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Abstract

Tubular ATP release is regulated by mechanosensation of fluid shear stress (FSS).
Polycystin-1/polycystin-2 (PC1/PC2) functions as a mechanosensory complex in the
kidney. Extracellular ATP is implicated in polycystic kidney disease (PKD), where
PC1/PC2 is dysfunctional. This study aims to provide new insights into the ATP
signaling under physiological conditions and PKD. Microfluidics, pharmacologic in-
hibition, and loss-of-function approaches were combined to assess the ATP release in
mouse distal convoluted tubule 15 (mDCT15) cells. Kidney-specific Pkdl knockout
mice (iKsp-Pkdl ~~) and zebrafish pkd2 morphants (pkd2-MQO) were as models for
PKD. FSS-exposed mDCT15 cells displayed increased ATP release. Pannexin-1 in-
hibition and knockout decreased FSS-modulated ATP release. In iKsp-Pkd! ~~ mice,
elevated renal pannexin-1 mRNA expression and urinary ATP were observed. In
Pkdl™~ mDCT15 cells, elevated ATP release was observed upon the FSS mecha-
nosensation. In these cells, increased pannexin-1 mRNA expression was observed.
Importantly, pannexin-1 inhibition in pkd2-MO decreased the renal cyst growth. Our
results demonstrate that pannexin-1 channels mediate ATP release into the tubular
lumen due to pro-urinary flow. We present pannexin-1 as novel therapeutic target to

prevent the renal cyst growth in PKD.
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1 | INTRODUCTION

Mutations in the genes polycystic kidney disease 1 (PKDI)
and polycystic kidney disease 2 (PKD2) lead to polycystic
kidney disease (PKD). PKD is characterized by increased
cell proliferation, fluid accumulation, and altered extracellu-
lar matrix synthesis in the kidney. These characteristics lead
to the renal cyst formation and growth, predominantly in the
distal tubules and collecting duct (CD), and ultimately to
end-stage kidney disease. PKD is one of the most common
inherited renal diseases and accounts for ~10% of all patients
on renal replacement therapy worldwide.>® The PkdI gene
encodes for the protein polycystin-1 (PC1), which locates to
the primary cilium and plasma membrane of renal tubular ep-
ithelial cells. PC1 forms a complex with polycystin-2 (PC2,
encoded by Pkd2), which is a nonselective cation channel.” !
PCI is suggested to act as a mechanosensor of fluid shear
stress (FSS) generated by pro-urine flow, regulating the phys-
iological responses in renal tubular epithelial cells.'*'?

In PKD, extracellular ATP plays an important role in dis-
ease progression.m’15 Under physiological conditions, extra-
cellular ATP activates ionotropic P2X and metabotropic P2Y
receptors at the luminal cell surface to regulate and maintain
the kidney function. 16 In recent years, autocrine and paracrine
effects of the purinergic signaling have been suggested to
provide a detrimental acceleration of cyst growth in PKD.'"
29It has been shown that the renal cyst fluid in PKD rats and
PKD patients contains high ATP levels.?"? Also, cystic PKD
cell cultures display increased ATP release at basal condi-
tions.*® Furthermore, previous studies have related purinergic
receptors P2Y2 and P2X7 to cyst growth in an in vitro cystic
model, and in vivo, in zebrafish and mouse PKD models.?>%6

Thus far, translation of these findings into therapeutic ap-
plications for PKD related to purinergic signaling are lim-
ited.* Conversely, approaches that did reach clinical research
stages for PKD involve vasopressin antagonists, mTOR
inhibitors, and somatostatin analogues. However, these ap-
proaches are not a definitive curative treatment option.l’zs’29
An improved understanding of the molecular mechanisms
behind ATP signaling in PKD may promote the development
of novel therapeutic strategies for this disease.

ATP can be released from renal epithelial cells upon
the mechanical stimulation triggered by variable pro-urine
flow.3%3! Yet, the ATP extrusion mechanisms mediating
flow-sensitive ATP release as well as their regulation are
not fully elucidated.*>*® The extracellular ATP in the tubule
lumen signals the apical membrane of renal cells to trigger an
intracellular response which results in regulation of electro-
lyte and water transport.34’35

In this study, we aimed to disclose the mechanisms regu-
lating the apical ATP release in renal cells upon flow sensing.
To this end, the urine of healthy human volunteers and cel-
lular and organismal kidney models were interrogated. The
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relevance of these mechanisms for disease progression in the
context of PKD was investigated, where purinergic signaling
was anticipated to play a pathologic role.

2 | MATERIALS AND METHODS

2.1 | Ethics approval

Urine samples of healthy human volunteers were collected
after acute water loading experimentation in accordance with
the principles expressed in the Declaration of Helsinki. All
participants gave written informed consent, and the study
protocol was approved by the Institutional Review Board
of the Radboud University Medical Center (approval no.
NL47178.091.13). The local animal experimental com-
mittee of the Leiden University Medical Center and the
Commission Biotechnology in Animals of the Dutch Ministry
of Agriculture approved the animal procedures performed.

2.2 | Cell culture

To assess the role of FSS on ATP release, p-slide 1°* and
VI** channels (Ibidi GmbH, Planegg, Germany) were used
for ATP and gene expression experiments, respectively.
Static ATP release was assessed using 12-well plates.
Mouse distal convoluted tubule 15 (mDCT15) cells (gift
from Dr Robert Hoover, Emory University, Atlanta, GA,
USA), a model of the distal convoluted epithelial cell, were
used in all experiments.36 mDCT15 cells (either wild type,
Ift140_/ ~ or Pkdl™ 7) were seeded in the channels (p-slide
1°4:1.2 x 10’ cells/cm” and p-slide VI*: 5 x 10* cells/cm?)
with DMEM/F-12 1:1 nutrient mixed media supplemented
with 5% v/v fetal bovine serum (FBS, GE Healthcare, Little
Chalfont, United Kingdom) and 10 pg/mL ciprofloxacin, and
maintained at 37°C and 5% (v/v) CO,. The following day,
cells were serum-starved for 24 hours to induce cell differen-
tiation. Shortly before FSS experimentation, biocompatible
silicone tubing (0.8 mm, Ibidi GmbH, Planegg, Germany)
was connected to a peristaltic pump (ISM931C, Ismatec,
Wertheim, Germany) and the microfluidic channels. During
microfluidic experiments serum-free DMEM/F-12 1:1 nutri-
ent mixed media was used.

2.3 | ATP measurements

To assess the ATP release by mDCT15 cells due to FSS, cells
were exposed during 1 minute to different physiologically
relevant FSS levels (ie, 0.3, 0.6, and 1.2 dyn/cmz). Cells were
also exposed to repetitive cycles of 0.3 dyn/cm2 (1 min) fol-
lowed by 1.2 dyn/cm” (1 min) with static intervals between
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cycles of 1 to 25 minutes, thus simulating dynamic changes
in the pro-urine flow.

To investigate the involvement of mMTORC1 and pannexin-1
in FSS-modulated ATP release, cells were pre-incubated for
lhour with rapamycin (100 nM, Santa Cruz Biotechnology,
Santa Cruz, CA, USA) and brilliant blue FCF (BB-FCF,
100 pM, Sigma-Aldrich, St. Louis, MO, USA), respectively.’”**
In this case, during microfluidic experimentation, media was
supplemented with the corresponding inhibitor. Control cells
were exposed tomedia supplemented with the corresponding
vehicle (DMSO or MilliQ-water, for rapamycin or BB-FCF,
respectively). Flow-through was collected after 1 minute of
FSS exposure and used for the ATP measurement (Figure 1A).
Cell morphology after exposure to different FSS conditions was
monitored by brightfield microscopy (Figure 1B).

ATP levels were determined in the (flow-through) medium,
total cell lysates, and urine using the ATPlite Luminescence
Assay System (Perkin Elmer, Waltham, MA, USA) according
to manufacturer's instructions. A standard curve, ranging from
0.6 x 10°t0 2.5 x 10° and 0.3 x 10 to 10.0 x 10°> pmol/L ATP
for intracellular and extracellular ATP, respectively, was used.
All samples measured were within the confines of the standard
curve used. ATP content in the medium and total cell lysates
was corrected to the total volume and normalized to the total
cell number in the corresponding channel or well. For in vitro
experimentation, fold change of extracellular ATP for each con-
dition to control is depicted. In vivo, ATP content in urine was
normalized to urinary creatinine for human subjects and to uri-
nary volume collected in 24 hours for mice.”

2.4 | Acute water loading

Urine samples of healthy human volunteers were collected,
for ATP measurement, after acute water loading experimen-
tation. These samples were obtained from a previously per-
formed study and supplemented with protease inhibitors at a
final concentration of 50 pM PMSF, 20 pM aprotinin, 10 pM
pepstatin A, and 20 pM leupeptin, and stored at —80°C. %
All volunteers were healthy males between the age of 25 and
35years with a body weight lower than 100kg. Subjects were
asked to refrain from coffee, tea, and alcohol intake and ex-
ercise for 24 hours before and during the study. In 30 min-
utes, each subject ingested 20ml/kg body weight of water.
Midstream urine was collected before (¢ = 0) and after water
ingestion in 30 minutes intervals for up to 150 minutes. Urine
samples were immediately stored at —80°C.

2.5 | Mouse experimentation

Inducible kidney-specific Pkdl knockout mice (iKsp-Pkd-
1'%y were used to assess the role of PC1, in vivo, in urinary

ATP excretion. Tamoxifen was administered, via oral gav-
age, to iKsp-Pkd 1" mice on postnatal days 18, 19, and 20
(PN18) to induce a kidney specific knockout of Pkdl (iKsp-
Pkd1%") *! iKsp-Pkd1'”"*** mice which received no tamoxifen
were considered as age and genotype-matched controls. At
PN18 + 29 days, mice were placed in the metabolic cages for
24 hours to collect urine in a continuously cooled container
(4°C) and stored at —20°C for ATP measurements. Finally,
mice were killed by cervical dislocation. Precystic kidneys
were extracted, weighed, and collected in liquid nitrogen and
stored at —80°C for mRNA isolation. These samples were
obtained from a previously performed study.41

2.6 | Gene expression analysis

To evaluate the effect of FSS on gene expression, cells in
p-slide VI°4 channels were exposed during 3 hours to either
no flow (=static) or 0.6 dyn/cm2 FSS (Figure 4A). After ex-
perimentation, cells were lysed and RNA was isolated using
the RNeasy mini kit according to manufacturer's instructions
(Qiagen, Hilden, Germany). cDNA synthesis using Molony
Murine Leukemia Virus Reverse Transcriptase (Invitrogen,
Carlsbad, CA, USA) and RTqPCR, using SYBR green mas-
ter mix (Bio-Rad Laboratories, Hercules, CA, USA) were
performed as previously described.*? The expression of the
following genes was assessed: Abcc6, Cx37, Entpd2, Entpd3,
NtSe, P2rx4, P2rx5, P2rx6, P2rx7, P2ryl, P2ry2, Panxl,
and Ptgs2. Gapdh was used for each gene of interest as a
reference gene and non-template controls were used dur-
ing RTqPCR determinations as negative controls. Since all
primers used had an efficiency of approximately 100% at the
concentration (400nM) used, the relative gene expression
was analyzed using the Livak method (27480 (Supporting
Table S1). The RTqPCR procedures described here complied
with the MIQE guidelines.

2.7 | Fura-2-based Ca’* imaging

Intracellular Ca** was measured using the ratiometric dye
Fura-2. Press-to-Seal silicone isolators with adhesive 24
wells (Molecular Probes, Eugene, OR, USA) were attached to
a 24 x 50 mm cover glass. The wells were coated with Poly-
L-Lysine (Sigma-Aldrich, St. Louis, MO, USA) and washed
with PBS. The procedures were performed in a Ca-HT buffer
(4.2mM KCl, 132mM NaCl, 1mM MgCl,, 1.4mM CaCl,,
5.5mM glucose, and 10mM HEPES in MilliQ). Subsequent,
15 pL of cell suspension was added to each well and incu-
bated for 1.5 hours. About 5 pL. of medium was removed and
10 pL. Fura-2-AM mixture (0.3% v/v Fura-2-AM, 0.015%
v/v Pluronic acid (10% v/v in Ca-HT buffer) was added and
incubated for lhr. For the conditions in which P2Y1 was
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FIGURE 1 Fluid shear stress increases ATP release in vitro and in vivo. A, Schematic overview of the in vitro microfluidic set-up used to
measure cellular ATP release. B, Brightfield microscopy of mDCT15 cellular morphology before and after exposure to either 0.3 and 1.2 dyn/cm?
FSS. C, Elevated FSS-modulated ATP release in mDCT15 cells exposed to 1 minute of 0.3, 0.6, and 1.2 dyn/cm2 FSS (n = 4), significant difference
(P < .05) denoted with symbol a. D-F, Attenuated FSS-modulated ATP release in mDCT 15 cells after repeated 1 min sampling during exposure, for
5 min in total, to 0.3, 0.6, and 1.2 dyn/cm2 FSS, respectively (n = 4). G, Recovery of FSS-modulated ATP release after static intervals of 1 to 25 min
between 1 min FSS exposure periods (0.3 to 1.2 dyn/cm?) (n = 4), significant differences between 0.3 and 1.2 dyn/cm? are denoted with symbols a,
b and c. H, In vivo resemblance of FSS-modulated ATP release in healthy human subjects after acute water loading (n = 7), significant differences
indicating elevated urinary ATP (from ¢t = 0 to ¢ = 60 and 1 = 90, respectively) are denoted with symbol a, whereas significant differences indicating
a decreased urinary ATP (from ¢ = 90 to ¢ = 150) are denoted with symbol b. Values are presented as the mean + SEM

inhibited, MRS2500 (Tocris Bioscience, Bristol, United The well was placed into a perfusion chamber mounted onto
Kingdom) was added to the Fura-2 AM mixture at a concen- the stage of an inverted microscope (Zeiss Axiovert 200y,
tration of 1 pM. One measurement per well was performed. Carl Zeiss, Jena, Germany). Intracellular Ca>* was monitored
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by exciting Fura-2 with monochromatic light of wavelength
340 and 380nm (Polychrome I'V, TILL Photonics, Grifelfing,
Germany). Fluorescence emission light was directed by a
415DCLP dichroic mirror (Omega Optical, Brattleboro, VT,
USA) through a 510WB40 emission filter (Omega Optical,
Brattleboro, VT, USA) onto a CoolSNAP HQ monochrome
CCD camera (Roper Scientific, Vianen, The Netherlands).
The integration time of the CCD camera was set at 200ms
with a sampling interval of 3 seconds. After 30 seconds of
measuring, either ATP (100 pM) in Ca-HT, ATP (100 pM)
+ MRS2500 (1 pM) in Ca-HT or just Ca-HT was added to
the mini-well. At each timepoint the 340/380nm ratio was
calculated per region. To determine the maximal response,
the delta peak was calculated by subtracting the baseline ratio
from the maximum ratio for every cell. Only the responding
cells were used for data analysis.

2.8 | Immunocytochemistry

Primary cilia in mDCT15 cells were visualized as previously
described.*? The following antibodies were used: primary
antibody rabbit polyclonal anti-ARL13B (1:200, Proteintech,
Rosemont, IL, USA) and secondary antibody Alexa Fluor
594-conjugated anti-rabbit IgG (1:250, Molecular Probes,
Eugene, OR, USA). Nuclei were counterstained and cells
mounted using DAPI-Fluoromount-G (ITK Diagnostics,
Uithoorn, The Netherlands). Acquisition of images was per-
formed using confocal laser scanning microscopy (FV1000,
Olympus, Tokyo, Japan) equipped with a 60X oil-immersion
objective. ARL13B-positive primary cilia (594 nm laser),
identified as dots or small dashes on the xy-plane, and DAPI-
positive nuclei (405 nm laser) were visualized. A z-stack with
0.25 pM distance between each focal plane was obtained.
Images were processed using Fiji (https://fiji.sc/) software
(National Institutes of Health, Bethesda, MD, USA).

2.9 | sgRNA design

Guide RNA's (sgRNA) targeting exon 9 of the Mus muscu-
lus gene Pkdl and exon 1 of the Mus musculus gene Panxl
were designed using http://crispor.tefor.net/ (Supporting
Table S1).* The oligonucleotide pair for each sgRNA
was phosphorylated and annealed using T4 Polynucleotide
Kinase (New England Biolabs, Ipswich, MA, USA) in a
thermocycler (37°C for 30 minutes, 95°C for 5 minutes and
ramped down to 25°C with 5°C/min). The plasmids PX458
(Addgene #48138)** and PX333 (Addgene #64073)" were
linearized using Bbsl, or Bsal, restriction enzymes (New
England Biolabs, Ipswich, MA, USA) at 37°C for lhr. The
annealed oligonucleotides were ligated into the linearized
PX458 or PX333 plasmid using T4 Ligase (New England

Biolabs, Ipswich, MA, USA) overnight at 16°C. Next, the li-
gation mix was transformed by 42°C heat shock into TOP10F
competent cells. The next day, colonies were picked and the
PX458 or PX333 plasmid, containing the sgRNA, isolated.
The PX333 was modified by inserting 72A-eGFP (derived
from PX458) after NLS-Cas9-NLS resulting in the plasmid
PX333-GFP, suitable for GFP-positive FACS sorting. The
PX333 plasmid allows for the dual expression of sgRNA's.

2.10 | CRISPR/Cas9-mediated
genome editing

mDCT15 cells were transfected with the PX458 (Addgene
#48138,* or PX333-GFP plasmid (modified from Addgene
#64073),9 containing the sgRNA's, using Lipofectamin 2000
reagent (Invitrogen, Carlsbad, CA, USA). GFP-positive cells
were single cell sorted into 96-well plates by fluorescence-acti-
vated cell sorting (FACS, Aria, BD Biosciences, San Jose, CA,
USA) at 48 hours post-transfection. Next, single cell clones were
grown (37°C, 5% (v/v) CO,) for 7 to 14days in DMEM/F-12
1:1 nutrient mixed media (Thermo Fisher Scientific, Waltham,
MA, USA) supplemented with 5% (v/v) FBS (GE Healthcare,
Little Chalfont, United Kingdom) and ciprofloxacin (10 pg/
mL). Once cells reached confluency, genomic DNA was
isolated using the prepGEM DNA extraction kit (ZyGEM,
Hamilton, New Zealand). The targeted region of either Ift/40
exon 8 or Pkdl exon 9 was amplified using AmpliTaq GOLD
(Thermo Fisher Scientific, Waltham, MA, USA) in a thermo-
cycler (95°C for 5 min and 30 cycles of 95°C for 15 seconds,
58°C for 30 s, and 72°C for 30 s followed by a final elongation
step of 72°C for 7 min). PCR products were run on a 2% (w/v)
agarose gel to assess that one single amplicon was amplified for
the PX458 transfected cells, as for the PX333-GFP transfected
cells, multiple amplicons corresponding to wild type, hetero-
or homozygous can be expected. Next, PCR products were li-
gated into the pPGEM-T Easy vector (Promega, Madison, WI,
USA) using TA cloning and transformed into TOP10F compe-
tent cells. Plasmids containing an insert were sequenced, using
sanger sequencing and SnapGene software (version 4.2.4, GSL
Biotech LLC, Chicago, IL, USA), to assess each clone for ho-
mozygous frame shift mutations. The Pkd! ™~ mDCT15 clones
were validated by western blot (Figure 5A) using 4%-15%
Criterion TGX Precast Gels (Bio-Rad Laboratories, Hercules,
CA, USA), PVDF membrane (Immobilon-P, Millipore
Corporation, Bedford, MA, USA), and the antibodies mouse
anti-PC1 (1:1000, Santa Cruz Biotechnology, Dallas, TX,
USA) and peroxidase-conjugated sheep anti-mouse (1:10,000,
Sigma-Aldrich, St. Louis, MO, USA). Blots were visualized
using enhanced chemiluminescence (Thermo Fisher Scientific,
Waltham, MA, USA). Both Pkdl =/~ clones used in this study
were generated independently by either use of the PX458 or
PX333-GFP plasmid. The Ift] 407" mDCT15 cell line was
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previously generated and validated by sanger sequencing and
immunocytochemistry.46

2.11 | Zebrafish experimentation

The effect of BB-FCF on cyst growth was studied in an es-
tablished zebrafish model of PKD, where PKD is induced by
the use of a translation blocking morpholino (MO) targeting
the zebrafish ortholog of human PKD?2 (pde).47 Wild-type
Tupfel long-fin zebrafish were used for experimentation.
In brief, PKD was induced in zebrafish larvae by microin-
jecting one- to two-cell stage embryos with the following
pkd2-MO:5'-AGGACGAACGCGACTGGAGCTCATC-3".
This MO has been previously validated as pkd2-mor-
phants phenocopy pkd?2 mutants.*® In parallel, control em-
bryos were injected with a standard mismatch control MO
(5'-CCTCTTACCTCAGTTACAATTTATA-3"),  directed
against a human f-globin intron mutation, at the amount of
2 ng/embryo (Gene Tools, Philomath, OR, USA). At 4 hours
postfertilization (hpf), BB-FCF was added to the medium
(standard E3 medium: 5SmM NaCl, 0.17mM KCl, 0.33mM
CaCl,, 0.33mM MgSO,) at a final concentration of 100 pM.
Non-treated fish were also included in our study. In this case,
only the vehicle (MilliQ water) was added (same volume as
used when adding BB-FCF) to the medium. In total, four ex-
perimental groups were realized: two groups microinjected
with the pkd2-MO, exposed and non-exposed to BB-FCF; and
two groups microinjected with the mismatch control MO, ex-
posed and non-exposed to BB-FCF. At 5days postfertilization
(dpf) larvae were anesthetized with tricaine/Tris pH 7.0 solu-
tion. Using brightfield microscopy (20x magnification) mor-
tality, pronephros cystic phenotype, curved tail and pericardial
edema were assessed, and high-resolution images of larvae
were obtained. Images were processed using Fiji (https:/fiji.
sc/) software (National Institutes of Health, Bethesda, MD,
USA) (Supporting Figure S1A,B). All animal procedures de-
tailed here were performed in accordance with national and
international legislations and were approved by the ethical re-
view committee of the Radboud University Nijmegen.

2.12 | Statistical analyses

Differences between groups were analyzed using an unpaired
Student's t test when two experimental groups were compared
and a factor of variance was considered. When more than two
experimental groups were considered, a one-way (one factor
of variance) or a two-way ANOVA (two factors of variance)
was applied, followed by the Tukey's test for multiple com-
parisons. Data in the figures are expressed as mean + SEM.
In the case of the experiments performed in vitro, the mean
is the average value of independent experiments (n = 3-4).
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Each independent experiment consisted of at least two (in the
case of ATP measurements) or three (in the case of gene ex-
pression measurements) replicates for each of the conditions
tested. For in vivo experiments, the sample size is depicted
in the figure legend. Differences in survival of zebrafish
larvae were analyzed with the logrank (Mantel-Cox) test.
P < .05 was considered statistically significant. All statistical
analyses were performed with Prism 8 (GraphPad, La Jolla,
CA, USA).

3 | RESULTS

3.1 | Flow modulates ATP extrusion in vitro
and in vivo

To assess whether FSS influences the cellular ATP re-
lease from renal cells, mDCT15 cells were exposed to
physiological FSS (Figure 1A). Cell morphology and
monolayer integrity were not affected by the culture con-
ditions (Figure 1B). A significant elevated ATP release
was observed in cells exposed to 1.2 dyn/cm2 FSS for
1 minute when compared to 0.3 dyn/cm?® FSS (100 + 75
vs 481 + 127%, P < .05) (Figure 1C). ATP release attenu-
ated when cells were exposed up to 5 minutes to these rates
(Figure 1D-F). Cells exposed to cycles of alternating 1 min-
ute exposures to 0.3 and 1.2 dyn/cm2 followed by 1 minute
rest displayed episodic peaks of ATP release when switch-
ing from 0.3 to 1.2 dyn/cm? FSS (100 + 31 vs 220 + 23%
and 5 £ 1 vs 19 + 4%, respectively, P < .05). Increasing
the static interval to 25 minutes resulted in higher ATP
release after applying FSS compared to a static interval
of 1 minute (7 £ 5 vs 69 + 11%, P < .05) (Figure 1G).
To assess whether ATP extrusion is FSS-modulated in
vivo, an acute water loading test in healthy human sub-
jects was performed. Acute water loading significantly in-
creased the urinary output, indicative of elevated urinary
flow, resulting in higher urinary ATP excretion (27 + 12
vs 2,426 + 530 and 27 + 12 vs 2,951 + 696 pmol ATP/
mmol creatinine for r =0 vs t = 60 and = 0 vs r = 90 min-
utes, respectively, P < .05) (Figure 1H). Overtime, urinary
output decreased, resulting in lower urinary ATP excretion
(2,951 + 696 vs 901 + 266 pmol ATP/mmol creatinine for
t =90 vs t = 150 minutes, respectively, P < .05).

3.2 | ATP extrusion not dependent on
primary cilia

Studies have shown that FSS-modulated ATP release is pri-
mary cilia-dependent.49 Therefore, Ift140”~ mDCT15 cells
were used, where ciliogenesis is inhibited, to study the ATP
extrusion upon FSS mechanosensation.*® After staining for
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the primary cilia-specific protein ARL13B, no primary cilia
were detected in Ift140™ cells. Wild-type cells displayed pri-
mary cilia (Figure 2A). Cells exposed to 0.3 and 1.2 dyn/cm2
FSS exhibited similar FSS-modulated ATP release between
wild-type and Ift140_/_ cells (100 + 34 vs 894 + 107 and
100 + 44 vs 770 + 274%, respectively, P < .05) (Figure 2B).

3.3 | mTORCI inhibition amplifies flow-
modulated ATP release

Because mTORCI is inhibited in cells upon flow sensing,
the role of mTORCI1 in FSS-modulated ATP release was
investigated.50 In detail, mDCT15 cells pre-incubated with
100nM rapamycin for lhr and untreated cells were exposed
to either 0.3 or 1.2 dyn/cm2 FSS. The FSS-modulated ATP
release was significantly increased in rapamycin-treated cells
as compared to untreated cells (963 + 123 vs 147 + 19 and
445 + 60 vs 100 + 34%, respectively, P < .05) (Figure 3A).
Furthermore, the intracellular ATP levels in rapamycin-
treated cells were significantly higher than untreated cells
(144 + 16 vs 100 = 5 and 153 = 7 vs 99 + 7%, P < .05)
(Figure 3B).

3.4 | Flow regulates P2ryl, P2rx5,
Entpd2, and Entpd3 expression

In order to investigate whether FSS affects the purinergic
signaling in mDCTI15 cells, wild-type cells were exposed
to static fluid and 0.6 dyn/cm® FSS for 3 hours. A signifi-
cant increase in P2rx5 and P2ryl mRNA was observed after

(A) DAPI ARL13B

wild-type

Ift140”

10 um . .
°
0 i
wild-type Ift140*
0.3dyn/cm?  + - + -
1.2 dyn/cm? - + - +
10 um

exposure to 0.6 dyn/cm2 FSS when compared to static controls
(267 + 58 vs 101 + 10 and 195 + 26 vs 101 + 10%, respec-
tively, P < .05). No changes in mRNA expression of P2rx4,
P2rx6, P2rx7, and P2ry2 were observed (101 £ 9 vs 119 + 5,
P=.16;100+5vs 119 +£ 10, P =.16; 102 + 12 vs 95 + 17,
P =.77;and 103 + 18 vs 116 + 15%, P = .61, respectively)
(Supporting Figure S2B-G). Expression of FSS-sensitive gene
Ptgs2 (Cox-2) was measured as positive control indicating
the mRNA expression under FSS (131 + 69 vs 660 + 220%,
P = .08) (Supporting Figure S2A4).** Significantly higher
mRNA expression of Entpd2 and Entpd3 was detected after
exposure to FSS, whereas the mRNA expression of Nt5e was
not altered (105 + 24 vs 533 + 132%, P < .05, 105 + 24 vs
503 + 104%, P < .05 and 101 + 9 vs 79 + 10%, P = .20,
respectively) (Supporting Figure S2H-J). Since extracellular
ATP is known to affect intracellular Ca*" levels via puriner-
gic receptors, mDCT15 cells were exposed to 100 pM extra-
cellular ATP. Consequently, increased intracellular Ca’* was
observed 10 seconds after the ATP exposure. This response
was significantly attenuated when cells were incubated with
10 pM MRS2500, a specific P2Y1 inhibitor (0.79 + 0.02 vs
0.59 + 0.03APeak, P < .05) (Supporting Figure $3).”!

3.5 | Pannexin-1 contributes to flow-
modulated ATP extrusion

In order to identify the extrusion mechanisms gating FSS-
modulated ATP release, mRNA expression of candidates me-
diating the ATP release was assessed after mDCT 15 cells were
exposed to either static or 0.6 dyn/cm2 FSS (Figure 4A). In
virtue of their expression in kidney, pannexin-1, connexin-37,
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FIGURE 2 FSS-modulated ATP release is not dependent on the presence of primary cilia. A, Immunocytochemical observation of primary
cilia, detected through ARL13B staining, in wild-type mDCT15 cells. In /ft140~~ mDCT15 cells no primary cilia were observed. B, Elevated ATP
release in both wild-type and [ft/40™~ mDCT15 cells exposed to 1 min of 1.2 dyn/cm2 FSS as compared to 1 min of 0.3 dyn/cm2 FSS (n=4).
Values are presented as the mean + SEM, significant differences (P < .05) are denoted with symbol a
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Inhibition of mMTORCI by rapamycin amplifies FSS-modulated ATP release and increases intracellular ATP. A, FSS-modulated

ATP release of wild-type mDCT15 cells exposed for 1 min to either 0.3 or 1.2 dyn/cm” FSS and pre-incubated with or without 100 nM rapamycin.
B, Intracellular ATP of wild-type mDCT15 cells exposed for 1 min to either 0.3 or 1.2 dyn/cm” FSS and pre-incubated with or without 100 nM
rapamycin. Values are presented as the mean + SEM (n = 4). Significant differences (P < .05) between 0.3 and 1.2 dyn/cm?® FSS without

rapamycin are denoted with symbol a, significant differences (P < .05) between 0.3 and 1.2 dyn/cm’ FSS with rapamycin are denoted with symbol

b, significant differences (P < .05) between 1.2 dyn/cm? FSS incubated with or without rapamycin are denoted with symbol ¢

and Abcc6 were considered to regulate FSS-sensitive ATP ex-
trusion.””>* A significant increase in Panx/ mRNA, but not
Cx37 and Abcc6, was observed in wild-type cells after expo-
sure to 0.6 dyn/cm2 FSS when compared to static (297 + 28 vs
111 +37%, P < .05,112 + 8 vs 101 + 8%, P =37 and 100 + 4
vs 107 + 6%, P = 42, respectively) (Figure 4B-D). To further
investigate whether pannexin-1 channels mediate the FSS-
rate sensitive ATP release, wild-type and PanxI™~ mDCT15
cells were exposed to 0.3 and 1.2 dyn/cm2 with or without
100 pM brilliant blue FCF (BB-FCF). Via sanger sequencing
a homozygous deletion starting in 5'UTR and ending in exon
1 (g.15,045,106_15,044,905del) was observed in Panxl /-
cells, effectively removing the start codon for Pannexin-1
(Supporting Figure S4). An increased ATP release was ob-
served when wild-type cells were subjected to 1.2 dyn/cm2
compared to cells subjected to 0.3 dyn/cm2 FSS (586 + 143
vs 100 + 25%, P < .05). With cells subjected to 1.2 dyn/cm®
FSS, a significant decreased FSS-modulated ATP release was
observed in wild-type cells exposed to BB-FCF when com-
pared to non-exposed cells (586 = 143 vs 231 +41%, P < .05).
PanxI™" cells, with or without BB-FCF, displayed a similar
decreased FSS-modulated ATP release when compared to non-
exposed wild-type cells (586 + 143 vs 283 + 24%, P < .05,
586 + 143 vs 285 + 80%, P < .05) (Figure 4E). These in vitro
data illustrate pannexin-1 as an important extrusion mechanism
for FSS-modulated ATP release in mDCT15 cells.

3.6 | Variable flow has no effect on ATP
release when polycystin-1 function is lost

]del

Since urinary ATP excretion is elevated in iKsp-Pkd1“" mice,

experiments were designed to assess the role of PCI in

renal FSS-modulated ATP release. To this end, Pkdl /=
mDCT15 cells were generated and validated (Figure 5A).
ARLI13B-positive primary cilia were detected in Pkdl ™" cells
(Figure 5B). ATP extrusion was observed when Pkdl = cells
were exposed to 0.3 and 1.2 dyn/cm? FSS. Significantly higher
ATP release after 0.3 dyn/cm2 exposure in Pkdl 7~ cells was
observed vs wild-type cells (775 £ 250 vs 100 + 34%, P < .05)
(Figure 5C). When Pkd1 7 cells were exposed to 1.2 dyn/crn2
FSS, similar increased ATP release was observed when com-
pared to wild-type cells (526 + 302 vs 100 + 42%, P = .13)
(Figure 5E). Intracellularly, ATP levels were significantly in-
creased in Pkd1 ™~ vs wild-type cells (255 + 56 vs 100 + 5 and
211 £ 18 vs 100 + 7%, P < .05) (Figure 5D,F). ATP release
measured in Pkdl™~ mDCT15 cells was not sensitive to vary-
ing FSS. mTOR inhibition, using 100 nM rapamycin, did not
amplify FSS-modulated ATP release in these cells (100 + 52
vs 120 £+ 65, P = .99 and 235 + 113 vs 331 + 150%, P = .91,
respectively) (Figure 5G). In contrast with wild-type cells,
treatment of Pkdl™~ cells with 100 nM rapamycin had no
significant effect on intracellular ATP (100 + 24 vs 96 + 22,
P =99 and 92 + 16 vs 100 + 18%, P = .99, respectively)
(Figure SH). These data were reproduced in a second, inde-
pendently generated, Pkd1 ~~ clone (Supporting Figure S5).

3.7 | Pannexin-1 mediates increased
basal ATP extrusion when polycystin-1 is
dysfunctional

There is growing evidence indicating extracellular ATP may
contribute to PKD pathogenesis.24 Therefore, we investigated
the role of ATP in Pkdl™~ mDCT15 cells and iKsp-PkdI"
mice. Wild-type and Pkdl™~ mDCT15 cells were exposed to
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FIGURE 4 Pannexin-1 mediates FSS-modulated ATP release in vitro. A, Schematic overview of in vitro microfluidic set-up for all gene

expression experiments performed in this study. B-D, mRNA expression of PanxI, Cx37, and Abcc6 after 3 h of 0.6 dyn/cm?® FSS as compared to
static conditions (n = 3). E, FSS-modulated ATP release of wild-type and PanxI ™~ mDCT15 cells exposed for 1 min to either 0.3 and 1.2 dyn/
cm? FSS and incubated with or without 100 uM BB-FCF (n = 4). Values are presented as the mean + SEM, significant differences (P < .05) are
denoted with symbol a (ie, static to 0.6 dyn/cm? or 0.3 to 1.2 dyn/cm?) or b (wild-type 1.2 dyn/cm? without BB-FCF to Panx] ™~ 1.2 dyn/cm?

without BB-FCF or wild-type and PanxI™~ 1.2 dyn/cm? with BB-FCF)

0.6 dyn/cm2 FSS or a static environment. In line with elevated
ATP release of Pkdl™" cells, significantly increased Panxl
mRNA was observed in Pkdl ™" vs wild-type cells under static
conditions (776 £ 91 vs 101 + 9%, P < .05) (Figure 6A). mRNA
of Cx37 and Abcc6 were not altered (105 + 21 vs 79 + 18 and
100 + 4 vs 128 + 25%, respectively, P > .05) (Figure 6B-C).
Similar results were obtained when cells were exposed to
0.6 dyn/cm2 FSS (Supporting Figure S6). ATP release of
Pkdl™" cells exposed to 1.2 dyn/cm2 FSS was reduced when
incubated with 100 pM BB-FCF as compared to non-incubated
cells (48 + 14 vs 105 + 28%, P < .05) (Figure 6D). Under static,
ATP release was significantly increased in Pkdl ™~ vs wild-type

cells (202 + 22 vs 100 + 28%, P < .05). Incubation of Pkd] -
cells with 100 pM BB-FCF inhibited ATP extrusion in static
conditions (114 + 15 vs 202 + 22%, P < .05), whereas in wild-
type cells no decrease in static ATP release was observed when
exposed to 100 pM BB-FCF (79 + 11 vs 100 + 28%, P = .87)
(Figure 6E). In line with the in vitro findings, a significant higher
urinary ATP excretion was observed in iKsp-PkdI™ mice
compared to non-induced age and genotype-matched controls
(2.05 + 0.24 vs 0.81 + 0.22 pmol/24 h, P < .05) (Figure 6F).
Furthermore, iKsp-Pkdl ! mice showed increased renal Panx]
mRNA compared to controls (141 = 18 vs 100 + 4%, P < .05)
(Figure 6G).
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FIGURE 5 Loss of Polycystin-1 function lacks FSS-modulated ATP extrusion. A, Western blot validation (anti-Polycystin-1, 7E12) of
CRISPR/Cas9 generated Pkdl ~~ mDCT15 clones; clone 1 compound heterozygous for the mutations p.Arg605Leufs*16 and p.GIn607Leufs*16,
clone 2 homozygous for the mutation p.Ser612Glyfs*67. The second band in clone 1 corresponds to the expected truncated mutant PC1 protein size

after DNA sequencing analysis. B, Immunocytochemistry observation of primary cilia, detected via staining for ARL13B, in Pkdl ~~ mDCTIS5 cells.
C and D, ATP release and intracellular ATP, respectively, of wild-type and Pkd] ~~ mDCT15 cells exposed for 1 min to 0.3 dyn/cm2 FSS. E and

F, ATP release and intracellular ATP, respectively, of wild-type and Pkd1 ~~ mDCT15 cells exposed for 1 min to 1.2 dyn/cm2 FSS. G and H, ATP
release and intracellular ATP, respectively, of wild-type and Pkdl ~~ mDCT15 cells exposed for 1 min to 0.3 or 1.2 dyn/cm2 FSS with or without

100 nM rapamycin incubation. Values are presented as the mean + SEM (n = 4), significant differences (P < .05) are denoted with symbol a

3.8 | Pannexin-1 inhibition attenuates cyst
growth in a zebrafish model for PKD

Our data indicate that, in PKD, purinergic signaling is dys-
regulated with respect to the healthy context. Therefore, inhi-
bition of ATP release through pannexin-1 could attenuate the
disease progression. This hypothesis was tested in a zebrafish

PKD model. Renal cyst formation, the hallmark of PKD, was
observed in zebrafish after inhibition of the ortholog of human
PKD2, pkd2, one of the genes mutated in PKD.*’ Typical
pkd2 morphant phenotype (cystic pronephros and curved tail)
was observed in larvae injected with pkd2-MO at 5dpf, while
control fish (injected with control MO) did not display any
morphological abnormality (Figure 7A-C). Conspicuously,
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FIGURE 6 Pannexin-1 expression and ATP extrusion, in vitro and in vivo, is elevated when polycystin-1 is dysfunctional. A-C, mRNA
expression of PanxI, Cx37, and Abcc6 in Pkd1™~ mDCT15 cells as compared to wild-type mDCT15 cells after 3 h of 0.6 dyn/cm® FSS exposure
(n = 3). D, ATP release of Pkdl ~~ mDCTI5 cells exposed for 1 min to 1.2 dyn/cm2 FSS and incubated with or without 100 pM BB-FCF (n = 4).
E, Static ATP release of wild-type mDCT15 and Pkdl ™~ mDCT15 cells incubated with or without 100 pM BB-FCF (n = 4), in this panel symbol
a indicates significant difference with wild type treated and untreated with BB-FCF, and Pkdl ™" treated with BB-FCF. F, Urinary ATP levels
(pmol/24 h) of pre-cystic iKsp-Pkd1%' and control mice (PN18 + 29days, n = 7-8). G, Panx] mRNA expression of pre-cystic iKsp-Pkd1% and
control mice (PN18 + 29days, n = 7-8). Values are presented as the mean + SEM, significant differences (P < .05) are denoted with symbol a

cyst growth in pkd2 morphants was attenuated in morphants
exposed to 100 pM BB-FCF from 4hpf to 5dpf (Figure 7D),
a treatment with no effects on control fish morphology
(Figure 7B). Additionally, in pkd2 morphants treated with
BB-FCF, increased survival was observed at 5dpf, compared
to non-exposed pkd2 morphants (82% and 24%, respectively)
(Figure 7E). pkd2 morphants exposed to BB-FCF displayed

similar degree of cyst formation as untreated pkd2 morphants
(Figure 7F), but cysts were significantly smaller in BB-FCF-
exposed pkd2 morphants (319 + 28 vs 119 + 13%, P < .05)
(Figure 7G). No changes in pericardial edema area or the
number of curly tails, characteristic features of pkd2 mor-
phants,47 were observed upon BB-FCF treatment (5 + 1 vs
6 + 1%, P = .49 for the pericardial edema area) (Figure 7H,I).
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FIGURE 7 Inhibition of Pannexin-1 channels in a zebrafish PKD model results in decreased cyst growth. A and B, Phenotypic brightfield
images of representative zebrafish larvae (5days postfertilization) after treatment with control MO (A) or with control MO plus 100 pM BB-FCF
(B) (20x magnification). C and D, Phenotypic brightfield images of representative zebrafish larvae (Sdays postfertilization) after treatment with
pkd2 MO (C) or with pkd2 MO plus 100 pM BB-FCF (D) (20x magnification). Zoomed-in image of pronephros cyst is depicted in image-box

in left upper corner. (E) Survival percentage of zebrafish larvae (5days postfertilization) upon treatment with control MO, with (100% survival)

or without (100% survival) 100 pM BB-FCF administration, or upon treatment with pkd2 MO, with (82% survival) or without (24% survival)

100 uM BB-FCF. (F) Percentage of zebrafish larvae displaying a pronephros cyst after treatment of control MO with (n = 20) or without (n = 20)
100 pM BB-FCF administration and pkd2 MO with (n = 24) or without 100 pM BB-FCF (n = 14). (G) Relative pronephros cyst area in zebrafish
larvae (5 days postfertilization) after treatment of pkd2 MO with (n = 15) or without (n = 10) 100 pM BB-FCF. (H) Pericard-sack area (pericardial
edema) relative to the eye area of pkd2 morphants (n = 10) and pkd2 morphants treated with 100 pM BB-FCF (n = 15). (I) Percentage of zebrafish
larvae displaying curled tail phenotype (black bars). (J) Degree of tail bending (curved tail) of pkd2 morphants (n = 10) and pkd2 morphants treated
with 100 pM BB-FCF (n = 15). Values are presented as the mean + SEM, significant differences (P < .05) are denoted with symbol a

85U80]7 SUOLLLOD @A 18810 3ceoldde 8Ly Aq peuenob ke sajole YO ‘88N JO S9N 10} ARIqiT8UIIUO AB[IM UO (SUOTHPUOO-PU.-SWLBH 00" A8 | 1M Afe.d1|Bul[U0//:SANY) SUORIPUOD PUe SWie | 8188 *[220z/TT/TZ] Uo AriqiTauluo A(IMm ‘Uepe O AseAlun AQ HT06Z06TOZ [}/960T 0T/I0PAL0D A8 1M ARe.q1|Bu {UO"GRSey//SdNY WO1) pepeoumoq G ‘0202 ‘09890€ST



VERSCHUREN ET AL.

ﬂI_?ASEkBJOURNAL

However, degree of tail bending was significantly reduced
in pkd2 morphants treated with BB-FCF (41.3 + 3.2 vs
62.5 +4.7°, P < .05) (Figure 7).

4 | DISCUSSION

This study demonstrates that the renal ATP-channel pan-
nexin-1 is key for release of ATP from tubular epithelial cells
toward the urinary compartment upon flow mechanosensa-
tion in physiological conditions and disease models of PKD.
Moreover, our data show that inhibition of pannexin-1 at-
tenuates the renal cyst growth, pointing to involvement of
ATP excretion in PKD progression. These conclusions are
substantiated by the following findings: i) Panx] expression
is upregulated upon flow exposure in renal cells, and corre-
lates with apical ATP release that is reduced when these cells
are exposed to the specific pannexin-1 inhibitor BB-FCF; ii)
Panx1 expression and urinary ATP levels are higher in iKsp-
Pkd1?% vs control mice, correlating with increased ATP ex-
trusion and Panx] expression in Pkdl™" vs wild-type cells;
iii) cyst growth is attenuated in a zebrafish model of PKD
(pkd2 morphants) exposed to pannexin-1 inhibitor BB-FCF.

Tubular flow stimulates the ATP excretion by mDCT15
cells. Importantly, the FSS magnitudes employed in our
study (0.3 to 1.2 dyn/cmz) cover the expected physiological
FSS for the nephron.ss'58 We aimed to translate this in vitro
phenomenon to the in vivo situation. In this sense, urinary
ATP excretion was higher with increased urinary output, as
showed by the acute water loading test performed in human
healthy subjects. Conversely, when urinary output decreases,
urinary ATP excretion was also reduced. In turn, variations
in extracellular ATP will have effect on purinergic signal-
ing.59 Purinergic ligands, including ATP, will interact with
P2X/P2Y or P1 receptors, affecting kidney function, among
others maintenance of electrolyte homeostasis.'**** In line
with this, our findings indicate FSS-dependent expression of
several purinergic components such as P2ryl, P2rx5, Entpd2
and Entpd3. Exposing mDCT15 cells to extracellular ATP
elicited an intracellular Ca®* response, indicating that these
cells are purinergically active. Furthermore, mDCTI15 cells
are a relevant model to use in this study since the cyst for-
mation in PKD originates mainly from CD but also the distal
tubule, including the thick ascending limb of Henle's loop
and DCT."* In addition, ATP released from DCT can have a
profound effect, via purinergic signaling, on the CD.

A link between FSS-modulated ATP release and primary
cilia was not observed in the mDCT15 cells used in this study.
Previously, flow-stimulated ATP release has been shown to
be primary ciliz:1-de:p<3nde:nt.33’49 However, primary cilia-in-
dependent ATP release has also been reported.61 These dis-
crepancies may be attributed to differences in the mechanical
stimulation by flow such as the presence or absence of a

variable pressure on the cell surface.*’ Our findings showed
that FSS-modulated ATP release can occur without primary
cilia, at least in mDCT15 cells.*®

While FSS-modulated ATP release has effects on puri-
nergic signaling and therefore on renal function, little is
known about the molecular mechanism that regulates FSS-
modulated ATP release. A link between mTORCI and FSS
was previously established in MDCK cells, in which pri-
mary cilia sensing of flow was implicated.50 Interestingly,
when rapamycin-incubated mDCT15 cells were exposed to
03 o0r1.2 dyn/cm2 FSS, cellular ATP release was amplified.
This finding suggests a regulatory role of mMTORCI in FSS-
modulated ATP release. In addition, we observed an FSS-
insensitive increase in intracellular ATP levels by rapamycin.
This observation might be attributed to the stimulation of
glycolysis by rapamycin, as previously observed in other cell
models.®”** We also observed an increase in intracellular
ATP in Pkdl™" cells compared to wild type. These obser-
vations are in line with a previous publication demonstrating
enhanced glycolysis and increased intracellular ATP levels in
Pkdl™" cells and cystic kidnf:y.65 In this regard, the absence
of a further increase in intracellular ATP in Pkdl ™~ cells ex-
posed to rapamycin might be attributed to a saturated glyco-
Iytic capacity or a negative regulation mechanism absent in
wild-type cells.

Among the plethora of cellular ATP extrusion mech-
anisms, pannexin-1, connexin- 30 (Cx30), connexin-30.3
(Cx30.3), and connexin-37 (Cx37) can potentially mediate
the urinary ATP excretion.’*>*> Pannexins and connexins
form transmembrane channels with strong apical expression
in renal tubular epithelial cells.’>® Previous studies showed
that perfusion of tubules expressing Cx30, causes ATP re-
lease into the tubular lumen.%® Renal Cx30 expression is
restricted to the connecting tubule and CD.*% In contrast,
pannexin-1 and Cx37 are expressed ubiquitously along the
nephron, whereas Cx30.3 is confined to CD.**>* Abcc6 me-
diates ATP release in liver and is expressed in kidney.54’70
In our study, only the expression of Panxl was significantly
increased when cells were exposed to 0.6 dyn/cmz. Though
the duration of FSS exposure was different between gene ex-
pression and ATP experiments, these findings suggest that
pannexin-1 could be the primary regulator of FSS-modulated
ATP extrusion. Indeed, inhibition and knockout of pan-
nexin-1 reduced FSS-modulated ATP release.

PC1 and PC2, have been postulated to play a key role in
mechanosensation.'>’! We show that in a PKD mouse model,
urinary ATP levels were increased compared to control mice,
which has never been reported before. ' Interestingly, PanxI
expression levels were higher in iKsp-Pkd 1% vs control mice
and these results were confirmed in Pkdl™" cells. The in-
crease in basal ATP release observed in Pkdl™~ cells was
largely mediated via pannexin-1 since the pannexin-1 inhibi-
tor BB-FCF significantly reduced this response. Importantly,
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FSS did not enhance the ATP release in Pkdl ™~ cells, cor-
roborating the lack of mechanosensitive ATP extrusion in
these cells. Dysfunctional PC1 also critically affects the tran-
scriptome of kidney cells.” In addition, increased expression
of pannexin-1 in cyst lining cells of a mouse and rat PKD
model has recently been reported.zo’73 Under given stimuli
(eg, mechanic stimulation, intracellular concentrations of
certain ions, etc), higher pannexin-1 expression may result
in higher transport activity. Our findings suggest that higher
urinary ATP levels in PKD could be explained by an upreg-
ulation of PanxI expression, a feature that may be related to
the PKD transcriptome.

Our findings are also in line with other studies showing
elevated ATP release in primary PKD cells. 1422 Fyrthermore,
mTORCI inhibition in Pkdl™" cells did not enhance FSS-
modulated ATP release, suggesting that PC1 is required
for mTORCI to regulate FSS-modulated ATP release.
Conspicuously, intracellular ATP was higher in Pkd1 = cells,
however inhibition of mMTORC1 did not increase intracellular
ATP. These findings indicate that without PC1, ATP dynam-
ics, both intra- and extracellular, are altered.

Elevated extracellular ATP levels are likely independent
of flow sensing in PKD. This is highlighted by our in vivo
and in vitro PKD models (iKsp-Pkd1%' mice and Pkdl™~
mDCT15 cells, respectively) where increased ATP extrusion
was observed. In early PKD, hyperfiltration is common.”
However, based on data displayed in the present study, this
would not cause elevated ATP release since PC1 is required
for FSS-modulated ATP extrusion. Strikingly, basal ATP ex-
trusion is increased in Pkdl ™~ cells and supported by elevated
urinary ATP excretion in iKsp-Pkd1’ mice. The elevated
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extracellular ATP can be detrimental to PKD progression.75
This is indicated by studies showing elevated expression of
P2Y2, P2Y6 and P2X7 in a rat model of PKD, and that ex-
pression of both P2X4 and P2X7 increases during progres-
sion of PKD.'®*'In addition, inhibition of P2X7 in a zebrafish
PKD model reduced cyst formation.”® Extracellular ATP has
been shown to mediate chloride (C1") secretion through Ca’>*
signaling.14 It is hypothesized that an elevated CI~ secretion
contributes to cyst growth. In fact, it was shown that activa-
tion of CI™ channel TMEMI16A, via P2Y2, promotes renal
cyst growth.77'79 In PKD, increased extracellular ATP may
be available via pannexin-1, but also the expression profile
of purinergic receptors is shifted in cystic epithelia toward
increased P2X4 and P2X7 prevalence, enlarging detrimental
effects of ATP on disease progression. Reducing extracellu-
lar ATP content as therapeutic approach for PKD could prove
to be an interesting endeavor. Based on our findings with the
zebrafish PKD model, pannexin-1 emerges as novel target
to prevent cyst growth in PKD. Unlike probenecid, which
is a well-known pannexin-l20 but also P2X7 inhibitor,80 the
inhibitor used here, BB-FCF, has been demonstrated to be
specific for pannexin-1 and does not target P2X7.%® Thus,
our findings unequivocally indicate the contribution of pan-
nexin-1 to cyst growth and suggest this channel as druggable
target for PKD therapy. Interestingly, pannexin-1 expression
levels appear to be dramatically increased in pathological
conditions compared to the healthy kidney making it an es-
pecially interesting therapeutic targc:t.73’81 BB-FCF, is con-
sidered safe to use. To be effective in humans, a higher daily
dose of BB-FCF should be administered than the acceptable
daily intake of 6mg/kg body weight/day set by the European
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FIGURE 8 Polycystin-1 regulates pannexin-1 mediated purinergic signaling. (A) Variable pro-urinary flow is sensed and translated into a

molecular signaling cascade involving the inhibition of mMTORCI, increased function of PC1 and in turn activation or upregulation of pannexin-1

channels to release more ATP into the extracellular lumen. The extracellular ATP, and its hydrolysis products ADP, AMP, and adenosine, will

evoke an activation of purinergic signaling. Long-term exposure to increased FSS results in the increased expression of various purinergic signaling

components; that is, P2Y/P2X receptors and ectonucleotidases (ENTPDs). (B) In the case of PC1/PC2 loss-of-function, ATP release via pannexin-1

is increased followed by an augmented cyst growth. Inhibition of pannexin-1 channels (ie, using BB-FCF) decreases the elevated ATP release and

reduces subsequent cyst growth when PC1/PC2 function is impaired
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Food and Safety Authority.82 A potential side effect using
BB-FCF may be blue skin coloration.* Therefore, identify-
ing structurally related compounds or other pannexin-1 in-
hibitors is warranted.

In summary, we present a novel mechanism for renal FSS-
modulated ATP release through pannexin-1 channels regu-
lated via PC1 (Figure 8). Our study strengthens the notion
that extracellular ATP plays a key role in disease progression
of PKD. Furthermore, our data suggest that inhibition of ATP
release in PKD could reduce cyst growth. Thus, pannexin-1 is
presented as novel therapeutic target in PKD.
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