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Abnormal purinergic signaling contributes to development of renal
cysts in autosomal dominant polycystic kidney disease
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Abstract

Polycystic kidney diseases (PKD) are a group of inherited nephropathies marked by the formation of fluid-filled cysts along
the nephron, which cause renal failure. Bulk RNA sequencing of microdissected renal cysts from Pkd1R“/R€ mice identifies
4,970 differentially expressed genes in comparison to intact collecting ducts. A poorly understood factor of cyst growth is
the high ATP level in the cyst fluid, probably released by pannexin-1 hemichannels. Here, we evaluate a novel pannexin-1
inhibitor SIL14 as a potential therapeutic agent for cyst reduction and investigate proteins involved in cystogenesis, with a
focus on purinergic signaling. In patch-clamp experiments, acute SIL14 application demonstrated strong, dose-dependent
inhibition of Pannexin-1-dependent currents (IC5,=12.96 pM). Chronic treatment of renal collecting duct cells with 30 pM
SIL14 significantly reduced cyst size in a Matrigel model of cyst formation. Notably, RNA sequencing reveals that puriner-
gic receptors P2Y2 and P2Y4, normally expressed in collecting ducts, were downregulated, while P2X5, P2X7, P2Y6, and
P2Y12 were upregulated in the cystic epithelium. Stimulation with o,fMe-ATP or Bz-ATP (P2X7 agonists) increased cyst
size and pannexin-1 expression in Matrigel cultures. Our findings indicate that the transition of normal collecting ducts to
cystic epithelium is accompanied by distorted purinergic signaling and propose inhibition of luminal ATP release via pan-
nexin-1 is a potential method to limit cystogenesis.
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Introduction

Polycystic kidney diseases belong to a group of inherited
disorders characterized by the development of multiple cysts
of epithelial origin, which cause renal failure and need in
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organ transplantation. Most of the autosomal dominant PKD
cases are due to mutations in the structure of PKDI or PKD2
genes and manifest in adults [1]. The autosomal recessive
form of PKD is more aggressive [2], often found in the pre-
or perinatal period, and caused by a mutation in PKHDI.
Extrarenal manifestations may include hepatic cysts, aneu-
rysm, and bile duct obstruction.

Renal cyst growth is a complex process in which normal
epithelium of the nephrons (structural units of the kidney)
starts uncontrolled proliferation, dilation, and loss of struc-
ture. Consistently across transcriptomic studies, PI3K/Akt,
Hippo, small G proteins, inflammatory, metabolic, and onco-
genic pathways underlie the disruptions caused by polycys-
tin-1 deficiency [3—7]. One poorly understood aspect of this
transition is distorted purinergic signaling. In regular physi-
ology, extracellular ATP is one of many paracrine factors
regulating cell functions such as transport across epithelia.
In the distal nephron, abundant P2Y2 and P2Y4 receptors
limit sodium reabsorption in case of excess dietary salt con-
sumption [8, 9]. Both in ADPKD and ARPKD, the distal
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segments of the nephron, collecting ducts, develop~70-80%
of the cysts [10]. As shown in patients and animal models
[11], cyst fluid contains a high level of ATP, which affects
the distribution of purinergic receptors [12]. Earlier, we
found a shift towards the prevalence of P2X and a reduction
of P2Y receptors in ARPKD cystic epithelium [12].

The source of ATP in the cysts remains largely unknown.
Recently we found high expression of pannexin-1, an ion
channel permeable for ATP, in the ADPKD patient biop-
sies and cyst walls of Pkd1*¢R€ mice, a model of ADPKD
[13, 14]. We also administered in-vivo probenecid, a non-
specific blocker of pannexin-1 and anion transporters, and
found a beneficial effect against cyst development in this
model. Here, we test a new and selective pannexin-1 channel
blocker with a quinoline structure, named SIL14 (described
as 6 g in [15]), as a potential treatment against cyst develop-
ment and identify proteins potentially involved in cystogen-
esis, with special interest in purinergic signaling.

Methods

Animals Mayo Clinic provided PkdIR“/R¢ mice [16],
for breeding at the Henry Ford Health System. Twenty-
two-month-old females were aged in standard hous-
ing conditions and used for specimen collection under
Wayne State University IACUC protocol according to
ARRIVE guidelines. The PkdI1®“®¢ mouse strain carries
the human ADPKD p.R3277C allele introduced as Pkdl
¢.9805.9807AGA > TGC modification to the C57BI/6N
background. The strain is a hypomorphic model of ADPKD
with development of multiple cysts in adult and mature
animals.

RNA sequencing Collecting ducts and cystic epithelia were
isolated from the kidneys of the same animals by microdis-
section with sharp forceps under stereomicroscope similarly
to earlier publications [17, 18]. Bulk RNA was isolated and
Qubit RNA High Sensitivity kit (Thermo Fisher Q32852)
was used to quantify RNA. Full-coverage transcriptomes
were obtained by RNAseq using an Ion Torrent Gene Stu-
dio Platform (Thermo Fisher) with quantifications of 16000
to 19000 mRNA transcripts per sample. Similarly to our
earlier approach [19], analysis of differentially expressed
genes between the cysts and collecting ducts was conducted
using a negative binomial generalized linear model as imple-
mented in the DESeq2 R/Bioconductor package. The data
were normalized using the DESeq2 normalization method
where the raw counts were divided by sample-specific size
factors calculated by the median ratio of gene counts relative
to the geometric mean per gene. All genes with an abso-
lute log2 fold change > 1, base mean counts > 10 and false
discovery rate (FDR) or g-value < 0.05 were subsequently
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promoted for biological pathway analysis using the Ingenu-
ity Pathway Analysis (IPA) software (Qiagen Inc.). Addi-
tionally, differentially expressed genes were filtered using
pathway-specific and disease-associated genes obtained
from online consortiums and genome-wide association stud-
ies. Genes associated with ADPKD and CKD were obtained
from the Online Mendelian Inheritance in Man database [20]
and GWAS Catalog [21], respectively. Ciliary genes were
obtained from the CiliaCarta database [22]. The purinergic
signaling reference list of genes was obtained from Wikip-
athways [23] and the Mouse Genome Informatics database
[24, 25]. Visualization of the differentially expressed genes
was created using Cytoscape [26].

Epithelial cell culture The mpkCCD_y, cell line, representing
epithelial cells of mouse cortical collecting ducts, was previ-
ously characterized and extensively employed in the studies,
focused on sodium and water transport [27, 28]. Key experi-
ments were reproduced in canine renal epithelial MDCK
cells (ATCC CCL-34). Cells were grown in DMEM:F12
media (10-090-CV), containing 2% FBS, 1% insulin-trans-
ferrin-selenium mix (Gibco 41,400-045), and 1% Penicillin—
Streptomycin Glutamine (Gibco 10,378-016). MpkCCD,,
and MDCK cells were used to model cyst development
in 3D culture similarly to Mangoo-Karim and colleagues
[29]. Approximately 5,000 cells were mixed 1:1 in Matrigel
(Corning 356,234), passaged with 10 uM forskolin (Tocris
1099), and vehicle/SIL14/a,fMe-ATP/BzATP were added
in wells (24 well plate Corning 3598). Cysts were grown
for three weeks (mpkCCD,y,) or one week (MDCK), cali-
brated images were acquired with an Olympus IX81 inverted
microscope interfaced via Metamorph software, and sizes of
the cysts were measured with Fiji software package (NIH)
by manual selection of each cyst wall borders. Cysts also
were washed, fixed in 2% paraformaldehyde, permeabilized
for 1 hin 0.2% Triton X-100, blocked with 3% BSA for 1 h,
and stained for pannexin-1 and F-actin visualization under
a Leica multi-photon microscope (Alomone ACC-234 [30]
and Thermo Scientific A11011 antibodies, FITC-phalloidin
F432).

Patch-clamp electrophysiology CHO-K1 cells (CCL-61,
ATCC) were grown, transfected, and prepared for patch-
clamp as reported earlier [31]. Briefly, 0.5 ug mPanx1 and
0.5 ug mGFP cDNA plasmids were transfected into the
cells, seeded onto glass chips with Lipofectamine 3000
(#MR206795, #TR30007, Origene, and #L.3000-008, Inv-
itrogen). One to three days later, currents were acquired and
subsequently analyzed with an Axopatch 200B amplifier
(Axon Instruments, CA, USA) and Bessel filter LPF-8 at 200
kHz (Warner Instruments, CT, USA), interfaced via a Digi-
data 1550B to a PC running the pClamp 10.6 suite of soft-
ware (Axon Instruments, CA, USA). For each patch-clamp
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experiment, a glass chip with cells was transferred into the
chamber with a constant flow of bath solution, placed under
the inverted microscope Nikon Ti-S. Whole-cell macro-
scopic current recordings of pannexin-1 were made under
voltage-clamp conditions with ramp protocol (90-> —-90
mV). The pipette solution contained (in mM): 120 CsCl,, 5
NaCl, 2 MgCl,, 5 EGTA, 2 Mg-ATP, 0.1 GTP, and 10 mM
HEPES (pH 7.4); extracellular solution 140 mM NaCl, 3
mM KCl, 2 mM MgCl,, 2 mM CaCl,, and 10 mM HEPES
(pH 7.4).

In situ hybridization Formalin-fixed Pkd1®“R¢ mouse kid-
neys were cut in standard 4 um histological slides, and P2rx4
and P2rx7 mRNA were detected with RNAScope® probes
21307 A and 23083B according to the manufacturer’s rec-
ommendations (Advanced Cell Diagnostics). Slides were
scanned on a Leica Histological Scanner at 40 X, and signal
intensity was quantified as the number of punctae per 100
um of epithelial wall. Identification of proximal tubules and
collecting ducts was based on lectin staining with Lotus
Tetragonolobus (TLA) and Dolichos Biflorus (DBA) Agglu-
tinins [16] (1:250 and 1:100 overnight at 4 °C).

Western blotting and rt-PCR MpkCCD_, cysts were iso-
lated from Matrigel using cell recovery solution (Corn-
ing 354,253) and lysed in cell extraction buffer (Invitro-
gen FNNOO11) with Protease and Phosphatase inhibitors
(Thermo Scientific 78,442). Samples were subjected to
PAGE, transferred onto a PVDF membrane (Invitrogen
LC2002), exposed to primary (Alomone ACC-234; APR-
004) and HRP-conjugated secondary (Santa Cruz sc-2357)
antibodies. The reaction was developed with an ECL
(Thermo Scientific 34095). The band intensity was quan-
tified by image analysis using Image J software. mRNA
extraction from dissected kidney was performed using
RNeasy Mini Kit (Qiagen 74104). cDNA was synthesized
using 1 pg of RNA and iScript™ cDNA Synthesis Kit (Bio-
Rad Cat. 1708890) according to manufacturer’s protocol.
cDNA and specific primers were mixed with iTaq Universal
SYBR (Bio-Rad Cat. 1725121), and PCR reactions were
run on a QuantStudio 7. Fold change in expression of tar-
get genes compared with the control was calculated using
the 2 — AACT method with GAPDH. The sequences of the
primers are shown in Supplementary Table 3.

Statistics Grubb’s test was used to identify outliers. Data
are presented as mean + SEM. Normal distribution was
confirmed with the Shapiro—Wilk test, and groups were
compared with a #-test or ANOVA with correction for mul-
tiple comparisons (Dunnett tests). The nonlinear regression
package in GraphPad Prism was used to determine ICs in
patch-clamp experiments.

Results

Massive alteration of transcriptome in cystic epithelia fol-
lows transition from normal collecting ducts To assess the
expression profile of cystic epithelia, we performed bulk
RNA sequencing, comparing intact collecting ducts and
cysts, microdissected from mature C57BL/6 Pkd1RC/RC
mouse (Fig. 1A). Our approach was based on that Pkd 1R¢/RC
mouse cysts originate mostly from collecting ducts [32]. We
identified 4970 differentially expressed genes after filtering
(g-value <0.05, llog2FCI> 1, base-mean > 10) (Fig. 1B) with
PCA plot variance (Supplementary Fig. 1A). To understand
the pathways associated with cystogenesis, we performed
clustering of differentially expressed genes using our data-
base of pathway-specific and disease-associated genes built
from online consortiums and genome-wide association stud-
ies [20, 21, 33, 34] (Fig. 1C) and Interpretative Phenom-
enological Analysis (IPA) analysis (Supplementary Fig. 1B,
Supplementary Table 2). Many of the pathways were pre-
viously reported to contribute to cystogenesis in ADPKD
[35-39], including oncogenes, signs of chronic inflamma-
tory responses (MSP-RON), and effect on cytoskeleton.
Observed upregulated pathways, indeed, are interconnected:
for example, small G-protein signaling upregulation together
with RhoGDI inhibition suggests a regulatory interplay of
Rho and Rac [40, 41] and can promote actin cytoskeleton
rearrangement [41], epithelial-to-mesenchymal transition
[42], fibrosis [43] and ERK/MAPK [44, 45] signaling.

We also filtered differentially expressed genes using
specific signaling pathways and disease-associated genes
obtained from online databases to validate the sensitiv-
ity of transcriptomics. As expected, hypomorphic Pkdl
mutation decreased Pkdl expression, followed up with the
downregulation of Pkd2. Notably, we observed a differen-
tial expression of genes, previously reported to be depend-
ent on Pkdl and Pkd2 by RNA-sequencing, such as Pankl,
Gal3stl, Sh3gl2, Blk, and others [7]. Pank1 is a key enzyme
in coenzyme A biosynthesis, indicating metabolic effects
of cystic cell physiology, whereas Gal3stl, Sh3gl2, and Blk
are oncogenes. Thus, the downregulation of Adcy5 may be
a compensatory reaction to cyst expansion because earlier
Wang et al. and Hwang et al. reported the involvement of
adenylyl cyclase 5 in cystogenesis. cAMP production in cilia
is dependent on this enzyme, and Adcy5 knockout mice have
arescued ADPKD phenotype [46, 47].

Development of cysts is accompanied by a shift in puriner-
gic signaling We were able to identify clusters that we are
particularly interested in, such as genes associated with
chronic kidney disease and PKD. Interestingly, we also
distinguished a purinergic signaling cluster. We observed a
significant downregulation of purinergic receptors, normally
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Fig.1 RNA sequencing reveals massive change in the collecting
ducts transcriptome due to transition to cystic epithelium. A Rep-
resentative images of microdissected cysts and collecting ducts iso-
lated from Pkd1®%®RC mice and analyzed with RNAseq. B Heatmap,
showing mRNA expression of 4970 differentially expressed genes in

expressed in collecting ducts [48]—P2Y?2 and P2Y4—with a
shift in prevalence towards P2X5, P2X7, P2Y6, and P2Y 12
(Table 1).

The abundance of P2X receptors in the cysts is especially
interesting because their interaction with pannexin-1 is well
described as a stimulatory factor of ATP release [49, 50]. We
used conventional rt-PCR to confirm upregulation of P2rx7
expression in microdissected Pkd1R“RC cysts versus normal
cortical lysate from C57B1/6 mice. Figure 2 demonstrates
that various isoforms of P2rx7 are more abundant in cystic
epithelia than normal tissues.

In-situ hybridization is another technique confirm-
ing abnormal expression of P2rx7 in cysts. We compared
it with the abundance of P2rx4, which is not detected as
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cysts (n=4) vs. collecting ducts (n=3). C Clustering of the differen-
tially expressed genes related to chronic kidney diseases, PKD, and
purinergic signaling genes. Both the color and color intensity denote
level of up- and downregulation in cysts. Scale bar 50 pm

Table 1 Differential expression of purinergic receptors due to cyst
growth

Gene Log2 x change p-value
Downregulated

P2ry2 —2.25432 1.77x107
P2ry4 —1.36698 8.04x 107
Upregulated

P2rx5 2.884524 3.54x107
P2rx7 1.52724 1.47x107
P2ryl2 3.136299 2.82x1077
P2ry6 2.141647 1.72%1078
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Fig.2 P2rx7 isoforms expression in normal C57Bl/6 vs PkdI®RC

mouse kidneys. Summary graph of real-time PCR measures P2rx7
A-D isoforms and P2rx7 K mRNA abundance in kidney cortex rela-
tive to GAPDH (n=4 mice) *p<0.05 Shapiro-Wilk (passed) and
unpaired #-test

differentially expressed by RNAseq but also is suggested to
interact with pannexin-1 in tumor or immune cells. Figure 3
demonstrates RNAscope staining against both P2X recep-
tors’ mRNA in two consecutive slices of a Pkd 18R mouse
kidney. P2rx4 mRNA signal is abundant in all epithelial
structures, especially in proximal tubules, with a lower but
sufficient level both in collecting ducts and cysts. In contrast,
P2rx7 signal is not abundant in healthy epithelia, but cyst
walls and pericystic space have expression of P2rx7 mRNA.
In healthy tissues, consistent P2rx7 signal is detectable only
in intratubular space, probably indicating immune or cell
infiltration. Identification of proximal tubules and collecting
ducts” morphology was facilitated by specific labeling with
lectins Lotus Tetragonolobus (LTA) and Dolichos Biflo-
rus (DBA) agglutinins (Supplementary Fig. 2). Similarly

to earlier reports [16, 51], LTA labeling is abundant in the
brush border of proximal tubules, whereas collecting ducts
and cysts are DBA-reactive.

P2X7 interaction with pannexin-1 stimulates cystogen-
esis We hypothesized that the contribution of pannexin-1
activity to cyst growth can be exacerbated by the specific
P2X7 overexpression in the mouse cysts. The P2rx7 mRNA
abundance data are in accordance with our earlier immuno-
histochemical findings [14] that cysts have abnormally high
P2X7 protein levels. Here we tested how stimulation of P2X
receptors affects cystogenesis in Matrigel. Figures 4A—B
demonstrate that culturing mpkCCD_, cells in the presence
of 50 uM a,fMe-ATP increases the size of formed cysts.
In the end of the experiment, the cysts were collected and
subjected to Western blotting. Stimulation of P2X increases
pannexin-1 abundance (Fig. 4C) in the cysts.

To confirm these data, we used another cell culture —
canine MDCK cells and performed experiments in the same
conditions. In addition to o,fMe-ATP, a non-selective P2X
agonist, we tested Bz-ATP, a P2X7 agonist, which could not
be used on mpkCCD,, cells due to low affinity to mouse
P2X7. Figure 4D shows that MDCK cells in Matrigel form
cell agglomerates (left panel) but in the presence of forskolin
they develop into cysts significantly larger than mpkCCD,,
cysts (right panel). Both agonists increased cysts’ size
(Fig. 4E) and expression of pannexin-1 (Fig. 4F). We tested
if an increased pannexin-1 abundance occurs also in the
cysts isolated from Pkd1%“®¢ mice and confirmed a higher
expression in comparison to normal tubules of wild-type
¢57B1/6 mice (Fig. 5). We concluded that pannexin-1 can
serve as a target in ADPKD drug discovery.

SIL14 inhibits pannexin-1 activity We tested (Fig. 6A, B,
C, D) a novel pharmacological agent, SIL14 (Fig. 5A), as a
pannexin-1 blocker. Purinergic signaling differs in cold- and
warm-blooded species, and although the inhibitory prop-
erties of SIL14 against mPanxl product were tested using
a two-electrode voltage clamp [15] on X. laevis cells, we
confirmed its effect on the mammalian heterologous sys-
tem. Mouse pannexin-1 was reconstituted in hamster ovar-
ian cells, and whole-cell currents elicited under voltage-
clamp conditions. Similarly to earlier publications [31, 52],
pannexin-1 demonstrates outward rectifying properties,
and CHO cells develop a current density of 205 +24 pA/
pF at+80 mV (Fig. 5B, C). Application of SIL14 rapidly
inhibits current with IC5,=12.96 uM (Fig. 5D).

SIL14 precludes growth of cysts formed by renal epithelial
cells MpkCCD_, and MDCK cells represent cortical col-
lecting duct primary cells, with the ability to form polar
monolayers, tight junctions, ENaC-dependent sodium reab-
sorption, and AQP2-mediated water permeability. In the
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P2rx4
P2rx7

Fig.3 Detection of P2rX7 in cystic epithelium and normal tis-
sues with in-situ hybridization. Expression of P2rX4 and P2rX7
was probed on consecutive histological slices with RNAscope in
PkdI®“RC mouse kidneys. Brown punctae indicate mRNA presence
in proximal tubules (PT), collecting ducts (CD), or cysts. Summary

presence of 10 uM forskolin, they form cyst-like spheroids if
grown in Matrigel. Confocal microscopy on Fig. 7A demon-
strates that the mpkCCD,,, spheroids express pannexin-1 in
the lateral and basal plasma membrane with intensive phal-
loidin (actin cytoskeleton) overlapping on the luminal side.
Pannexin-1 distribution in MDCK cells was described ear-
lier by Shum and colleagues, who found that the protein does
not express in plated cells but, if they are grown as mon-
olayers on permeable supports or as cyst spheroids, resides
on the apical side with a lower presence in the basolateral
membrane [53]. Treatment with SIL14 lowers cysts’ size
both in mpkCCD,_, (Fig. 7B, C) and MDCK (Fig. 7D, E)
cell 3D culture. We conclude that inhibition of pannexin-1
permeability with SIL14 precludes cyst development.

Discussion

ADPKD is a widespread disorder affecting a population
with ~ 1:1,200 incidence worldwide [54, 55]. The only
FDA-approved specific ADPKD treatment is tolvaptan,
a vasopressin receptor antagonist, which reduces cellular

@ Springer

= ¢
Wiz, T P2rx4
G s g _ 60 .
S 24 s
2640 - Ve
.~ 3 30
GJE ~ e
382 N
c @10
'lf,: 3“6
o PT CD cyst
\\9\ P2rx7
G c_15
1§ *k% °
o
5
S
\B -
O £ 5
L3
g o ) )
3“50*"%“ v :
o PT CD cyst

S
o

PT — proximal tubule
. CD - collecting duct
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ber of punctae per 100 um of epithelial wall in the corresponding
structures. *p <0.05, ***p <0.001 vs collecting ducts, Shapiro—Wilk
(passed) and Dunnett test. ns—non-significant. Scale bar — 100 um

cAMP levels, cannot fully stop or reverse disease progres-
sion, and has strong side effects (polyuria and thirst) [1].
Searching for new therapeutic targets remains the highest
priority for ADPKD drug discovery. We and others explored
the therapeutic potential of pannexin-1 targeting due to its
specific upregulation in the cystic wall [14, 56, 57]. Attempts
to inhibit pannexin-1 with brilliant blue-FCF and probene-
cid had beneficial effects in zebrafish and murine models of
ADPKD [13, 56] indicating a promising direction. Here we
tested the recently designed selective pannexin-1 blocker,
SIL14, and confirmed its anti-cystic properties based on
low dose effects on pannexin-1 in cell culture. These data
provide a rationale for further testing SIL14 with in-vivo
models of PKD.

Cyst formation is a complex process involving multiple
aspects of cellular physiology. Transcriptomics on tissues
isolated from the same organs reveals an altered expres-
sion of ~ 5 thousand genes in formed cysts in comparison
to the collecting ducts not affected by cystogenesis. For
comparison, all renal tissues of Spontaneously Hyperten-
sive Rats show 383 differentially expressed genes vs control
Wistar Kyoto strain [58]; in such a heterogenic structure as
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Fig. 4 Effect of P2X7 receptors stimulation on cyst growth in 3D cell
culture. A Representative image of cysts formed by mpkCCDy, cells
in the presence of 10 uM forskolin. B Treatment with a,fMe-ATP
(P2X agonist) increases the size of cysts grown from mpkCCD,,
cells. C Western blot analysis of pannexin-1 abundance in untreated
(no forskolin in Matrigel), and vehicle or o,fMe-ATP treated groups
in the presence of forskolin. Summary graphs on the right panels
denote that stimulation with o,fMe-ATP increases pannexin-1 abun-
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Fig.5 Real-time PCR of Panx] mRNA level in the renal tissues of
normal C57B1/6 vs Pkd1®“RC mice. Shapiro-Wilk (passed), unpaired
t-test

dance. N=4 wells in each group, n=50 cysts in each well. D Rep-
resentative images of MDCK cells grown in Matrigel in the absence
(left) or presence (right) of 10 uM forskolin. Treatment of MDCK
cysts with 100 uM o,fMe-ATP or 50 uM BzATP aggravates cys-
togenesis (n=128-232 cysts/well) (E) and increases the abundance
of pannexin-1 (F). *p<0.05; **p<0.01; ***p<0.001 vs forsko-
lin + vehicle; Shapiro—Wilk (passed) Dunnett test

glomeruli, 2719 differentially expressed genes were detected
as a result of streptozotocin-induced diabetic kidney disease
[59]. RNA sequencing was a convenient method to detect
potential partners regulating pannexin-1. We focused on
purinergic receptors because the P2X subfamily modulates
pannexin-1 activity. Also, we earlier demonstrated with cal-
cium imaging that cyst development in the autosomal reces-
sive form of PKD is accompanied by abnormal expression
of P2 receptors. In PCK rats, carrying the Pkhd1 mutation,
the P2Y-mediated response to ATP was significantly reduced
whereas P2X receptors took their place [12]. As metabo-
tropic P2Y2 and P2Y4 are the most prevalent P2 species
in normal collecting ducts [60—62] we suggested that the
discovered re-profiling of cystic epithelia towards prevalence
of ionotropic P2X receptors (evolutionary lower) reflects a
deep tissue alteration.

In the present study, a similar process was detected in
the cysts driven by the Pkd1®“/R€ mutation. Loss of P2Y2
and P2Y4 was “compensated” by increased expression
of P2X5 and P2X7 receptors. Although the role of P2X5
receptors in the Pkd1®“R¢ mouse model is possible, we
focused on P2X7 because the P2rx5 gene is truncated and
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non-functional in most of humans [63, 64], de-prioritiz-
ing the translational potential of the P2X5 direction. In
contrast, P2X7 shows a panel of interesting properties for
interventions. In contrast to P2rx4, which is ubiquitous in
all renal tissues, P2rX7 is expressed mainly in the cystic
epithelium and pericystic tissue (Figs. 2and 3). This may
explain the lack of effect of P2X4 modulation by iver-
mectin and 5-BDBD on the development of ARPKD in
PCK rats [65]. The specific upregulation of both P2X7 and
pannexin-1 in the cyst wall seems to have a dramatic effect
due to the capability of P2X7 to regulate pannexin-1.
For instance, stimulation of P2X receptors increases the
abundance of pannexin-1 cyst size in Matrigel (Fig. 4). A
similar effect was found earlier in a reverse in-vivo experi-
ment involving P2rx7 knockout in PCK rats: their kidneys
had lower cyst size and less pannexin-1 protein, as shown
by Western blot [66]. These observations are in accord-
ance with reports showing that pannexin-1 is normally
not abundant in healthy tubules, except for specific areas
such as the macula densa, but is expressed in pathologic
conditions such as acute kidney injury or cystogenesis [67,
68]. Functionally, P2X7-dependent pannexin-1 regulation
can be illustrated by smaller cyst size in P2rx7 deficient
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PCK rats and lower urinary ATP level than in normal PCK
littermates [66].

In this work, we mainly focused on purinergic signal-
ing, and some of the molecules we found to be differen-
tially expressed could be particularly interesting in this key.
For instance, one of the strongly upregulated molecules in
our data is Anoctamin-6, a non-selective cation channel
TMEMI16F [69]. It belongs to the family of Ca*-dependent
ion channels and lipid scramblases [70]. One of its fam-
ily members, Anoctamin-1, was shown to be upregulated
in PKD cysts, and inhibition of its activity attenuated cyst
growth through secretory effects [71-73]. Buchholz et.al.
[72] also pointed out a possible regulation of Anoctamin-1
by purinergic signaling [74]. Given Anoctamin-6 protein
and family properties, it could be a potential target for future
studies.

Among significantly downregulated genes, we observed
a lower expression of Transient Receptor Potential cat-
ion channel subfamily M Member 4 (TRPM4), another
Ca*-dependent cation channel [75]. It was previously linked
to cilia maintenance [76, 77] and, giving a possible regula-
tion of this channel by purinergic signaling [78], it could
also be interesting to investigate further.
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Fig.7 Effect of SIL14 treatment on cyst growth in 3D cell culture.
MpkCCD,, or MDCK cells were grown in Matrigel in the pres-
ence of 10 uM forskolin. A Confocal microscopy shows the distri-
bution of pannexin-1 and phalloidin in the plasma membrane of the
mpkCCD,, cyst epithelium. B, C Treatment with SIL14 reduces
mpkCCD,, cyst size. n=4 wells, n=112-150 cysts/well. *¥p <0.01

RNA-sequencing also gave us insights about other pos-
sible molecular targets in cystic epithelia. For instance, we
identified strong upregulation of Thyroid Stimulating Hor-
mone Receptor (TSHR) with downregulation of Thyroid
Hormone Receptor alpha (Thra). This direction of future
investigation could be particularly interesting, given that
recent study implies a role of thyroid hormones in the pro-
gression of ADPKD [79].

We also observed a significant downregulation of Notch1
and Notch2. Both were linked to normal cilia development
[80] and both upregulation and downregulation of the Notch
signaling induce cystic phenotype in the kidney in differ-
ent segments of the nephron [81-83]. Previous publications
also pointed out the importance of the Notch signaling for
collecting duct maintenance and cell fate [84]. A proximity
assay reports interaction between Notch2 and pannexin-1
[85]. Given that our approach was mostly focused on com-
paring morphologically intact collecting ducts with cystic
epithelia, we find this expression data especially interesting
in the sense of the cyst heterogeneity.

Great amount of data supports a central role of cAMP
in ADPKD [86]. Our RNA-seq data showed upregulation
of ADCY7 (Adenylate cyclase 7) and downregulation of
ADCYS5 and ADCY6. Previous reports show that both
ADCYS5 and ADCY6 deficiency reduces cyst size in ani-
mal models [47, 87]. Decreased expression of ADCYS5 and
ADCY6 in cystic epithelia in our case could be due to higher

vs vehicle, Shapiro-Wilk (passed), Dunnett test. D Representative
image of cysts formed by MDCK cells in the presence of 30 uM
SIL14. (E) Summary graph demonstrates that SIL14 reduces cyst size
in comparison to the vehicle-treated group. N=4 wells, n=90-150
cysts/well. *p <0.05 unpaired #-test

basal expression of these adenylate cyclases in collecting
ducts. We also used a different model of ADPKD-hypomor-
phic mutation of PKDI1, unlike deletion of PKD1 or PKD2.
This dosage of functional PKD1 and/or advanced age of our
experimental mouse (22 months) could also explain down-
regulation of ADCY5 and ADCY6, as well as the possible
existence of negative-feedback loop regulation of ADCY
expression by cAMP levels. Upregulation of ADCY7 in a
cystic model also has been shown previously [88], and it is
possible that ADCY7 could be a primary source of cAMP in
cystic epithelia in our ADPKD model. However, additional
effort is required to perform RNA sequencing on younger
RC mice to determine age dependency in transcriptome shift
and delineate cause-effect relationships between the differ-
entially expressed genes.

We also observed a differential expression of A-kinase
anchoring proteins (AKAPs)—downregulation of AKAPS,
and upregulation of AKAP9 and AKAP12 as well as upregu-
lation of protein kinase A (PKA) subunits PRKARI1B and
PRKAR2A. Collectively, this data shows upregulation of the
cAMP-dependent pathway in cystic epithelia of our ADPKD
model, as AKAPs’ proteins can scaffold PKA [89]—a main
biological effector of cAMP, to its respective targets. Inter-
estingly, recent reports also suggest a purinergic-dependent
activation of a similar pathway in the vascular cells where
pannexin-1 is found in complex with AKAPS and adenylate
cyclase 5, increasing extracellular ATP release [90, 91].

@ Springer
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Further investigation is necessary to clarify the role of spe-
cific family members of this pathway in ADPKD.

Study limitations Further development of the presented find-
ings is required in different directions. The RNA sequencing
was performed on large cysts isolated from mature females,
and comparison on both sexes at different ages should be
done to characterize transcriptome changes in a dynamic
manner. Both aggravation and suppression of cystogenesis
by targeting the pannexin-1/P2X7 pathway have modest but
consistent [13, 31, 66] effect indicating that pannexin-1 is
one of the contributors to cyst formation.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s11302-025-10127-1.
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