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Abstract

Background/Aims: Extracellular GTP is able to modulate some specific functions in neuron,
glia and muscle cell models as it has been demonstrated over the last two decades. In
fact, extracellular GTP binds its specific plasma membrane binding sites and induces signal
transduction via [Ca?*] increase. We demonstrate, for the first time, that extracellular GTP is able
to modulate cell swelling in M1-CCD cortical collecting duct epithelial cells via upregulation
of aquaporin 5 (AQP5) expression. Methods: We used videoimaging, immunocitochemistry,
flow cytometry, confocal techniques, Western blotting and RT-PCR for protein and gene
expression analysis, respectively. Results: We demonstrate that AQP5 mRNA is up-regulated
7 h after the GTP exposure in the cell culture medium, and its protein level is increased
after 12-24 h. We show that AQP5 is targeted to the plasma membrane of M1-CCD cells,
where it facilitates cell swelling, and that the GTP-dependent AQP5 up-regulation occurs via
[Ca?*]. increase. Indeed, GTP induces both oscillating and transient [Ca?']. increase, and
speaﬁcally the oscillating kinetic appears to be responsible for blocking cell cycle inthe S-phase
while the [Ca?*]. influx, with whatever kinetic, seems to be responsible for inducing AQP5
expression. Conclusion: The role of GTP as a regulator of AQP5-mediated water transport
in renal cells is of great importance in the physiology of renal epithelia, due to its possible
physiopathological implications. GTP-dependent AQP5 expression could act as osmosensor.
In addition, the data presented here suggest that GTP might play the same role in other
tissues where rapid water transport is required for cell volume regulation and maintenance of

the homeostasis. Copyright © 2014 S. Karger AG, Basel
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Introduction

The P2 purinoceptors are a family of ATP-gated receptors that are expressed on
epithelial cells of the kidney, in the apical and basolateral membranes of the distal nephron
and in the cortical collecting duct. The P2 family [1, 2] comprises two subtypes, P2X
receptors, which are ionotropic ATP-gated receptor channels, and P2Y receptors, which are
metabotropic G-protein-coupled receptors. GTP has been demonstrated to activate the P2Y2
receptor, as also seen for ATP and UTP [3, 4]. Moreover, the role of GTP as a physiological
mediator has received strong support from data produced in our laboratory confirming
the presence of specific binding sites for GTP on the plasma membrane of both neuronal-
like cells and myogenic cells [5, 6]. Indeed, guanine-based purines have been demonstrated
to participate in trophism of glia cells and neuritogenesis [7-9]. The literature on acute
extracellular GTP signal transduction describes a GTP-dependent increase in intracellular
Ca® concentrations ([Ca*]). In particular, in C2C12 myoblasts, the GTP-dependent
[Ca*'] increase arises through the release of Ca** from intracellular stores, with the activation
of intermediate Ca*-activated K* channels, which hyperpolarize the membrane potential
[10]. This GTP-dependent signal induces specific gene expression that can modulate
myoblast differentiation [11]. Moreover, the data already present in the literature show that
GTP regulates cell proliferation, by causing a block of cells in the S-phase of the cell cycle
[10, 12]. Other studies have demonstrated that the intracellular GTP concentration and the
rate of GTP synthesis/ degradation are important regulators of cell fate, which results in cell
death when GTP is too low [13].

It has been shown that, by acting in paracrine and autocrine manners, extracellular
ATP binds P2Y2 receptors and modulates salt reabsorption in the kidney collecting ducts.
In particular, ATP inhibits both Na* reabsorption, through EnaC, and water reabsorption,
through aquaporin 2 (AQP2) (reviewed by Vallon et al. [14]). Specifically, data obtained
on mpkCCD cells showed the expression of significant amounts of mRNA of P2 receptors
(P2X2, P2X4, P2X5, and P2X7 subunits, and for P2Y1, P2Y2, and P2Y4 receptors) and their
involvement in the down-regulation of AQP2 [15]. However, despite the emerging role of
ATP in renal physiology, there are no reports of the effects of extracellular GTP on epithelial
renal cells.

Strikingly, in the present study, we describe a novel role of extracellular GTP as a
modulator of plasma-membrane water permeability in a mouse cortical collecting duct
cell line, M1-CCD cells [16]. We demonstrate that extracellular GTP increases the water
permeability and cell swelling of M1-CCD cells in vitro by inducing the expression of the
water channel AQPS5. Interestingly, we recently reported the novel observation that adult
renal progenitor/stem cells (ARPC) and type-B intercalated cells (ICs) in the collecting duct
express AQP5 at the apical plasma membrane and proposed a role of AQP5 as osmosensor of
the tonicity of the extracellular fluid [17].

These observations in renal cell culture may open a new field of investigation towards
our understanding of the roles of extracellular GTP in renal physiology and pathophysiology.

Materials and Methods

Cell culture and reagents

The M1-CCD cell line (CRL-2038; American Type Culture Collection, Manassas, VA, USA) was derived
from renal collecting duct cells that were microdissected from a mouse that was transgenic for the early
region of SV40 virus [strain Tg(SV40E) Bri7] [16]. M1-CCD cells were routinely grown in 56.7 cm? polystyrene
culture dishes containing growth medium (Dulbecco’s modified Eagle’s medum [DMEM]/ Ham’s F-12
[1:1, DMEM/F-12; #21041025, Invitrogen] with 5% fetal bovine serum [#ECS0180L, Euroclone], 100 U/
ml penicillin, and 100 pg/ml streptomycin (#ECB3001D, Euroclone). The cultures were maintained in an
atmosphere of 100% humidity in 5% CO, at 37 °C. The medium was changed every 2 to 3 days, and the cells
were subcultured at confluence, using trypsinization.
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The following reagents were purchased from Sigma-Aldrich Srl (St. Louis, MO, USA): guanosine
5’-triphosphate (GTP, G5884), adenosine 5’-triphosphate (ATP, A6419), guanosine (G6264), forskolin
(F3917), suramin (S2671), and reactive blue 2 (RB2; Basilen Blue E-G3, B5520); all reagents were used
without any purification step.

Wheat germ agglutinin, Alexa Fluor 555 conjugate was purchased from Life Technologies (www.
lifetechnologies.com).

Antibodies

Antibodies against an extracellular epitope of AQP2/AQP5 were generated by immunization of
rabbits with a synthetic peptide that reproduced the sequence of the human AQP2 extracellular C-loop
(IRGDLAVNALSNSTT, 80% identical to mouse AQP5 C-loop peptide ARGNLAVNALSNNTT), as previously
published [18]. Rabbit-anti-rat AQP5 antibodies were used for immunoblotting (Alomone Labs; www.
alomone.com).

Primary antibodies were labeled using the fluorescein isothiocyanate (FITC) Zenon Antibody Labeling
kits (Gibco, Invitrogen, Carlsbad, CA, USA), following the manufacturer instructions. All of the antibodies
were titrated to obtain their optimal dilutions for the experimental settings.

Apparatus and chromatographic conditions

The HPLC set-up comprised an Agilent 1100 series autosampler (G1329A), and a column oven
(G1316A), degasser (G1322A), quaternary pump (G1311A) and UV detector (G1315B). The instrumental
control and data acquisition and processing were all carried out using ChemStation software (Agilent
Technologies, Wokingam, UK). A Discovery C18 250 x 4.6 mm column fitted with a guard column (Supelco)
was used for the chromatographic separation. The column was kept at 40 °C, and the detection absorption
wavelength was set at 254 nm. The mobile phase consisted of a gradient mix of 50 mM phosphate buffer
(K,HPO,, KH,PO, and 10 mM tetrabutylammonium hydrogen sulphate, TBAHS; solution A) adjusted to pH
6, and acetonitrile (solution B) at concentrations that varied from 0% to 30% over the duration of the HPLC
run, as follows: 0-5 min, 0% B; 5-10 min, 0%-30% B; 10-30 min, 30% B; 30-32 min, 30%-0% B; 32-45
min, 0% B. The flow rate was set at 1 mL min™. The injection volume was 50 pL for all of the samples. The
samples were kept at 4 °C in the autosampler for no longer than 12 h before injection. GTP was identified on
the basis of its retention time (17.5 min).

Confocal microscopy

M1-CCD cells (3,000 cells/cm?) were seeded in 96-well plates with optical membranes (#3614,
Corning) and grown for 3 to 5 days. Fluorescent images were obtained using a Bio-Rad MRC-1000 inverted
confocal microscope system with a Zeiss 63x/1.25 PLAN NEOFLUAR oil-immersion objective (Zeiss,
Jena, Germany). The cells were then fixed and stained with wheat germ agglutinin WGA-555 (W32464,
Invitrogen) conjugated with Alexa Fluor® 555 dye (excitation/emission maxima ~555/565 nm). Alexa
Fluor® 555 WGA binds to sialic acid and N-acetylglucosaminyl residues. The laser potency, photomultiplier
settings and pin-hole size were kept constant for the entire series of experiments.

Cell surface area from at least 20 cells per experimental condition was accurately quantified in 3
independent experiments using Image ] (http://rsb.info.nih.gov) and expressed as percentage of control
cells area.

Intracellular Ca?* measurements

For the measurement of intracellular Ca** concentration ([Ca®']), 3,000 M1-CCD cells cm? were
seeded in 96-well plates with optical membranes (#3614, Corning) and grown in growth medium for 3 to
5 days, with the medium changed every 2 days. We tested 75 to 100 cells for each experimental protocol.

The M1-CCD cells were incubated for 45 min at 37 °C in normal extracellular solution (10 mM glucose,
140 mM Na(l, 2.8 mM KCl, 2 mM CaCl,, 2 mM MgCl, and 10 mM HEPES, pH 7.4) supplemented with 10 mg
ml? bovine serum albumin and 5 pM Fura-2AM (#F1221, Molecular Probes). The samples were treated and
the images were collected as described previously [6]. The acquisition time for each fluorescence emission
was 5 s. Temporal plots were calculated for the entire cell area as the mean values of the ratios between the
340 nm and 380 nm fluorescence signals: fand f, respectively.
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Real-time PCR

For the real-time PCR, the M1-CCD cells were cultured for 12 h, 24 h, 48 h and 72 h in the absence and
presence of 500 uM GTP, 500 pM guanosine and 100 uM ATP. The total RNA was isolated using Tri Reagent
(Sigma), according to the manufacturer instructions. Moreover, we stimulated the cells with GTP for 1 h, 3
h and 7 h in the absence or presence of extracellular Ca?* (+2 mM EGTA in the medium) and continued the
incubation with fresh medium for up to a total incubation time of 24 h. The cells were then collected for RNA
extraction.

For cDNA synthesis, 20 pl (1 pg) total RNA was directly processed with High-Capacity cDNA Archive kits
(Applied Biosystems), according to the manufacturer instructions. Singleplex real-time PCR was performed
for the relative quantification of gene expression of AQP2 (the aquaporin 2 gene), AQP5, AQP6, P2Y2 and
P2Y4 versus GAPDH (the glyceraldehyde-3-phosphate dehydrogenase gene), using TagMan technology on
an ABI Prism 9700HT Sequence Detection System instrument, connected to Sequence Detector Software
(SDS, version 2.0) for data collection and analysis. The primer pairs and TagMan probes for all of the target
genes and for the GAPDH reference gene were provided as 20x mixtures that were ready to use at a final
concentration of 1x. According to the manufacturer recommendations, 25 pl reactions were performed in
a MicroAmp Optical 96-well reaction plate using 12.5 pl 2x TagMan Universal PCR Master mix, with 1.25 pl
20x Inventoried Gene Expression Product for the mouse AQP2 target gene, AQP5, AQP6, P2Y2 or P2Y4 versus
GAPDH (FAM-dye-labeled TagMan MGB probe). For each sample, the cDNA was diluted in RNase-free water
to the final 25 pl reaction volume. PCR was performed at 50 °C for 2 min, and at 95 °C for 10 min, and then
run for 45 cycles at 95 °C for 15 s and at 60 °C for 1 min. All of the reactions were performed in triplicate, and
each experiment was repeated three times. The results were exported from the ABI Prism 9700HT Sequence
Detection System into Microsoft Excel files for further analysis. The relative quantification of target gene
expression was evaluated with data from the SDS software, using the arithmetic formula 2-22%, according to
the comparative Ct method, which represents the amount of target, as normalised tothe GAPDH endogenous
control (reference). All materials, instruments and software were purchased from Applied Biosystems.

Cell staining of AQPs for flow cytometry

M1-CCD cells were seeded at a density of 5,000 cells cm in collagen-coated Petri dishes, and after
incubations for 3 days with 500 uM GTP they were detached by gentle scraping. We did not use trypsin to
detach these cells to avoid AQP extracellular peptide cutting. All of the washing steps were carried out using
0.5% bovine serum albumin, 0.1% sodium azide in phosphate-buffered saline (PBS) as washing buffer,
followed by centrifugation (400x g, 8 min, 4 °C). The cell staining was performed as reported previously
[19]. Briefly, 1 x10° cells/sample were washed, resuspended in 100 pl antibody, and incubated for 30 min at
4 °Cin the dark. The cells were washed and then 20 pl cell viability solution (Via-Probe, BD Biosciences, San
Jose, CA, USA) was added to each tube 10 min before the analysis.

The samples were then acquired on a FACSCalibur flow cytometer (two-lasers, four-color
configuration) equipped with CellQuest 3.2.1.f1 software (BD Biosciences). The data were analyzed using
the Flow] software (TreeStar, Ashland, OR, USA).

Quality control included regular checks with Rainbow Calibration Particles (6 peaks; BD Biosciences).
In each analysis 1,000,000 total events were recorded. To evaluate nonspecific fluorescence when defining
positive events, we used Fluorescence Minus One controls [20, 21].

Fluorescence-quenching assays for water-transport measurements

Water-permeability assays were carried out using a bench-top fluorescence plate reader with
integrated liquid handling (FlexStation II, Molecular Devices, MDS Analytical Technologies, USA) that was
equipped to analyze real-time fluorescence kinetics data in a 96-well format, as described previously [22].

The M1-CCD cells were seeded in 96-well black, clear-bottomed microplates (Corning-Costar Corp.,
Corning, NY, USA) and cultured for 24 h, 48 h and 72 h in the absence or presence of 500 uM GTP.

Our strategy was based on the calcein-quenching method. The cells were washed in PBS and
incubated at 37 °C for 60 min with PBS containing 10 pM membrane-permeable calcein-AM (Molecular
Probes, Eugene, OR, USA). The nonfluorescent calcein acetoxymethyl ester (AM) is converted to green-
fluorescent calcein after AM hydrolysis by intracellular esterases. The resulting membrane-impermeable
calcein fluorophore undergoes self-quenching, and so its fluorescence intensity decreases with increasing

734

a
&
3



http://dx.doi.org/10.1159%2F000358648

Cellular Physiology Cell Physiol Biochem 2014;33:731-746

DO 10.11290002328048 © 2014 S. Karger AG, Basel

and B|OChem|Stry Published online: March 07, 2014 www.karger.com/cpb

Mancinelli et al.: GTP Induces AQP5 Expression in Renal Epithelial Cells

fluorophore concentration. Accordingly, the self-quenching properties can be used for measuring water
volume changes in lipid vesicles or in living cells, as in the present study.

To verify that the water transport induced by GTP was mediated by AQPs, the cells were treated for 2
min with 0.2 mM HgCL,. Sulfhydryl-reactive mercurials, such as HgCl,, are the best-established inhibitors of
most AQP water channels.

At the end of the incubations, the calcein was washed out, and 50 pl of isosmotic PBS (with Ca%
and Mg?* ) were added to each well. The microplates were then transferred into the plate reader for the
fluorescence measurements. The time course of fluorescence was recorded continuously for 15 s (baseline),
then for 35 s after rapid automated addition of 50 pl distilled water (hyposmotic shock), and for 40 s after
automated addition of 15 pl 1 M mannitol to restore isosmotic conditions. Measurements were taken every
0.5 s. The fluorescence assays were carried out at 18 °C. Data acquisition was performed using the SoftMax
Pro software.

The time constant of cell swelling induced by the hyposmotic stimulus was obtained by fitting the line
of the tangent to the first part of the curve, using linear regression. The data were expressed as 1/t (s™).
Values were expressed as % of the M1-CCD cell control at each time point.

Protein extraction and Western blotting

The M1-CCD cells were cultured for 0, 24 h, 48 h and 72 h in the absence and presence of 500 uM
GTP. The cells were then solubilized in RIPA buffer (150 mM NaCl, 10 mM Tris, pH 7.2, 0.1% SDS, 1%
Triton X-100, 1% deoxycholate, 5 mM EDTA) containing protease inhibitors (20 mmol/l pepstatin, 20
mmol/l leupeptin, and 1 mmol/l phenylmethylsulfonyl fluoride). The lysates were sonicated for 30
s and centrifuged at 13,000x g for 15 min at 4 °C The protein concentrations of the supernatants were
determined. Protein extracts were separated by SDS-PAGE on 12% polyacrylamide gels under reducing
conditions. Total extracts from mouse lung were load in parallel and used as the positive control for AQP5
immunodetection. Protein bands were electrophoretically transferred to ImmobilonP membranes (www.
millipore.com) for Western blotting, blocked in TBS Tween containing 3% BSA, and incubated with the
primary antibodies. The immunoreactive bands were detected with the secondary antibody conjugated
to horseradish peroxidase. After each step, the membranes were washed with TBS Tween. Membranes
were developed with SuperSignal West Pico Chemiluminescent Substrate (www.piercenet.com) and the
chemiluminescence detected using a Chemidoc™ XRS detection system equipped with Image Lab™ Software
for image acquisition and densitometry (www.bio-rad.com).

Proliferation assays

Cell proliferation was determined using a colorimetric assay of 3-[4,5-dimethylthiazol-2-yl]-2,5-
diphenyltetrazolium bromide (MTT, #M2128, Sigma). We seeded 3,000 cells cm™ per well in a final volume
of 200 pl growth medium, in 96-well plates. These M1-CCD cells were incubated with stimuli for different
times. The incubations were terminated by the addition of 20 pl MTT solution (5 mg mL™ in PBS) to each
well, followed by incubation at 37 °C for 3 h. The supernatants were removed, 200 pl dimethylsulfoxide
(#D4540, Sigma) was added to each well, and incubated for 30 min at 37 °C. The plates were read at 540 nm
on a Titertek Multiscan Microelisa Reader (Flow Laboratories, Urvine, UT, USA).

BrdU incorporation and detection

Exponentially growing cells were exposed to 10 uM bromodeoxyuridine (BrdU) (Sigma) for 1 h, and
then fixed in 70% ethanol and kept at 4 °C before labeling, as described previously [23].

To detect BrdU incorporation, the cells were washed with PBS and treated with 1 ml 2 N HCl/ 0.5%
Triton X-100 (Sigma), for 30 min at room temperature. One ml per sample of 0.1 M Na,B,0, (pH 8.57)
was added to stop the HCI reaction. The cells were then washed with 1 ml 0.5% Triton X-100/ 1% bovine
serum albumin, followed by incubation with a FITC-conjugated anti-BrdU antibody (BD Biosciences;
dilution: 1:5 in 0.5% [v/v] Triton X-100) for 30 min at room temperature in the dark. The cells were washed
and resuspended in 5 pg/ml propidium iodide (Sigma) and 200 pg/ml RNase (Sigma). After 30 min of
incubation, biparametric BrdU/DNA data were acquired on a FACSCalibur flow cytometer (two-lasers, four-
color configuration) using the CellQuest 3.2.1.f1 software (BD Biosciences); the data were analyzed using
the Flow]o software (TreeStar, Ashland, OR, USA) or the ModFit LT software (Verity Software House, Toshan,
ME, USA). Cell debris was excluded from the analysis by gating a forward scatter versus side scatter plot.
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Fig. 1. GTP-induced and ATP-induced [Ca®'] responses in M1 kidney CCD cells. Representative
epifluorescence ratios (f/f,) recorded from single M1-CCD cells loaded with Fura 2 and stimulated, in the
presence of Ca?*, with 500 uM GTP (A, B, D) or 100 uM ATP (C) (as indicated by the arrows). The signals
show significant [Ca?*], increases with 500 uM GTP, with two different kinetics: oscillatory [Ca?'], increases
(A; 25% of cells; n = 71) and transient [Ca®'], increases (B; 75% of cells; n = 71), both of which lasted
about 5 min. (C) Typical Ca? transient of single M1-CCD cells stimulated with 100 uM ATP (n = 100). The
[Ca*7], transient increase returned to basal in about 5 min. (D) [Ca*], response after 500 uM GTP and 250
UM suramin, as indicated. Suramin abolishes the GTP-dependent [Ca*], increase, with an immediate return
to basal [Ca*'], (n = 27).

Cell aggregates were excluded by gating FL2 area versus FL2 width [19]. The low flow rate mode (400-500
events/s) was used to record 20,000 nondebris events for each sample. Propidium iodide fluorescence data
were collected using linear amplification. DNA content was assessed, placing the G1 peak around channel
400. Single stained samples were used to manually assess the compensation. Quality control included
regular checks with Rainbow Calibration Particles (6 peaks, BD Biosciences).

Statistical analysis

The data on single cells for [Ca*], are expressed as percentages of the total number of cells tested,
excluding nonresponsive cells, which represented about 1% of the cells tested. The data are means *standard
deviation (SD) or standard error (SE). Unpaired t-tests were used to calculate significance (Prism, GraphPad,
USA).

Results

GTP-induced and ATP-induced [Ca*'] increases in M1-CCD cells

Application of both GTP and ATP produced rises in [Ca®]. in M1-CCD cells, which were
measured in single living cells by monitoring the changes in fluorescence of the intracellular
ratiometric dye Fura-2.

Cells were stimulated with 500 uM GTP in the presence of external Ca?* in the medium.
Stimulation with GTP induced two different typologies of [Ca*] increases in the M1-CCD
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Fig. 2. GTP-dependent increase in the dimensions of the M1-CCD cells. A) M-1 CCD cells were cultured in
the absence (control) or presence of 500 uM GTP (GTP) for 72 h. The cells were then fixed and stained with
WGA-555. Representative images in the xy and xz planes taken with laser-scanning confocal microscopy.
The presence of extracellular 500 uM GTP induced increase in the M1-CCD cell areas. Bars, 20 uM. B) Cell
surface area was accurately quantified using Image ] software (http://rsb.info.nih.gov). The data are ex-
pressed as means +SEM; n = 60. Cell area of M1-CCD control cells was set as 100%. **P <0.005.

cells: in 25% of cells tested, there were GTP-induced oscillatory [Ca*'], kinetics (Fig. 1A),
while in 75% of the cells there were typical [Ca®'], transients (Fig. 1B). The GTP-dependent
oscillatory [Ca*] responses, recorded for about 5 min, were characterized by a rapid
[Ca*], increase followed by several peaks of [Ca®'], each of which increased to about the
same high [Ca*] level (Fig. 1A). These specific oscillatory kinetics were never observed
after stimulation with 500 uM GTP in the absence of extracellular calcium in these M1-CCD
cells (data not shown) suggesting that the extracellular calcium starts this specific response.
The typical [Ca*'], transient induced by 500 uM GTP in the presence of extracellular calcium
consisted of a rapid [Ca*] increase followed by a slow [Ca*'], decrease, which returned
to basal levels in about 5 min (Fig. 1B). The same kinetics of [Ca*] transients were also
observed in all M1-CCD cells stimulated with 500 pM GTP in the absence of extracellular
calcium, even if the cells showed a lower increase in [Ca*']. (data not shown). Fig. 1C shows
a representative response to 100 uM ATP, with an increase in [Ca*'], upon ATP application
that remained sustained for about 2 min, followed by a decline to the initial baseline level
in about 5 min. These transient Kinetics were seen for all of the responsive cells, both in the
absence and presence of extracellular calcium (data not shown). We demonstrated in our
previous study that the GTP-dependent [Ca*]. increase was blocked by suramin and RB2,
generic purinergic receptor antagonists [6]. Therefore, we administered 250 uM suramin at
the peak of the GTP-dependent [Ca*] increases recorded on these M1-CCD cells. Suramin
significantly reduced the [Ca*]. transients (Fig. 1D). Similar results were obtained with RB2
(data not shown). To explore the involvement of P2Y2 on GTP response, we stimulated the
same living cells with both ATP and then GTP. We stimulated the cells with 100 uM ATP
several times. When ATP no longer stimulates a [Ca*'], response, so P2Y2 was desensitized,
we stimulated with 500 uM GTP. GTP elicited its specific [Ca®*]. increase even in the presence
of ATP (80%; data not shown).
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Table 1. Half-life of extracellular GTP in presence of M1-CCD cells

Incubation time (h)
0 1 3 5 7 10 24
[GTP] +SD (pM) 496 +10 430+22 389 +18 36018 324 +20 281+16 1086

Fig. 3. Effects of long-term GTP treatment on water
permeability in M1-CCD cells. M1-CCD cells were 300+
treated in the absence (CTR) or in the presence of
500 uM GTP in culture medium for 24 h, 48 h and
72 h. Water-permeability assays were carried out
using a microfluorimetric assay (see Materials and
Methods for details). The time constants of cell
swelling induced by a hypotonic stimulus were
obtained by fitting the line of the tangent to the
first part of the curve using linear regression. The 0 T
data are expressed as 1/t (s™!), as means *SEM; n S
= 35. The time constant in M1-CCD control cells at
each time point analyzed was set as 100%. *P <0.05; 68
P <0.0001.

*k*k

2004 *

1004

1/7 (% of CTR cells)

Extracellular GTP induces cell-shape changes

Addition of 500 uM GTP to living M1-CCD cells also promoted a progressive increase in
their cell dimensions after 24-48 h to 72 h of GTP stimulation. We observed that incubation
of the cells with 500 uM GTP for 7 h (followed by GTP washout with fresh medium) still
resulted in increased cell size within the following 24 h (data not shown). Confocal images
of WGA-555-stained cells were taken in the Xy and xz planes (Fig. 2). We calculated that the
cell area of the cells treated with 500 uM GTP increased by about 90% after 72 h compared
to control cells. With the purinergic antagonists (suramin and RB2) used in pre-incubations,
500 uM GTP no longer induced these changes in the cell volumes seen after 24 h and 48 h of
treatment (data not shown).

We performed experiments using ion-pair reversed-phase HPLC to determine the half-
life of extracellular GTP in the presence of M1-CCD cells for 0 to 24 h. The data reported in
Table 1 demonstrate that when incubated with M1-CCD cells, 65% of the GTP remains stable
for 7 h, with its linear decrease showing a half-life of about 12 h.

Extracellular GTP increases AQP-mediated cellular water permeability

To determine whether the increases in cell volume induced by GTP are a result of
changes in the water permeability across the plasma membrane, we performed functional
assays based on calcein fluorescence quenching. This is a well-established method for the
measurement of rapid osmotic water transport in monolayers of cultured cells [22]. These
functional assays were performed using a fluorimetric plate reader, as described in the
Materials and Methods. The time constant of cell swelling induced by a hypotonic stimulus
was obtained by fitting the line of the tangent to the first part of the curve using linear
regression. The data were expressed as 1/t (s™!) and are reported in Figure 3.

Treatment of M1-CCD cells with GTP clearly promoted significant increases in the rates
of cell swelling induced by osmotic challenges at 24 h after GTP addition to the culture
medium. The effect was further increased at 48 h and 72 h after GTP addition. Moreover, the
effect of GTP was completely prevented by pre-incubation of the cells with HgCl,, a potent
inhibitor of AQP-mediated water transport. No effect on water permeability was seen after
FK incubation at each time point (not shown).
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Fig. 4. Flow cytometry A
analysis of surface expression
of AQP5 in M1-CCD cells before
and after GTP treatment. 800 -
Representative dot plot from
flow cytometry analysis of
M1-CCD cells before and after
500 pM GTP treatment for 48
h, as labelled with the anti- a0 :
AQP5  extracellular C-loop |
antibodies. The gated area 0
delineated by the continuous
line identifies cells positive
for antibody cross-reactions, B

1000

0.1

600

SSC-H

400

% positive cells

T T v T T
10° 10’ 102 10° 10*

Zenon labeling kit Control FITC

with percentages of positive 1000 : 1000
cells given. A) Dot plot of the | 5.28 18.6
aspecific  signal generated 800 i 8007}
from Zenon labelling Kit
I 600 600 -
(Left). Istogram represents the )
quantification of percentages 8 166 6]
of positive cells before (gray)
and after (black) 500 uM GTP 2004 " 200
treatment. B) Representative |
dot plot of AQP5 extracellular 0100 i T PR PR 0100 i P A R

C-loop surface expression in
untreated (left) ant treated

C loop-FITC

(right) cells with 500 uM GTP for 48 h. Data are means +SD, and are representative of three independent
biological samples. ***P <0.001.

Extracellular GTP induces AQP5 gene expression

As previously demonstrated, M1-CCD cells show both principal cell (PC) and intercalated
cell (IC) functions and antigens [24]. For this reason we investigated the expression of the
collecting duct-specific AQPs in M1-CCD cells before and after the GTP incubation.

Gene expression analysis was performed by real-time PCR using primers for AQP2,
AQP5 and AQP6, expressed in PCs, type-B ICs and type A ICs. M1-CCD cells were incubated
for 12 h, 24 h and 48 h with 500 pM GTP, 100 ATP uM or 500 pM guanosine. The results
obtained show that GTP clearly promoted the expression of AQP5. The fold change at 12
h was 1,063+0,123, at 24h was 1,205+0,165, and at 48 h was 1,945+0,395 (means * SE,
p<0,05); while guanosine and ATP did not modify AQP5 expression at any time (data not
shown). None of the stimuli promoted expression of AQP2Z or AQP6. In particular, AQP2
mRNA was not detectable in these cells, and AQP6 mRNA was amplified only after 36 real-
time PCR cycles (data not shown). Moreover, we stimulated the cells with GTP for 1 h, 3 h and
7 h in the culture medium, and then added fresh medium for up to 24 h, when the cells were
collected and analyzed by RT-PCR for AQP5 mRNA expression. The results obtained clearly
show that the presence of GTP for 7 h promotes a significant AQP5 mRNA up-regulation,
compared to control cells. The mean fold-change in the AQP5 mRNA levels was 2.30 +0.41 in
cells stimulated for 7 h, as compared to control cells and normalized versus GAPDH. After 1 h
and 3 h of GTP stimulation, AQP5 mRNA was not significantly upregulated. We repeated the
experiment in the presence of 2 mM EGTA (to chelate the Ca** in the medium), and showed
that the presence of EGTA completely prevented the AQP5 mRNA up-regulation (data not
shown).
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Fig. 5. GTP induced AQP5 pro-
tein expression. Representative ("&Q ("\Q R \o(\"o
Western blotting of the total AQP5 o qy\“ & /\'\‘? {®

protein content 24 h, 48 h and 72
h after 500 uM GTP stimulation in
M1-CCD cells, along with the posi-
tive control mouse lung (Ms lung).

Right: Quantification of protein | AqQp5-»
abundance by densitometric anal-

AQP5 densitometry
(Artbitrary Units)

ysis. The graph shows the means

and SD of three independent ex- actin -> . . - .! 0 24h 48h 72h

periments. ***P<0.0001.

Extracellular GTP induces AQP5 plasma-membrane expression

Having demonstrated that AQP5 mRNA specifically increases after incubation
with GTP, we next investigated whether GTP also induces increases in AQP5 plasma-
membrane protein expression. Flow cytofluorimetry was used, taking advantage of a
polyclonal antibody generated against amino acids 112-126 in the extracellular C-loop of
human AQP2, as previously characterized [18]. Since the extracellular C-loop of mouse
AQP5 (ARGNLAVNALSNNTT) shares 80% homology with the C-loop of human AQP2
(IRGDLAVNALSNSTT), the anti-AQP2 antibody is predicted to recognize AQP5 as well.

In the flow cytofluorimetry shown in Figure 44, B, the gate identified the area of positive
events. When expressed as percentages of cells stained by the FITC-labeled anti-AQP5
C-loop antibody, after 48 h of GTP treatment this increased from 5.3% in untreated cells to
18.6% in GTP-treated cells. Of note, when the GTP-treated cells where detached using the
proteolytic enzyme trypsin, the cross-reactivity to the C loop-FITC antibodies disappeared
(data not shown). We also performed Western blotting to demonstrate that the total AQP5
protein content was significantly higher in GTP-treated M1-CCD cells compared to control
cells. In line with the results of quantitative RT-PCR and the water-permeability assay,
the densitometric analysis demonstates that the AQP5 protein showed a time-dependent
increase following incubation with GTP (Fig. 5).

Proliferation assays and cell-cycle analysis

To determine the effects of GTP on the proliferation rate of M1-CCD cells, the cells were
incubated with 500 uM GTP for 24 h to 72 h. GTP significantly inhibited the percentages of
the cell growth rate by about 20% at each time point (data not shown). The percentages of
dead cells were similar between control and treated cells (data not shown). We also tested
the effect of ATP (100 and 500 pM) on the M1-CCD cell proliferation rate, with no effects
seen (data not shown).

The effects of GTP on M1-CCD cell growth suggested the possibility of changes in cell-
cycle distribution. To address this possibility, we analyzed the cell-cycle distribution of these
M1-CCD cells treated with 500 pM GTP by flow cytometry. Cells were cultured in growth
medium with 500 uM GTP for 48 h and analyzed. The data demonstrated that 500 uM GTP
induced an accumulation of 20% of the cells tested in the S-phase; ATP (100 uM) did not
produce this cell-cycle block (Fig. 6). During the flow cytometry analysis, we also evaluated
cell death. In the acquired cell patterns, the percentages of hypodiploid cells was considered
to represent apoptotic cells. These data revealed that throughout the 48 h of incubation
period, the mean percentage of apoptotic cells was very low (<8%), and there was no
significant difference between the control and the GTP-treated cells (data not shown). It is
worth mentioning that when the GTP-treated cells were detached and resuspended in GTP-
free media for 3 h before the cytofluorimetric analysis, the GTP-dependent block in S-phase
was overcome (data not shown).
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Fig. 6. Flow cytometry cell-cycle analysis of M1-CCD cells in the presence of GTP and ATP. Representative
cell distributions (BrdU-FITC positivity) of the G1-, G2- and S-phases of the cell cycle of M1-CCD cells treated
without (CTRL) and with 500 uM GTP or 100 uM ATP for 48 h. Upper panels: biparametric BrdU (Y-axis)/
DNA (X-axis) analyses after 1 h of a 10 pM BrdU pulse. Control: S, 60.8%; G1, 29.4%; G2, 8.72%. Treatment
for 48 h with ATP did not significantly modify this distribution. Treatment for 48 h with 500 uM GTP showed
significantly increased percentage of cells in S-phase, to 72.9%, and significantly decreased percentage of
cells in G1-phase, to 19.5% (p<0,05, respectively). These data suggest that GTP promotes a G1 to S-phase
shift. Lower panels: Corresponding DNA curve fitting, obtained using the ModFit LT™ software. Data are
representative of three independent experiments.

Discussion

In the present study, we show compelling evidence of a novel role of extracellular GTP
as a physiological regulator of AQP5-mediated water transport in a kidney epithelial cell
line. We have demonstrated that 500 uM GTP stimulates [Ca*"], increases with two different
kinetics: oscillating [Ca*], increases, and the typical [Ca*'], transient increase. The typical
[Ca*'], transient has been extensively described as the typical [Ca*'] increase induced by
purines [25], while the oscillatory [Ca®'], increases were not expected and have never
been observed in our previous studies on GTP-dependent [Ca**], modulation in neuronal-
like or skeletal muscle cells [8, 10]. We believe that these GTP-induced oscillating [Ca*],
increases, which are strictly dependent on the presence of extracellular Ca?", might be linked
to the specific GTP signaling. We also show that GTP induces 20% of the M1-CCD cells to
be blocked in S-phase of the cell cycle, a percentage that we note is similar to that of cells
showing oscillatory [Ca*'] increases. We have previously demonstrated in a skeletal muscle
cell line that 500 uM GTP induce S-phase block in about 15% of C2C12 cells after 24 h of
incubation [10]. Furthermore, in the neuronal cell model of SH-SY5Y cells, GTP promotes
cell accumulation in S-phase, starting from 24 h of purine exposure and extending for up to
6 days [8]. In mesenchymal stem cells, it has been demonstrated that Ca?* channels regulate
cell-cycle progression and proliferation through modulation of cyclin expression [26].
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Other studies have demonstrated that the G1/S phase transition is uniquely characterized
by spontaneous [Ca*]. oscillations [27]. Moreover, a spontaneous release of nucleotides
resulting in P2-receptor-dependent [Ca®']. oscillations was observed in renal epithelial cells
[28]. Considering these data, we believe that the GTP-triggered calcium signaling in M1-CCD
renal epithelial cells is crucial for their physiological functions. As noted, the percentage of
cells that were accumulated in S-phase after treatment with 500 uM GTP was 20% more
than control cells, the same percentage as the growth-rate reduction induced by GTP. It is
thus most likely that the inhibition of proliferation is exclusively due to the cell S-phase
block, as GTP did not induce cell apoptosis or aspecific cell death. Extracellular ATP is known
to stimulate proliferation of numerous cancer cell types, as well as of cells in the central
nervous system and myoblasts [3, 29, 30]. Indeed, in the present study, ATP had completely
different effects with respect to GTP. ATP neither induce [Ca*']. oscillations, nor blocked cell
proliferation, nor induced S-phase arrest. Based on the evidence presented here, we can
only hypothesize a link between the GTP-induced [Ca®'], oscillation and the S-phase block.
In addition to having a specific role in promoting the GTP-induced [Ca*'], oscillations, the
presence of extracellular Ca* was important also to sustain the transient GTP-induced-
[Ca*], increase and it was crucial for triggering GTP-induced expression of AQP5 mRNA.
Indeed, 7 h of exposure to GTP triggered its specific signal transduction via [Ca*7], increases,
which induced the expression of AQP5 mRNA only in the presence of extracellular calcium.
As we previously demonstrated in the kidney, the AQP5 isoform is a water channel that is
constitutively expressed at the plasma membrane of renal cells [17].

The question regarding the source of extracellular GTP in native tissues is still
unresolved. Several equally attractive pathways have been suggested, such as vesicular
release or transport through ABC proteins, cystic fibrosis transmembrane conductance
regulator and P-glucoprotein, and connexin hemichannels and pannexins [4, 31-33]. At
the same time, even if we do not know the concentration that GTP can reach in vivo in the
extracellular fluids, it has been reported that its basal intracellular concentrations range
between 200 uM and 500 uM [34]. In the site of tissue lesions, higher GTP levels have also
been reported near the site of disrupted cells, with this situation hypothesized in various
studies as the possible mechanism of guanine-based purine-mediated cell repair, at least in
the nervous system [35, 36].

More recently, it has been suggested that ATP is released as a co-transmitter from
sympathetic nerve varicosities, and that it can bind the basolateral P2 purinoceptors
and influence sodium and water transport [37, 38]. However, one of the major issues in
understanding purinergic signaling continues to be the limited consensus for the nucleotide
release phenomenon. We believe that the GTP source, as already been seen for ATP, might be
different: the autonomic neurons, the mechanical stress and the pannexin channels [39], the
hypoxic environments, the inflammation [40]. More recently, Contreras-Sanz demonstrated
that GTP can be found in samples of varying complexity, such as M1-CCD cells and human
urine samples [41]. Moreover, another source could be linked to the physiological turnover
during cell damage or death, in fact the metabolized nucleic acids (DNA, RNA, etc) could
account for a large amount of guanine based purines [36]. Additionally, changes in the
intracellular osmolality and in the tension of membranes might cause some non-vesicular
release of purines, as previously demonstrated in glial cells [42]. We speculate that in the
kidney GTP might be released as autocrine or paracrine factor into the interstitial spaces,
recognize specific binding sites on the epithelial cells, trigger [Ca*'], increases and activate
a signal transduction pathway leading to AQP5 mRNA upregulation. The quantitative real-
time PCR experiments in the present study indicated significant and time-dependent up-
regulation of AQP5 mRNA in M1-CCD cells starting 7 h after GTP exposure, as compared
to control cells. Western blotting confirmed that in GTP-stimulated M1-CCD cells AQP5
protein abundance is increased 24 h after exposure to GTP. Using a cytofluorimetric assay,
we also demonstrated that in intact M1-CCD cells treated with GTP, AQP5 was accessible
to a polyclonal antibody directed to its extracellular C-loop, thus indicating that AQP5 is
expressed at the plasma membrane. The cell surface expression of AQP5 in GTP-treated M1-
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CCD cells is in line with the plasma-membrane expression of AQP5 in the kidney [17] and in
extra-renal cells [43-46].

Membrane-associated AQPs have been implicated in volume changes in whole cells,
intracellular vesicles, secretory granules and synaptic vesicles [25, 47-51]. Even at constant
extracellular osmolality, the cell volume constancy is compromised by alterations in
intracellular osmolality [52]. A wide variety of metabolic pathways lead to the formation
in the cell of osmotically active substances. The expression of a functional water channel in
GTP-treated M1-CCD cells would facilitate water influx and explain the observed increases in
cell size. It should be kept in mind, however, that following cell swelling, volume regulatory
mechanisms will decrease the intracellular osmolality and the cell volume, thus providing a
regulatory cell volume decrease and re-establishing the original cell volume [53]. GTP might
thus regulate cell-volume regulatory mechanisms.

In support of our hypothesis, the water permeability measurements performed using
the Flexa station confirmed that long-term GTP exposure significantly increases the rate of
osmotically induced cell swelling in M1-CCD cells. Moreover, this increase was completely
abolished by HgCl,, a specific inhibitor of AQP-mediated water transport.

The quantitative real-time PCR experiments that were performed using a panel of
probes specific for renal AQPs indicated that the mRNA levels of the two other collecting-
duct-specific AQPs, AQP2 and AQP6, were not affected by long-term GTP exposure (data not
shown).

In contrast, ATP did not affect AQP5 gene expression after 48 h of incubation. It is worth
mentioning that two purinergic receptors, P2Y2 and P2Y4, might also bind GTP, although
with lower affinity compared to ATP and UTP, and thus might transduce the signal within
the cell [54]. In particular, in our cellular model, we found the mRNA expression for P2Y2
(confirmed by Western Blot analysis) but not for P2Y4 receptors (data not shown). However,
following repeated stimulation with ATP in order to desensitize the P2Y2R, we still were able
to record oscillating [Ca*'], responses after GTP application (data not shown). Our results
on calcium signaling suggested that ATP cannot desensitize the ‘GTP signaling’ because
probably they activate different molecular targets. Moreover, ATP was not able to modify
the expression of AQP5. However, the results on calcium responses using Suramin and RB2
as generic purinergic antagonists, even with their limits as good purinergic antagonists,
suggested us that GTP acts on the “purinergic area”.

Moreover, AQP5 gene up-regulation is strictly linked to the triphosphate form of
guanine-based purines, as guanosine did not mimic the effects of GTP. We also strengthen
this concept by demonstrating that CD73, a 70-kDa GPI-anchored cell-surface enzyme that
catalyzes the extracellular conversion of phosphonucleotide esters into their respective
nucleosides [55], is not present in the plasma membrane of M1-CCD cells (data not shown),
and that the half-life of GTP in the presence of M1-CCD cells is about 12 h (Table 1). Our data
are in agreement with data obtained in a recent study by Contreras-Sanz [41].

We recently reported the novel observation that AQP5 is expressed at the apical plasma
membrane of type-B ICs in the kidney [17]. It does not come as a surprise, therefore, that
incubation with GTP can induce AQP5 expression in M1-CCD cells that show a intermediate
phenotype between PCs and ICs [24].

The management of cellular water fluxes is of a great interest in cell biology, as this
involves cell-volume regulation, and the regulation of all other processes that depend on it.

In conclusion, we have demonstrated for the first time that extracellular GTP can
induce functional AQP5 plasma-membrane expression in a cell model of epithelial cortical
collecting duct cells, M1-CCD cells. As a consequence, GTP can facilitate water transport into
the cell and cell swelling. This observation is in line with our hypothesis that AQP5 acts as
osmosensor of the luminal fluid osmolality in the collecting duct [17]. This is the first study
addressing a novel function of GTP in renal epithelial cells, and we believe that our data
should solicit future investigations into guanine-based purine functions in renal physiology
and physiopathology.
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