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Background: lonizing irradiation causes not only growth arrest and cell death, but also release of growth
factors or signal transmitters, which promote cancer malignancy. Extracellular ATP controls cancer growth
through activation of purinoceptors. However, there is no report of radiation-induced ATP release from
cancer cells. Here, we examined <y-irradiation-induced ATP release and its mechanism in B16 melanoma.

Methods: Extracellular ATP was measured by luciferin-luciferase assay. To investigate mechanism of
radiation-induced ATP release, we pharmacologically inhibited the ATP release and established stable P2X;

K ds: . o .
i Oe;/i\;vi%rg Sirra diation receptor-knockdown B16 melanoma cells using two short hairpin RNAs targeting P2X; receptor.
ATP release Results: Cells were exposed to 0.5-8 Gy of vy-rays. Extracellular ATP was increased, peaking at 5 min after

0.5 Gy irradiation. A selective P2X; receptor channel antagonist, but not anion transporter inhibitors, blocked
the release of ATP. Further, radiation-induced ATP release was significantly decreased in P2X; receptor-
knockdown cells. Our results indicate that y-irradiation evokes ATP release from melanoma cells, and P2X;
receptor channel plays a significant role in mediating the ATP release.

General Significance: We suggest that extracellular ATP could be a novel intercellular signaling molecule

P2X; receptor

released from cancer cells when cells are exposed to ionizing radiation.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

The cytoplasm contains large amounts of ATP, which is released
into the extracellular space in response to stress stimuli, such as shear
stress, stretch, hypoxia, inflammation, osmotic swelling, and cell
death [1]. Extracellular ATP interacts with and activates P2 receptors
in an autocrine/paracrine manner [1]. Although the mechanism of
ATP release is not yet fully understood, there have been several
studies of stress-induced ATP release. The mechanism is dependent on
cell type or the nature of the stress stimulus, and is mediated by
mechanisms, such as a maxi-anion channel [2], a volume-sensitive

Abbreviations: A438079, 3-[[5-(2,3-dichlorophenyl)-1H-tetrazol-1-yl]Jmethyl]pyri-
dine hydrochloride; BzATP, 2’(3’)-0-(4-benzoyl)benzoyladenosine 5’-triphosphate;
EtBr, ethidium bromide; FBS, fetal bovine serum; FFA, flufenamic acid; P2X7-KD (1C),
stable P2X; receptor-knockdown B16 melanoma clone which was transfected with
P2X;-shRNA (1C) vector; P2X7-KD (3A), stable P2X; receptor-knockdown B16
melanoma cell which was transfected with P2X;-shRNA (3A) vector; WT, wild type;
shRNA, short hairpin RNA
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outwardly rectifying chloride channel [3] or P2X; receptor channel
[4]. The concentration of ATP in peri-plasmalemmal space after stress-
induced ATP release reaches the micromolar range, which is sufficient
to activate P2 receptors [1]. P2 receptors are classified into two major
subtypes, ionotropic P2X receptors and metabotropic P2Y receptors,
and their activation regulates many physiological functions [5]. In
addition, the released ATP is rapidly degraded to ADP, AMP and
adenosine by ecto-nucleotidases [1]. ADP is a ligand of P2Y, receptor
and adenosine is a ligand of P1 receptors (A1, Aa Ag, As) [1]. Thus,
cytosolic ATP release causes activation of various purinergic and
adenosinergic signaling pathways in an autocrine/paracrine manner.

The P2X; receptor is the seventh member of the P2X receptor
subfamily, and its expression is increased in human melanoma [6]. It
has been revealed that activation of P2X; receptor channel plays
important roles in various physiological functions, such as apoptotic
and/or necrotic cell death, production of pro-inflammatory cytokines,
shedding of CD62L [7,8]. We have also studied the P2X; receptor-
dependent functions including the mechanisms of cell death in
lymphocytes [9-11], regulation of both IL-1(3 release and autophago-
lysosome in microglia [12,13]. Activation of P2X; receptor channel
induces an increase of cationic permeability, followed by plasma
membrane depolarization; intense or prolonged activation leads to
the opening of large non-selective pores, allowing the passage of
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hydrophilic molecules of up to 400-900 Da in size, such as ethidium
bromide (EtBr) [7]. Although P2X; receptor channel mediates ATP
release, the mechanism of P2X; receptor-mediated ATP release has
not yet been uncovered.

Radiotherapy by ionizing irradiation, including v-rays, is an
effective modality of cancer treatment, because ionizing irradiation
causes DNA damage, followed by cell cycle arrest or cell death.
lonizing irradiation also evokes the release of various transmitters,
such as reactive oxygen species, nitric oxide and cytokines, and these
signaling molecules affect not only irradiated cells, but also adjacent
and far-away non-irradiated cells through intercellular communica-
tion—the so-called bystander effect [14]. There have been several
studies of secondary intercellular signaling between irradiated and
non-irradiated cells [15-17], but the mechanisms involved have not
yet been fully understood.

Stress-induced ATP release is a well-known physiological response
of various cells. However, it is not yet clear whether ionizing
irradiation induces ATP release from cells. Here, we set out to
examine whether or not ionizing <y-radiation induces ATP release in
B16 melanoma cells, and if it does, what mechanisms are involved. We
found that extracellular ATP was increased in response to -
irradiation. The increase was abolished by an antagonist of P2X;
receptor channel. The P2X; receptor-dependent ATP release in
response to v-irradiation was also confirmed by using P2X;
receptor-knockdown B16 melanoma. Our results indicate that -
irradiation evokes ATP release from melanoma cells, and P2X;
receptor channel plays significant role in mediating this irradiation-
induced ATP release.

2. Materials and methods
2.1. Materials

Dulbecco's modified Eagle's medium, RPMI1640 medium (phenol
red free), penicillin, streptomycin and dithiothreitol (DTT) were
purchased from Wako Pure Chemical Industries (Osaka, Japan).
Geneticin was purchased from Invitrogen (Carlsbad, CA). ATP, 2/(3’)-
0-(4-benzoylbenzoyl)adenosine 5'-triphosphate (BzATP), GdCls, ara-
chidonic acid, EtBr, glibenclamide and flufenamic acid (FFA) were
purchased from Sigma-Aldrich (St Louis, MO). Selective inhibitor of
P2X; receptor, 3-[[5-(2,3-dichlorophenyl)-1H-tetrazol-1-yljmethyl]
pyridine hydrochloride (A438079) was purchased from Tocris
Bioscience (Ellisville, MO). Fetal bovine serum (FBS) was purchased
from Biowest (Nuaillé, France). P2X;-short hairpin RNA (shRNA)
expression vector and scramble-shRNA expression vector were
purchased from Takara Bio (Shiga, Japan). The target sequence of
P2X,-shRNA is 5'-CAA ACT ATG TCA AGT CAG A-3’ (P2X5-shRNA (1C))
and 5’-GAA CGA GTA TTA CTA CAG A-3’ (P2X;-shRNA (3A)),
corresponding to nt 317-335 and 1137-1155 of the P2X; receptor-
encoding mRNA sequence (GenBank Accession Number: AJ489297).
All other chemicals used were of the highest purity available.

2.2. Cell culture

B16 murine melanoma was routinely maintained in DMEM con-
taining 10% heat-inactivated FBS, penicillin (100 units/ml), strepto-
mycin (100 pg/ml), and L-glutamine (2 mM) at 37 °Cin 5% CO,, 95% air.

2.3. Measurement of extracellular ATP

Extracellular ATP concentration was measured using ENLITEN®
rLuciferase/Luciferin Reagent (Promega, Madison, WI). Cells
(3.0 10° cells/well) were incubated in 500 pl of RPMI1640 medium
containing 1% FBS for 16 h in a 12-well culture plate. For investigation
of radiation-induced ATP release, an aliquot (40 pl) of the conditioned
medium was collected as a control sample for background ATP

release. The cells were then irradiated with y-rays from a Gammacell
40 ('37Cs source) (Nordin International, Inc., Ontario, Canada,
0.88 Gy/min) at room temperature for a suitable time. For hypotonic
stress-induced ATP release, 250 pl of the conditioned medium was
collected as a control sample for background ATP release. Hypotonic
stress was then applied by gently adding 250 pl of H,0 to each well.
After +y-ray irradiation or hypotonic stress, 40 pl of conditioned
medium was collected at the indicated time points. Each sample was
centrifuged at 600 x g for 5 min and 10 pl of the supernatant was used
for ATP determination. The concentration of ATP was determined by
measuring chemiluminescense with a TR717™ Microplate Lumin-
ometer (Applied Biosystems, Foster City, CA) 1.6 s after adding 100 pl
of luciferin-luciferase reagent to 10 pl of sample solution.

2.4. Plasmid transfection and selection of stably transfectants

Cells were transfected with 3 pg of P2X;-shRNA expression vector
(P2X7-shRNA (1C) and P2X7;-shRNA (3A)) or scramble-shRNA
expression vector. Each experiment was performed in six wells
containing cells at 50-60% confluence, using the transfection reagent
FuGENE6 and FuGENE HD (Roche Diagnostic Systems, Branchburg,
NJ). The transfected cells were selected in Geneticin-containing
(2 mg/ml) culture medium for 3 weeks. P2X;-shRNA (3A)-
transfected polyclonal transfectant (P2X7-KD (3A)) was obtained.
On the other hand, a stably P2X, receptor-knockdowned clone was
selected from P2X;-shRNA (1C)-transfected cells. We have pre-
confirmed that incubation with 2 mM ATP for 12 h induces cell death
in B16 melanoma. To help prescreening of highly P2X;-knockdowned
clones, P2X;-shRNA (1C)-transfectants were incubated with 2 mM
ATP for 12 h and ATP-high sensitive clones were excluded from
prescreening process by flow cytometry. Clones were prescreened for
gene-silencing by flow-cytometric assessment of pore formation
induced by activation of P2X; receptor. Representative clones were
chosen and used for detailed characterization of the gene-silencing
effects of the shRNA expression vector construct. Integration of P2X-
shRNA into the host genome was confirmed by genomic PCR analysis.
A P2X; receptor-knockdowned clone (P2X7-KD (1C)) was estab-
lished. These two P2X;-shRNA-transfectants (monoclonal P2X7-KD
(1C) cells and polyclonal P2X7-KD (3A) cells) were used to reduce a
risk of off target effect.

2.5. Reverse transcription polymerase chain reaction (RT-PCR)

Total RNA was isolated from cells using a Fast Pure RNA kit (Takara
Bio). The first-strand cDNA was synthesized from 0.5 pg of total RNA
with PrimeScript Reverse Transcriptase (Takara Bio). The sequences of
specific primers for P2X; receptor were 5'-CTT GGC CAC TGT GTG CAT
TGA CTT-3’ (sense) and 5’-TCA TGG AGC AGC TGG ATT TCC TCA-3’
(antisense) and those for glyceraldehyde-3-phosphate dehydroge-
nase (GAPDH) were 5’-TGA TGA CAT CAA GAA GGT GGT GAA G-3’
(sense) and 5’-TCC TTG GAG GCC ATG TGG GCC AT-3’ (antisense). PCR
was carried out by incubating each ¢cDNA sample with the primers
(0.5 uM each), Blend Taq polymerase (1.25 U: Toyobo, Osaka, Japan),
and deoxynucleotide mix (0.2 mM each: Toyobo). Amplification was
carried out for 35 cycles (94 °C for 30 s, annealing at 55 °C for 30 s,
72 °C for 1 min). The products were then subjected to 2% agarose gel
electrophoresis. Bands were stained with EtBr and photographed.

2.6. Immunoblotting

Cells were dissolved in sample buffer (25% glycerin, 1% SDS,
62.5 mM Tris-Cl, 10 mM DTT) and boiled for 5 min. Aliquots of
samples containing 20 pg of protein were analyzed by 10% SDS-PAGE
and transferred onto a PVDF membrane. Blots were incubated at 4 °C
overnight in TBS-Tween 20 (TBST: 10 mM Tris-HCI, 100 mM Nadl,
0.1% Tween 20, pH 7.5) with 5% skim milk, and then with rabbit anti-
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rat P2X; receptor antibody (P8232) (1:200) (Sigma-Aldrich) [11] or
mouse anti-actin antibody (1:200) (Santa Cruz Biotechnology, Santa
Cruz, CA) at room temperature for 1.5 h. After having been washed
with TBST, blots were incubated with goat HRP-conjugated anti-
rabbit IgG antibody (1:20,000) (Cell Signaling Technology, Inc.,
Beverly, MA) or goat HRP-conjugated anti-mouse IgG antibody
(1:20,000) (Santa Cruz Biotechnology) for 1.5 h at room temperature.
The blots were further washed with TBST, and specific proteins were
visualized by using ECL Western blotting detection reagents (GE
Healthcare, Piscataway, NJ).

2.7. Flow cytometry

Uptakes of EtBr were determined by flow cytometry. Cells
(1.0x 10° cells/ml) were incubated with EtBr (25 uM) for 3 min at
37 °C in RPMI1640-based buffer (102 mM NaCl, 5 mM KCI, 0.4 mM
CaCl,, 0.4 mM MgSOQy, 23.8 mM NaHCOs, 5.6 mM Na,HPO4, 11.1 mM
glucose and 10 mM HEPES-NaOH (pH 7.4)) after addition of P2X;
agonist. After incubation, 10,000 cells for each sample were analyzed
using a flow cytometer with laser excitation at 488 nm, and ethidium
fluorescence (FL2-A) was measured. Mean fluorescence intensity was
analyzed using WINMDI software version 2.9 (Joseph Trotter, The
Scripps Institute, La Jolla, CA).

2.8. Statistics

Results are expressed as mean 4 SEM. The statistical significance
of differences between two groups was calculated by using the
unpaired Student's t-test. The statistical significance of differences
between control and other groups was calculated by using Dunnett's
test. The criterion of significance was P<0.05 as determined with
the Instat version 3.0 statistical package (Graph Pad Software, San
Diego, CA).

3. Results

3.1. y-Ray irradiation-induced ATP release from B16 melanoma and its
blockade by P2X; receptor antagonist

We measured the concentration of ATP in culture medium of B16
melanoma cells after y-irradiation by means of luciferin-luciferase
assay. The concentration of extracellular ATP increased upon -
irradiation of the cells and reached a peak at 5 min (Fig. 1A), then
decreased to the basal level within 30 min. As shown in Fig. 1B, the
concentration of extracellular ATP peaked at a <y-irradiation dose of
0.5 Gy; higher radiation doses resulted in a smaller increase of ATP
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Fig. 2. Effect of pharmacological inhibition on ionizing irradiation-induced ATP
release. Cells were pretreated with FFA (50 pM), glibenclamide (100 pM), GdCls
(50 uM), arachidonic acid (20 uM) and A438079 (100 puM) for 30 min. At 5 min after
0.5 Gy of y-irradiation, supernatants were collected and ATP contents were measured
(n=11-25). The Y-axis shows the increase of ATP contents induced by <y-irradiation.
The data represent the means4SEM. A statistically significant difference from the
control is indicated by ** (P<0.01).

concentration. In the following experiments, we examined the ATP
release at 5 min after 0.5 Gy vy-irradiation.

To determine the pathway of the ATP release, we examined the
effect of anion channel/transporter blockers and an antagonist of P2X;
receptor channel on radiation-induced ATP release. The ATP release
was not affected by application of a potent chloride channel inhibitor,
glibenclamide (100 pM) [3], an inhibitor of anion transporters, FFA
(50 uM) [18], inhibitors of maxi-anion channel, GdCl3 (50 pM) [2,19]
and arachidonic acid (20 pM) [20]. However, treatment with 100 pM
A438079, a selective P2X; receptor antagonist [21], significantly
inhibited the radiation-induced ATP release (Fig. 2). These results
indicate a contribution of P2X; receptor to the ATP release.

3.2. Establishment of P2X; receptor-knockdown B16 melanoma cell line

In order to demonstrate involvement of P2X; receptor in radiation-
induced ATP release, B16 melanoma cells were stably transfected with
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y-irradiation (Gy)

Fig. 1. lonizing irradiation-induced ATP release from B16 melanoma. Cells were exposed to 0.5 Gy of y-rays and incubated for indicated times (A), or exposed to various doses of
y-rays and incubated for 5 min (B). After incubation, the contents of ATP in culture medium were measured (n = 6-8). The data represent the means 4- SEM. A statistically significant

difference from the control is indicated by * (P<0.05) or ** (P<0.01).
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P2X7-shRNA (1C) vector. Cells were also stably transfected with
scramble-shRNA vector as a negative control (mock). The expression
levels of P2X; mRNA and protein were analyzed in a P2X; receptor-
knockdown clone (P2X7-KD (1C)). The mRNA expression of P2X;
receptor in P2X7-KD (1C) cells was decreased to 15% of that in wild-
type (WT) cells (Fig. 3A). In contrast, transfection with scramble-
shRNA did not affect P2X; receptor mRNA expression. The protein
expression of P2X; receptor was also decreased in P2X7-KD (1C) cells,
as shown in Fig. 3B. Integration of both P2X;-shRNA (1C) and
scramble-shRNA into the host genome was confirmed by genomic
PCR analysis (data not shown).

Next, we confirmed the functional knockdown of the P2X,
receptor in P2X7-KD (1C) cells. For this purpose, we examined the
effect of knockdown of the P2X; receptor on pore formation (EtBr
uptake) by flow cytometry. Significant uptake of EtBr was observed in
WT and mock cells at 3 min after treatment with 1 mM ATP or 300 uM
BzATP, an agonist of P2X; receptor (Fig. 3C and D). As expected, the
uptake of EtBr was significantly suppressed in A438079-treated WT
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cells and P2X7-KD (1C) cells (Fig. 3C and D). This result indicated that
early events downstream of activation of the P2X; receptor were
decreased in P2X7-KD (1C) cells. Thus, considering the decrease of
both expression and function of the P2X; receptor in P2X7-KD (1C)
cells, we concluded that this melanoma clone exhibits stable
knockdown of the P2X; receptor.

3.3. Radiation-induced ATP release was diminished by knockdown of
P2X7 receptor

Before we examined the effect of knockdown of P2X; receptor on
radiation-induced ATP release, we confirmed the utility of P2X7-KD
(1C) cells for analyzing P2X; receptor-dependent ATP release. Since it
has been reported that the early phase of ATP release induced by
hypotonic stress is mediated through anion channels/transporters
and P2X; receptor channel [4], we examined whether hypotonicity-
induced ATP release is suppressed in P2X7-KD (1C) cells. A large
amount of ATP was released within 1 min after hypotonic stress in WT
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Fig. 3. Expression and activity of P2X; receptor in P2X; receptor-knockdown melanoma clone. (A) Expression levels of P2X; mRNA in WT, mock and P2X7-KD (1C) cells were
determined by RT-PCR. Optical density of P2X; mRNA was normalized to the optical density of GAPDH mRNA. The data represent means + SEM of four independent experiments. A
statistically significant difference between mock cells and P2X7-KD (1C) cells is indicated by *** (P<0.001). There was no significant difference of P2X; receptor expression between
WT cells and mock cells. (B) Protein expression of P2X; receptor was determined by immunoblotting. As a control for equivalent protein loading, beta-actin was simultaneously
detected. Representative images from three independent experiments are shown. (C, D) WT, mock and P2X7-KD (1C) cells were incubated with ATP (1 mM) (C), BzATP (300 uM) (D)
and EtBr (25 uM) in RPMI1640-based buffer for 3 min. Cells were pre-incubated with A438079 (100 uM) for 15 min, and the change in fluorescence intensity of EtBr was analyzed by
flow cytometry. The data represent means 4- SEM (n=4-12). A statistically significant difference is indicated by *** (P<0.001). There was no significant difference of P2X; agonist-

induced EtBr uptake between WT cells and mock cells.
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contents induced by +y-irradiation. The data represent the means 4 SEM. A statistically significant difference is indicated by ** (P< 0.01) or *** (P<0.001).

cells, and the release was significantly inhibited by treatment with
A438079, indicating the involvement of P2X; receptor (Fig. 4A).
Further, the hypotonicity-induced ATP release was significantly
suppressed in P2X7-KD (1C) cells (Fig. 4B), indicating that P2X7-KD
(1C) cells would indeed be useful for evaluation of P2X; receptor-
dependent ATP release. Next, we evaluated the involvement of P2X;
receptor in radiation-induced ATP release using P2X7-KD (1C) cells.
As shown in Fig. 4C, y-irradiation-induced ATP release was signifi-
cantly lower in P2X7-KD (1C) cells than in WT or mock cells.
Further, to reduce a risk of potential off-target effect of the P2X;-
shRNA (1C), we also transfected with another shRNA targeting to
other sequences of P2X; receptor mRNA (P2X;-shRNA (3A)). As
shown in Fig. 5A, the expression of P2X; receptor in P2X7-KD (3A)
cells was decreased to 40% of that in mock cells. The uptake of EtBr in
response to ATP was also lower in P2X7-KD (3A) cells than mock cells
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(Fig. 5B), indicating that the expression and function of P2X; receptor
was decreased in P2X7-KD (3A) cells. We also confirmed that
hypotonic stress-induced ATP release in P2X7-KD (3A) cells was
also lower than that in mock cells (data not shown), indicating that
P2X7-KD (3A) cells are also useful for evaluation of P2X; receptor-
dependent ATP release. Finally, the ATP release induced by <-
irradiation was evaluated in P2X7-KD (3A) cells, and we found that
the ATP release was suppressed in P2X7-KD (3A) cells (Fig. 5C). These
results strongly support the involvement of P2X; receptor channel in
radiation-induced ATP release from B16 melanoma cells.

4. Discussion

ATP is released into extracellular space from various cells in res-
ponse to stress stimuli, such as hypoxia, low glucose, and hypotonicity,
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mock
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Fig. 5. Attenuation of radiation-induced ATP release by another shRNA knockdown of P2X; receptor. (A) Protein expression of P2X; receptor was determined by immunoblotting. As
a control for equivalent protein loading, beta-actin was simultaneously detected. Optical density of P2X; receptor was normalized to the optical density of beta-actin. The data
represent means - SEM (n=4). (B) Mock and P2X7-KD (3A) cells were incubated with ATP (1 mM) and EtBr (25 pM) in RPMI1640-based buffer for 3 min and the change in
fluorescence intensity of EtBr was analyzed by flow cytometry. The data represent means + SEM (n=8). (C) Mock and P2X7-KD (3A) cells were incubated in RPMI1640 medium
containing 1% FBS. At 5 min after 0.5 Gy v-irradiation, supernatants were collected and ATP contents were measured. The Y-axis shows the increase of ATP contents induced by

y-irradiation. The data represent the means 4 SEM (n=6-11). A statistically significant difference is indicated by ** (P<0.01)

or *** (P<0.001).
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and acts as an intercellular signaling molecule, evoking activation of P2
receptors on the cell surface in an autocrine/paracrine manner [1].
Although it is widely known that various stresses induce ATP release
from cells, there has been no report on ionizing irradiation-induced
ATP release and activation of P2 receptors in irradiated and adjacent
non-irradiated cells. In this study, we investigated whether -
irradiation induces ATP release and further examined the mechanism
of the release in B16 melanoma cells.

First, we found that the concentration of ATP in culture medium of
irradiated B16 melanoma cells was elevated after +y-irradiation,
reaching a peak at 5 min, and then declining to the basal level within
30 min. These results are consistent with y-irradiation-induced ATP
release from the cells, followed by degradation of released ATP by
ecto-nucleotidases on the cell surface. A dose of 0.5 Gy of irradiation
induced the greatest release of ATP. We speculate that oxidative
damage to membrane proteins by higher doses of y-irradiation might
lead to impairment of ATP-release mechanisms, such as P2X;
receptor. Endogenous ATP is released through various pathways,
such as the maxi-anion channel, volume-sensitive outwardly rectify-
ing chloride channel and P2X; receptor channel [2-4]. Treatment with
glibenclamide, FFA, GdCl; and arachidonic acid, which are inhibitors
of anion channels or transporters [2,3,18-20], did not abrogate
radiation-induced ATP release. However, we observed a significant
blockade of radiation-induced ATP release by a highly selective
antagonist of P2X; receptor, A438079 [21], suggesting that P2X;
receptor would be involved in the release.

To examine the involvement of P2X; receptor in radiation-induced
ATP release in more detail, we established a stable P2X; receptor-
knockdown B16 melanoma cell line (P2X7-KD (1C)). Integration of
shRNA-vector into the host genome was first confirmed by genomic
PCR, and we found that expression of P2X; receptor was significantly
reduced in P2X7-KD (1C) at both the mRNA and protein levels. We
also evaluated P2X; receptor activity in P2X7-KD (1C). Activation of
P2X; receptor leads to an increase of cationic permeability, followed
by plasma membrane depolarization; intense or prolonged activation
leads to the opening of large non-selective pores, allowing the passage
of hydrophilic molecules [7]. Treatment with BzATP, a P2X; receptor
agonist, led to EtBr uptake, and this EtBr uptake was blocked by
A438079, indicating that the pore formation is mediated by activation
of P2X; receptor in B16 melanoma cells. Little EtBr uptake in response
to P2X; agonists was observed in P2X7-KD (1C) cells, suggesting that
P2X; receptor activity was diminished by knockdown of P2X;
receptor, as expected. These properties indicate that P2X7-KD (1C)
is a stable P2X; receptor-knockdown melanoma clone.

We investigated whether P2X7-KD (1C) cells were suitable for
investigation of ATP release mediated by P2X; receptor. Since the
involvement of P2X; receptor in hypotonic stress-induced ATP release
has been reported [4], we examined the ATP release induced by
hypotonic stress in P2X7-KD (1C) cells. The rapid phase of ATP release
by hypotonic stress was blocked by pretreatment with A438079, and
was decreased in P2X7-KD (1C) cells, indicating that P2X7-KD (1C) cells
are available to determine the involvement of the P2X; receptor in
irradiation-induced ATP release. The y-irradiation-induced ATP release
was significantly reduced in P2X7-KD (1C) compared with WT or mock.
Moreover, the blockade of the ATP release by irradiation was also
confirmed in another P2X;-shRNA-transfected polyclonal cell (P2X7-KD
(3A)). These results strongly support the involvement of P2X; receptor
in ionizing irradiation-induced ATP release from melanoma cells.

Released ATP would be rapidly (millisecond order) metabolized by
ecto-nucleotidase expressed on the cell membrane [22], and diluted
in the culture supernatant. Therefore, the concentration of ATP on cell
surface actually released from cells in response to y-irradiation could
be substantially higher than that detected in this study. The release of
ATP in response to irradiation would serve to activate P2 receptors.

lonizing irradiation, including y-rays, not only have an anti-cancer
effect, but also may promote cancer malignancy [23,24]. Recent

studies have revealed that irradiation enhances malignant behavior of
cancer cells by promoting release of growth factors, proteases or
inflammatory cytokines from cancer cells [25-27]. Several reports on
P2 receptors in cancer cells indicate that release of ATP from cancer
cells might enhance cancer growth and contribute to malignancy. For
example, it has been reported that activation of P2Y receptors induced
proliferation of cancer cells [28] and promoted angiogenesis by
activation of vascular endothelial cells [29]. It has also been reported
the activation of P2X; receptor-mediated release of cytokines, such as
monocyte chemoattractant protein-1, interleukin-6, interleukin-
8 and vascular endothelial growth factor [30,31]. ATP is rapidly
degraded to ADP, AMP and adenosine by ecto-nucleotidases after
release to extracellular space, and these metabolites also modulate the
cancer microenvironment by activation of purinergic or adenosinergic
signaling. Human breast carcinoma cells secrete nucleotide diphos-
phate kinase, which converts ATP to ADP (a ligand of P2Y; receptor),
leading to activation of P2Y; receptor-mediated angiogenesis [32]. In
addition, extracellular adenosine has an immunosuppressive effect
via activation of A4 receptor on T lymphocytes, and enhances cancer
progression [33]. As well as ATP, other nucleotides such as UTP and
UDP activate P2 receptor. UTP activates P2Y; and P2Y, receptors, and
their activation induces cell proliferation [34,35]. UTP and UDP are
also released from cells in response to stress stimuli [36,37]. Recently,
it has been reported that extracellular ATP has a radioprotective effect
on human blood cells via P2Y;; receptor [38]. As mentioned
elsewhere, increased expression of P2X; receptor has been reported
in thyroid papillary cancer cells and melanoma [6,30]. Since P2X;
receptor appears to be involved in the mechanisms of radiation-
induced ATP release, irradiation might induce greater ATP release from
highly P2X; receptor-expressing cancer cells during radiotherapy.
Thus, nucleotides and their metabolites generated following radio-
therapy might induce enhancement of cancer progression or radio-
resistance through purinergic and adenosinergic signaling pathways.

In conclusion, we have established that ionizing irradiation causes
cytosolic ATP release from B16 melanoma cells. Our results indicate
the involvement of P2X; receptor channel in the release mechanism.
This is the first study to demonstrate that ionizing irradiation induces
ATP release from cancer cells and P2X receptor plays a significant role
in the irradiation-induced ATP release. Because the mechanism of
P2X; receptor-dependent ATP release induced by several stimulations
has not yet been understood, we should reveal the mechanism of P2X
receptor-dependent ATP release induced by various stimuli, including
ionizing irradiation, in future. We here suggest that extracellular ATP
acts as a novel intercellular signaling molecule between cancer cells
and adjacent cells when cells are exposed to ionizing radiation.
Further investigation of radiation-induced purinergic and/or adeno-
sinergic signaling is needed.

Acknowledgements

The experiments of radiation-induced ATP release were supported
by the Strategic Promotion Program for Basic Nuclear Research (No.
200305) (M. Tsukimoto). Establishment of P2X7-KD cells was
supported by a Grant-in Aid for Scientific Research ‘KAKENHI" for
Young Scientists (B) (No. 19790097) from the Ministry of Education,
Culture, Sports, Science, and Technology of Japan (M. Tsukimoto) and
in part by a Sasagawa Scientific Research Grant (No. 19-419) from The
Japan Science Society (M. Tsukimoto).

References

[1] G.G. Yegutkin, Nucleotide- and nucleoside-converting ectoenzymes: important
modulators of purinergic signalling cascade, Biochim. Biophys. Acta 1783 (2008)
673-694.

[2] R.Z. Sabirov, AK. Dutta, Y. Okada, Volume-dependent ATP-conductive large-
conductance anion channel as a pathway for swelling-induced ATP release, J. Gen.
Physiol. 118 (2001) 251-266.



46

131

4

[5

(6

(7

(8]

[9

[10]

(1]

[12]

[13]

[14]

[15]

[16]

(17]

(18]

[19]

[20]

Y. Ohshima et al. / Biochimica et Biophysica Acta 1800 (2010) 40-46

K. Hisadome, T. Koyama, C. Kimura, G. Droogmans, Y. Ito, M. Oike, Volume-
regulated anion channels serve as an auto/paracrine nucleotide release pathway
in aortic endothelial cells, ]. Gen. Physiol. 119 (2002) 511-520.

P. Pellegatti, S. Falzoni, P. Pinton, R. Rizzuto, F. Di Virgilio, A novel recombinant
plasma membrane-targeted luciferase reveals a new pathway for ATP secretion,
Mol. Biol. Cell 16 (2005) 3659-3665.

G. Burnstock, Purinergic signalling, Br. ]. Pharmacol. 147 (Suppl. 1) (2006)
S$172-5181.

T. Deli, N. Varga, A. Adam, I. Kenessey, E. Raso, L.G. Puskas, J. Tovari, ]. Fodor, M.
Feher, G.P. Szigeti, L. Csernoch, J. Timar, Functional genomics of calcium channels
in human melanoma cells, Int. J. Cancer 121 (2007) 55-65.

F. Di Virgilio, P. Chiozzi, S. Falzoni, D. Ferrari, .M. Sanz, V. Venketaraman, O.R.
Baricordi, Cytolytic P2X purinoceptors, Cell Death Differ 5 (1998) 191-199.

M. Tsukimoto, H. Harada and M. Degawa, Role of purinoceptors in immune-
mediated disease (therapies targeting the P2X7 receptor), Drug Discovery Today:
Therapeutic Strategies. 1 (2007) 33-37.

KA. Hillman, H. Harada, CM. Chan, A. Townsend-Nicholson, S.E. Moss, K.
Miyamoto, Y. Suketa, G. Burnstock, RJ. Unwin, P.M. Dunn, Chicken DT40 cells
stably transfected with the rat P2X7 receptor ion channel: a system suitable for
the study of purine receptor-mediated cell death, Biochem. Pharmacol. 66 (2003)
415-424,

M. Tsukimoto, H. Harada, A. Ikari, K. Takagi, Involvement of chloride in apoptotic
cell death induced by activation of ATP-sensitive P2X7 purinoceptor, . Biol. Chem.
280 (2005) 2653-2658.

M. Tsukimoto, M. Maehata, H. Harada, A. Ikari, K. Takagi, M. Degawa, P2X7
receptor-dependent cell death is modulated during murine T cell maturation and
mediated by dual signaling pathways, J. Immunol. 177 (2006) 2842-2850.

T. Takenouchi, Y. Iwamaru, S. Sugama, M. Sato, M. Hashimoto, H. Kitani,
Lysophospholipids and ATP mutually suppress maturation and release of IL-1
beta in mouse microglial cells using a Rho-dependent pathway, J. Imnmunol. 180
(2008) 7827-78309.

T. Takenouchi, M. Nakai, Y. Iwamaru, S. Sugama, M. Tsukimoto, M. Fujita, J. Wei, A.
Sekigawa, M. Sato, S. Kojima, H. Kitani, M. Hashimoto, The activation of P2X7
receptor impairs lysosomal functions and stimulates the release of autophago-
lysosomes in microglial cells, ]. Immunol. 182 (2009) 2051-2062.

N. Hamada, H. Matsumoto, T. Hara, Y. Kobayashi, Intercellular and intracellular
signaling pathways mediating ionizing radiation-induced bystander effects, ]J.
Radiat. Res. (Tokyo) 48 (2007) 87-95.

H. Matsumoto, S. Hayashi, M. Hatashita, K. Ohnishi, H. Shioura, T. Ohtsubo, R. Kitai,
T. Ohnishi, E. Kano, Induction of radioresistance by a nitric oxide-mediated
bystander effect, Radiat. Res. 155 (2001) 387-396.

AV. Meeren, J.M. Bertho, M. Vandamme, M.H. Gaugler, lonizing radiation
enhances IL-6 and IL-8 production by human endothelial cells, Mediators.
Inflamm. 6 (1997) 185-193.

K. Ohuchida, K. Mizumoto, M. Murakami, LW. Qian, N. Sato, E. Nagai, K.
Matsumoto, T. Nakamura, M. Tanaka, Radiation to stromal fibroblasts increases
invasiveness of pancreatic cancer cells through tumor-stromal interactions,
Cancer Res. 64 (2004) 3215-3222.

N.A. McCarty, S. McDonough, B.N. Cohen, J.R. Riordan, N. Davidson, H.A. Lester,
Voltage-dependent block of the cystic fibrosis transmembrane conductance
regulator Cl- channel by two closely related arylaminobenzoates, J. Gen. Physiol.
102 (1993) 1-23.

A.L. Taylor, B.A. Kudlow, K.L. Marrs, D.C. Gruenert, W.B. Guggino, E.M. Schwiebert,
Bioluminescence detection of ATP release mechanisms in epithelia, Am. . Physiol.
275 (1998) C1391-C1406.

AXK. Dutta, Y. Okada, RZ. Sabirov, Regulation of an ATP-conductive large-

[21]

[22]

[23]

[24]

[25]

conductance anion channel and swelling-induced ATP release by arachidonic
acid, J. Physiol. 542 (2002) 803-816.

D.W. Nelson, RJ. Gregg, M.E. Kort, A. Perez-Medrano, E.A. Voight, Y. Wang, G.
Grayson, M.T. Namovic, D.L. Donnelly-Roberts, W. Niforatos, P. Honore, M.F. Jarvis,
C.R. Faltynek, W.A. Carroll, Structure-activity relationship studies on a series of
novel, substituted 1-benzyl-5-phenyltetrazole P2X7 antagonists, ]. Med. Chem. 49
(2006) 3659-3666.

H. Zimmermann, N. Braun, Ecto-nucleotidases—molecular structures, catalytic
properties, and functional roles in the nervous system, Prog. Brain Res. 120 (1999)
371-385.

K. Camphausen, M.A. Moses, W.D. Beecken, M.K. Khan, ]. Folkman, M.S. O'Reilly,
Radiation therapy to a primary tumor accelerates metastatic growth in mice,
Cancer Res. 61 (2001) 2207-2211.

C. Wild-Bode, M. Weller, A. Rimner, J. Dichgans, W. Wick, Sublethal irradiation
promotes migration and invasiveness of glioma cells: implications for radiother-
apy of human glioblastoma, Cancer Res. 61 (2001) 2744-2750.

D.H. Gorski, M.A. Beckett, N.T. Jaskowiak, D.P. Calvin, H.]. Mauceri, R.M. Salloum, S.
Seetharam, A. Koons, D.M. Hari, D.W. Kufe, R.R. Weichselbaum, Blockage of the
vascular endothelial growth factor stress response increases the antitumor effects
of ionizing radiation, Cancer Res. 59 (1999) 3374-3378.

[26] ].C. Cheng, CH. Chou, M.L. Kuo, C.Y. Hsieh, Radiation-enhanced hepatocellular

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]
[37]

[38]

carcinoma cell invasion with MMP-9 expression through PI3K/Akt/NF-kappaB
signal transduction pathway, Oncogene 25 (2006) 7009-7018.

L.S. Angelo, R. Kurzrock, Vascular endothelial growth factor and its relationship to
inflammatory mediators, Clin. Cancer Res. 13 (2007) 2825-2830.

M.T. Ty, S.F. Luo, C.C. Wang, CS. Chien, C.T. Chiu, C.C. Lin, C.M. Yang, P2Y(2)
receptor-mediated proliferation of C(6) glioma cells via activation of Ras/Raf/
MEK/MAPK pathway, Br. J. Pharmacol. 129 (2000) 1481-1489.

E.V. Gerasimovskaya, H.N. Woodward, D.A. Tucker, K.R. Stenmark, Extracellular
ATP is a pro-angiogenic factor for pulmonary artery vasa vasorum endothelial
cells, Angiogenesis 11 (2008) 169-182.

A. Solini, S. Cuccato, D. Ferrari, E. Santini, S. Gulinelli, M.G. Callegari, A. Dardano, P.
Faviana, S. Madec, F. Di Virgilio, F. Monzani, Increased P2X7 receptor expression
and function in thyroid papillary cancer: a new potential marker of the disease?
Endocrinology 149 (2008) 389-396.

W. Wei, ].K. Ryu, H.B. Choi, ].G. McLarnon, Expression and function of the P2X(7)
receptor in rat C6 glioma cells, Cancer Lett. 260 (2008) 79-87.

S.M. Rumjahn, M.A. Javed, N. Wong, W.E. Law, LL. Buxton, Purinergic regulation of
angiogenesis by human breast carcinoma-secreted nucleoside diphosphate
kinase, Br. J. Cancer 97 (2007) 1372-1380.

A. Ohta, E. Gorelik, S.J. Prasad, F. Ronchese, D. Lukashev, M.K. Wong, X. Huang, S.
Caldwell, K. Liu, P. Smith, J.F. Chen, E.K. Jackson, S. Apasov, S. Abrams, M. Sitkovsky,
A2A adenosine receptor protects tumors from antitumor T cells, Proc. Natl. Acad.
Sci. U. S. A. 103 (2006) 13132-13137.

CJ. Dixon, W.B. Bowler, A. Littlewood-Evans, ].P. Dillon, G. Bilbe, G.R. Sharpe, J.A.
Gallagher, Regulation of epidermal homeostasis through P2Y2 receptors, Br. .
Pharmacol. 127 (1999) 1680-1686.

H. Harada, C.M. Chan, A. Loesch, R. Unwin, G. Burnstock, Induction of proliferation
and apoptotic cell death via P2Y and P2X receptors, respectively, in rat glomerular
mesangial cells, Kidney Int. 57 (2000) 949-958.

E.R. Lazarowski, T.K. Harden, Quantitation of extracellular UTP using a sensitive
enzymatic assay, Br. J. Pharmacol. 127 (1999) 1272-1278.

S. Tatur, S. Kreda, E. Lazarowski, R. Grygorczyk, Calcium-dependent release of adeno-
sine and uridine nucleotides from A549 cells, Purinergic Signal. 4 (2008) 139-146.
E.L. Swennen, P.C. Dagnelie, T. Van den Beucken, A. Bast, Radioprotective effects of
ATP in human blood ex vivo, Biochem. Biophys. Res. Commun. 367 (2008) 383-387.



	γ-Irradiation induces P2X7 receptor-dependent ATP release from B16 melanoma cells
	Introduction
	Materials and methods
	Materials
	Cell culture
	Measurement of extracellular ATP
	Plasmid transfection and selection of stably transfectants
	Reverse transcription polymerase chain reaction (RT-PCR)
	Immunoblotting
	Flow cytometry
	Statistics

	Results
	γ-Ray irradiation-induced ATP release from B16 melanoma and its blockade by P2X7 receptor antag.....
	Establishment of P2X7 receptor-knockdown B16 melanoma cell line
	Radiation-induced ATP release was diminished by knockdown of �P2X7 receptor

	Discussion
	Acknowledgements
	References




