium may not only be mediated by G-protein-coupled
P2Y receptors but also by ATP-gated P2X receptors [35].
P2X7R has been shown to be involved in cystogenesis of
PKD2-deficient zebrafish [14]. We did not detect HIF-binding
signals at the P2X7R gene and other P2X receptor genes in
MCF-7 cells suggesting no direct effect of HIF on the expres-
sion of this gene. However, this does not exclude an indirect
influence of HIF and hypoxia on the function of P2X7R in cyst
expansion.

Fig. 5 P2Y2R is involved in ATP- and HIF-dependent plMDCK cyst
growth. Stably control-transfected plMDCK cells (shCtrl) and plMDCK
cells stably deficient for P2Y2R (shP2Y2R#1 and shP2Y2R#2) were
grown within a collagen I matrix in the presence of 10 μM forskolin to
form cysts for 5 days. Additionally, medium was supplemented with
either 10 μM ATP or 10 μM ICA. a Cyst volumes relative to control-
tranfected cells incubated with control medium (Ctrl; set 100 %) were

determined from seven individual experiments comprising the analysis of
approximately 230–400 cysts per condition. b Representative cysts
within the collagen matrix at day 5. Asterisk indicates comparison to
non-treated control-transfected cysts. Section sign indicates comparison
to ATP-treated control-transfected cysts. Number sign indicates
comparison to ICA-treated control-transfected cysts
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The plMDCK cyst model used in this study has limitations.
Since plMDCK cells lack mutations in PKD1 and PKD2, a
potential impact of mutations in both genes on P2Y2R re-
mains elusive. Specific pharmacological inhibitors of
P2Y2R are not available so far, which precludes an investiga-
tion of its potential role in vivo in animal models for PKD.
However, there is significant interest and success in develop-
ing compounds that specifically target P2 receptor subtypes
[36]. Therefore, there is a good chance that selective P2Y2R
inhibitors will be available in the future, and we propose that
these should then be tested for their effect on cyst growth
in vivo. Also, specific HIF inhibitors are not available so far,
but our data add to the accumulating evidence that such drugs
could be useful for retarding the progression of cystic kidney
disease. Since expression of HIF-1α significantly correlates
with the progression of the cystic disease [4, 5], inhibition of
HIF-dependent pathways could be a therapeutic option in par-
ticular for advanced stages of PKD.

In summary, we propose HIF-dependent regulation of
P2Y2R as a novel mechanism of cyst expansion. Targeting
this pathway may be of interest beyond PKD. For instance,
P2Y2R has been reported to play a role in acute ischemic heart
injury [37] and hypoxic liver injury [38].

Methods

Cell culture

Human primary tubular epithelial cells (hPTECs) were isolat-
ed from renal cortical tissues collected from healthy parts of
tumor nephrectomies. Isolated cells represent a mixture of
proximal and distal tubular cells with a ratio of approximately
50:50 %, as described previously [15]. Isolation of human
cells from healthy parts of tumor nephrectomies was approved
by the local ethics committee (Reference number 3755, Ethik-
Kommission der Medizinischen Fakultät der Friedrich-
Alexander Universität Erlangen-Nürnberg). Cortex tissue
was cut into 1 mm3 pieces and digested with collagenase type
II (Gibco, Karlsruhe, Germany) and DNase I grade II (Roche
Diagnostics, Mannheim, Germany) for 60 min. Next, cell sus-
pension was sieved through 100 and 70 μm meshes. Cells
were seeded in epi thel ia l cel l select ive medium
(DMEM/Ham’s F12 medium containing 2 mM L-glutamine,
100 U/ml penicillin, 100 mg/ml streptomycin, insulin-
transferrin-selenium supplement, 10 ng/ml epidermal growth
factor, 36 ng/ml hydrocortisone, and 4 pg/ml triiodothyronine)
in the presence of 0.5 % FCS. After 1–2 days, medium was
replaced by FCS-free medium. plMDCK cells were main-
tained in modified MEM containing Earl’s balanced salt solu-
tion supplemented with 2 mmol/l L-glutamine, 10 % heat-
inactivated FCS, 50 IU/ml penicillin, and 50 mg/ml
streptomycin.

Chromatin immunoprecipitations and FAIRE assay

ChIP-seq data fromMCF-7 breast adenocarcinoma cells were
obtained from publicly available data sets (accession numbers:
GSE28352 and E-MTAB-1995) as described previously [12,
39]. Chromatin immunoprecipitations (ChIP) and FAIRE as-
says were performed as described previously [40] using anti-
bodies against HIF-1α (Cayman Chemicals, Cay10006421),
HIF-1β (Novus Biologicals, NB100-110) and RNA polymer-
ase II (Santa Cruz, SC-899). Control serum was used as neg-
ative control.

Generation of P2Y2R-deficient plMDCK cells

Primers complementary to two distinct regions of Canis
familiaris P2Y2R (accession number XP_542321.2) were
cloned Bgl I I and Xho I in to pSUPERIOR vector
(Oligoengine, Seattle, WA). Correct cloning was verified by
sequencing. As a negative control, pSUPERIOR containing a
scrambled sequence was purchased from Oligoengine.
plMDCK cells were transfected with Fugene (Roche,
Mannheim, Germany) according to the manufacturer’s in-
structions. Colonies were picked after 2 weeks of treatment
with G-418 (500 μg/ml; PAA Laboratories, Coelbe,
Germany).

Primer sequences used for shRNA directed against P2Y2R

The following primers were used for shP2Y2R: 5′-GGAT
CCCCGGGATGAGCTAGGCTACAA GTTTCAAG
AGAACTTGTAGCCTAGCTCATCCCTTTTTCTCGAG-3′
and 3′-CCTAGGGGCC CTACTCGATCCGATGTTCAA
AGTTCTCTTGAACATCGGATCGAGTAGGGA
AAAAGAGCTC-5 ′ ( sequence 1) ; and 5 ′ -GGAT
CCCCGCCGTTTCAATGAGGACTTCATTCAAGAGA
TGAA GTCCTCATTGAAACGGCTTTTTCTCGAG-3′ and
3′-CCTAGGGGCGGCAAAGTTACTCCT GAAGTAAG
TTCTCTACTTCAGGAGTAACTTTGCCGAAAAAGAGC
TC-5′ (sequence 2).

Analysis of knockdown efficiency

RNA preparation from P2Y2R deficient plMDCK cells was
performed by the use of the peqGOLD TriFast (peqlab/VWR
International GmbH, Erlangen, Germany) according to the
manufacturer’s instructions. SYBR-Green-based real-time
PCR was performed using StepOnePlus (Applied
Biosystems, Foster City, CA, USA). mRNA expression
levels were normalized to hypoxanthine-guanine
phosphoribosyltransferase (HPRT) using the ΔΔCt method.
All primer sequences are listed in Supplemental Table S1.

Protein was extracted from plMDCK cells using RIPA
buffer (1 % Trition X-100, 1 % sodium deoxycholate, 0.1 %
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SDS, 150 mM NaCl, 10 mM EDTA, 50 mM Tris/HCl pH
7.2). Thirty micrograms of proteins were used for
immunodetection of P2Y2R. Proteins were probed with pri-
mary P2Y2R goat-polyclonal antibody (1:1000; Santa Cruz
Biotechnology Inc., Dallas, TX, USA). Binding of the prima-
ry antibody was visualized by incubation with horseradish
peroxidase-conjugated secondary polyclonal rabbit anti-goat
antibody (1:1000, Dako, Hamburg, Germany). P2Y2R signals
were normalized to ß-actin stain (Sigma-Aldrich).

Collection of human renal ADPKD tissue and patient
characteristics

Kidney specimens of seven patients (six men, one woman;
age, 55.6 ± 9.3 years (mean ± s.d.)) were obtained as described
previously [23]. Briefly, tissue was fixed immediately after
nephrectomy in 3 % paraformaldehyde (pH 7.4). Six patients
were on hemodialysis at the time of nephrectomy, thus
representing rather late stages of ADPKD. Collection and
analysis of tissue samples were approved by the local ethics
committee.

Experimental animals

All animal experiments were approved by local government
authorities and conformed to the US National Institutes of
Health Guide for the Care and Use of Laboratory Animals.
In this study, kidney sections of a tamoxifen-inducible kidney
epithelium-specific Pkd1 deletion mouse model were used.
Upon administration of tamoxifen to these mice (tam-
KspCad-Cre;Pkd1lox;lox), a genomic fragment containing
exons 2–11 of the Pkd1 gene is specifically deleted in renal
epithelial cells and cysts are formed as described previously
[41]. Tamoxifen (2 mg dissolved in 10 μl ethanol and 190 μl
sunflower oil; Sigma-Aldrich) was administered for three con-
secutive days to mice at postnatal day 35 via intraperitoneal
injection. Kidneys were extracted 90 days after induction with
tamoxifen. Generation of P2Y2R knockout mice has been
described previously [42].

plMDCK cyst model

In vitro cyst assays were performed as described previously
[43]. In brief, plMDCK cells were resuspended as a single-cell
suspension in type I collagen and filled into 24-well plates (3–
6 wells per condition). Forskolin (Sigma-Aldrich) was added
to themedium at day 0 andmediumwas changed every 2 days.
After 5 days, two random visual fields per well were
photographed with a Zeiss Primo Vert microscope and a
Zeiss Axiocam 105 color camera (both Zeiss Microscopy
GmbH, Jena, Germany). Cyst diameters of all captured cysts
that were nearly spherical were measured with ImageJ (V.
1.48) and the use of a Wacom Tablet device. Cyst volume

was then estimated using the formula for the volume of a
sphere, 4/3πr3.

Immunofluorescence staining

Confluent and polarized plMDCK cells kept on permeable
inserts (Millicell, Millipore, Schwalbach, Germany) were
rinsed in phosphate-buffered saline (PBS) supplemented with
0.9 mmol/l CaCl2 and 0.49 mmol/l MgCl2 (PBS+) and then
fixed with paraformaldehyde (4 %). Glycine (200 mmol/l) in
PBS+ was added to quench the excess aldehyde. Cells as well
as human and mouse kidney sections were stained with
P2Y2R goat-polyclonal antibody (1:500, Santa Cruz
Biotechnology Inc., Dallas, TX, USA). Binding of the prima-
ry antibody was visualized by incubation with secondary
polyclonal rabbit anti-goat antibody (1:1000, Dako,
Hamburg, Germany) conjugated with AlexaFluor 488
(1:1000, Molecular Probes, Invitrogen, Darmstadt,
Germany). Signals were captured with a BZ-9000 microscope
(Keyence, Osaka, Japan), and the background correction al-
gorithm in ImageJ (V.1.48) was applied.

Quantification of P2Y2R intensities in plMDCK cells

To quantify the fluorescence intensities, polarized plMDCK
cells were stained for P2Y2R and photos were taken along the
z-axis ranging from the apical to the basal membrane and vice
versa to exclude bleaching artefacts by the use of a BZ-9000
microscope (Keyence, Osaka, Japan) in combination with a
deconvolution algorithm of the BZ-9000 analyzer software
(V.2.1., Keyence, Japan). Next, regions of interest (ROIs)
were set for each cell (n = 5–7 per condition and single exper-
imental procedure with a total of three individual experi-
ments), and signal intensities of each ROI were acquired by
blotting the histogram profile along the z-axis (ImageJ;
V.1.48).

Ussing chamber experiments

plMDCK cells were grown as polarized monolayers on per-
meable supports (Millipore). Cells then were mounted into a
perfused micro Ussing chamber, and the luminal and
basolateral surfaces of the epithelium were perfused continu-
ously with ringer solution [in mM: NaCl (145), KH2PO4 (0.4),
K2HPO4 (1.6), glucose (5.6), MgCl2 (1), Ca-gluconate (1.3)]
at a rate of 6 ml/min (chamber volume 2 ml). All experiments
were carried out at 37 °C under open-circuit conditions.
Transepithelial resistance (Rte) was determined by applying
short (1 s) current pulses (ΔI = 0.5 μA), and the correspond-
ing changes in transepithelial voltage (Vte) were recorded con-
tinuously. Values for Vte were referred to the serosal side of the
epithelium. Rte was calculated according to Ohm’s law
(Rte = ΔVte/ΔI). The equivalent short-circuit current (I′sc)
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was calculated according to Ohm’s law from Vte and Rte (I′
sc = Vte/Rte).

Statistical analysis

Data are expressed as mean ± SEM. The differences among
groups were analyzed using one-way ANOVA, followed by a
Bonferroni test for multiple comparisons. An unpaired t test
was applied to compare the differences between two groups; a
paired t test was used for matched observations. Wilcoxon
signed-rank test for column statistics was used for relative
values. P < 0.05 was considered statistically significant.
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