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P2X7 receptor activation leads to increased cell death
in a radiosensitive human glioma cell line
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Abstract Gliomas are the most lethal tumors of central
nervous system. ATP is an important signaling molecule in
CNS and it is a selective P2X7 purinergic receptor ligand at
high concentrations. Herein, we investigated whether the
activation of P2X7R might be implicated in death of a
radiosensitive human glioma lineage. The effects of
P2X7R agonists (ATP and BzATP) and irradiation (2 Gy)
on glioma cells were analyzed by MTT assay and annexin-
V/PI determination, whereas mRNA and protein P2X7R
expression was assessed by qRT-PCR and flow cytometry,
respectively. P2X7R pore formation was functionality ex-
amined by analyzing ethidium bromide uptake. The human
glioma cells U-138 MG and U-251 MG were resistant to
death when treated with either ATP (5 mM) or BzATP
(100 μM), but the radiosensitive M059J glioma cells dis-
played a significant decrease of cell viability (32.4±4.1 %

and 25.6±3.3 %, respectively). The M059J lineage
expresses significantly higher mRNA P2X7R levels when
compared to the U-138 MG and U-251 cell lines (0.40±
0.00; 0.28±0.01, and 0.31±0.01, respectively), and irradia-
tion upregulated P2X7R expression (0.55±0.08) in this
lineage. Noteworthy, P2X7R protein doubled after irradia-
tion on M059J lineage, and increased in 50 % and 42.6 %
when comparing M059J-irradiated to irradiated U-138 MG
and U-251 MG cells, respectively. Ethidium bromide uptake
was significantly increased in 104 % and 77.8 % when
comparing M059J to U-138 MG and U-251MG, respective-
ly. Finally, the selective P2X7R antagonist A740003 signif-
icantly decreased the cell death caused by irradiation. We
provide novel evidence indicating that M059J human glio-
ma cell line is ATP-P2X7R sensitive, pointing out the rele-
vance of the purinergic P2X7R on glioma radiosensitivity.
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Introduction

Glioblastoma multiforme (GBM) is the most aggressive type
of all primary brain tumors, with an overall median survival of
less than 1 year after diagnosis [1]. These tumors show a high
proliferation rate, variability in tumor histopathology and
diffusely infiltrate adjacent brain tissues, making surgical
resection and radiotherapy limited [2]. Radiotherapy confers
some survival advantages, but the resistance of the tumor cells
to the effects of irradiation limits the treatment success [3].

Adenosine 5′-triphosphate (ATP) plays many important
roles in the central nervous system (CNS), especially in mod-
ulating neurotransmission via two families of purinergic
receptors, P2Y and P2X [4]. A peculiar member of the iono-
tropic P2X receptor family is the P2X7 receptor subtype
(P2X7R). When this receptor is activated by ATP binding, it
opens a pore through which molecules up to 900 Da can pass.
However, this pore opening requires prolonged exposure to
ATP, and the full activation is reached only at millimolar ATP
concentrations [2, 5]. Some studies have reported that P2X7 is
responsible for ATP-induced cell death in various cell types
through mechanisms involving necrotic features, such as
swelling, loss of membrane integrity and also apoptotic fea-
tures, such as shrinking and phosphatidylserine externaliza-
tion [2, 6, 7]. Considering the internal concentration of ATP,
which ranges from 5 to 10 mM in most cells, cell death
potentially elevates the extracellular concentrations of ATP
to millimolar levels, similar to the concentrations that induce
cell death in organotypic cultures [7].

The extracellular ATP present in the space around the
brain tumors can be released by the excitotoxic death of the
normal host cells around the tumor or at the moment of the
surgical tumor resection [7]. Another extracellular source of
ATP on brain tumors was recently shown: the γ-irradiation,
which evokes ATP release and P2X7R activation [8]. There-
fore, this study was aimed to investigate whether P2X7R is
related to death of radiosensitive human glioma cell line.
For this purpose, the effect of extracellular ATP was com-
pared in human glioma cell lines U-138 MG and U-251
MG, which are radioresistant [9, 10] with the human glioma
lineage M059J, sensitive to irradiation [3, 11, 12].

Methods and materials

Compounds

Adenosine 5′-triphosphate (ATP) and benzoyl adenosine 5′-
triphosphate (BzATP) were obtained from Santa Cruz

Biotechnology (Santa Cruz, CA, U.S.A); A740003 was
obtained from Tocris (Ellisville, MO, USA); suramin was
obtained from RBI (Natick, Mass., USA); reactive blue 2
(RB2), ethidium bromide was obtained from Sigma-Aldrich
Co. (St. Louis, MO, USA) and anti-P2X7 receptor antibody
was obtained from Alamone labs (Jerusalem, Israel).

Cell lines and cell culture

The U-138 MG, U-251 MG and M059J human glioblasto-
ma cell lines were obtained from American Type Culture
Collection (ATCC—Rockville, Maryland, USA). Cells were
cultured in Dulbecco's Modified Eagle Medium (DMEM)
with 15 % fetal bovine serum (FBS) at a temperature of 37 °
C, a minimum relative humidity of 95 %, and an atmosphere
of 5 % CO2 in air.

Cell viability

Glioma cells were seeded at 7×103 cells per well in 96-well
plates and grown for 24 h. The cells were treated with ATP
(0.5, 3, and 5 mM) or with BzATP (100 μM). M059J cells
were pre-treated with the selective P2X7R antagonist
A740003 (10 μM) [13–18] or with the two non-selective
P2 receptor antagonists suramin (30 μM) or RB2 (100 μM),
and after 20 min with ATP (5 mM) for 24 h. At the end of
this period, the medium was removed, the cells were washed
with calcium magnesium-free medium (CMF) and 100 μl of
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bro-
mide solution (MTT) (MTT 5 mg/ml in PBS in 90 %
DMEM/10 % FBS) was added to the cells and incubated
for 3 h. The formazan crystals were dissolved with 100 μl of
dimethyl sulfoxide (DMSO). The absorbance was quantified
in 96-well plates (Spectra Max M2e, Molecular Devices) at
595 nm. This absorbance was linearly proportional to the
number of live cells with active mitochondria. The cell
viability was calculated using Eq.:

Cell viability %ð Þ ¼ Abss Abscontrol=ð Þ100

where Abss is the absorbance of cells treated with different
formulations and Abscontrol is the absorbance of control cells
(incubated with cell culture medium only).

Gamma irradiation

The cells were gamma irradiated at a 2 Gy dose using a
Cobalt Theretron Phoenix (Philips, Eindhoven, The Neth-
erlands) at a source-to-target distance of 70 cm [12]. All
irradiation experiments were performed with confluent
cells kept in cell culture medium [11]. The treatments
were performed on the same day of irradiation. Irradiation
was undertaken at the Radiotherapy Service, Hospital São
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Lucas, Pontifícia Universidade Católica do Rio Grande do
Sul (PUCRS).

Cell counting

Glioma cells were seeded at 18×103 cells per well in 24-
well plates. On the second day, the cells were treated with
ATP (5 mM) or irradiation (2 Gy). The M059J cells were co-
treated with the selective P2X7R antagonist A740003
(10 μM) and then irradiated. After 24 h, the medium was
collected and 200 μl of trypsin/EDTA solution was added to
detach the cells, which were counted in hemocytometer. The
cell number of the control group (not treated cells) was
considered 100 %.

Analysis of mRNA expression

Glioma cells were seeded at 2×105 cells per well in 6-
well plates and grown for 24 h. The cells were irradiated
(2 Gy), control cells were not irradiated; after 24 h the
total RNA was isolated with Trizol LS reagent (Invitro-
gen, Carlsbad, California, USA) in accordance with the
manufacturer's instructions. The total RNA was quantified
by spectrophotometry and the cDNA was synthesized
with ImProm-II™ Reverse Transcription System (Prom-
ega) from 1 μg total RNA, in accordance with the man-
ufacturer's instructions. Quantitative PCR was performed
using SYBR Green I (Invitrogen) to detect double-strand
cDNA synthesis. Reactions were done in a volume of
25 μL using 12.5 μL of diluted cDNA (1:50), containing
a final concentration of 0.2× SYBR Green I (Invitrogen),
100 μM dNTP, 1× PCR Buffer, 3 mM MgCl2, 0.25 U
Platinum Taq DNA Polymerase (Invitrogen) and 200 nM
of each reverse and forward primers (Table 1) [19, 20].
The PCR cycling conditions were: an initial polymerase
activation step for 5 min at 94 °C, 40 cycles of 15 s at
94 °C for denaturation, 10 s at 60 °C for annealing and
15 s at 72 °C for elongation. At the end of cycling
protocol, a melting-curve analysis was included and

fluorescence measured from 60 °C to 99 °C. Relative
expression levels were determined with 7500 Fast Real-
Time System Sequence Detection Software v.2.0.5 (Ap-
plied Biosystems). The efficiency per sample was calcu-
la ted using LinRegPCR 11.0 Software (ht tp: / /
LinRegPCR.nl). Relative RNA expression levels were
determined using the 2−ΔΔCT method. The stability of
the references genes 18S, β-actin, B2M, GAPDH (M-
value) and the optimal number of reference genes accord-
ing to the pairwise variation (V) were analyzed by GeN-
orm 3.5 Software (http://medgen.ugent.be/genorm/).

P2X7R protein flow cytometry analysis

The expression of P2X7R protein on human glioma
cells lines (U-138 MG, U-251 MG, and M059J) was
evaluated by flow cytometry, using the following anti-
body (Ab): rabbit polyclonal anti-mouse P2X7R (APR-
004; Alomone Labs, Jerusalem, Israel). Briefly, before
staining, the cells were fixed in Cytofix Buffer I (BD
Biosciences) for 10 min at 37 °C. After washing, per-
meabilization was done with Perm Buffer III (BD Bio-
sciences) for 30 min on ice. Then, glioma cells were
washed and incubated for 30 min with the above pri-
mary antibody. Finally, after washing, cells were
stained with secondary FITC-conjugated goat anti-
rabbit IgG Ab (Invitrogen) for 30 min on ice. Cell
fluorescence was measured with FACSCantoII Flow
Cytometer (BD Biosciences).

Ethidium bromide uptake

P2X7R pore formation was functionality examined in hu-
man glioma cell lines (U-138 MG, U-251 MG, and M059J)
by analyzing ethidium bromide uptake using FACSCanto II
Flow Cytometer (BD Biosciences). For this experiment, we
used two flasks of 25 cm2 for each lineage: one flask was
irradiated at 2 Gy, whilst the other one served as the non-
irradiated control. The adhered glioma cells were

Table 1 Human primer
sequences

Bp base pairs; F forward; R
reverse
aAccording to Rho et al. [15]
bAccording to Ben Yebdri et al.
[16]

Gene Primers (5′–3′) Amplicon size (bp) GenBank ID

β-actina F CATCGAGCACGGCATCGTCA 211 NM_001101
R TAGCACAGCCTGGATAGCAAC

18 sa F GTAACCCGTTGAACCCCATT 151 NR_003286
R CCATCCAATCGGTAGTAGCG

B2Ma F ACTGAATTCACCCCCACTG 114 NM_004048
R CCTCCATGATGCTGCTTACA

GAPDHa F TGCACCACCAACTGCTTA 177 NM_002046
R GGATGCAGGGATGATGTTC

P2X7Rb F AAGCTGTACCAGCGGAAAGA 202 NM_002562
R GCTCTTGGCCTTCTGTTTTG
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trypsinized (trypsin/EDTA solution) to detach the cells and
centrifuged for 10 min, 1600 RPM at 4 °C. Glioma cells
were resuspended in DMEM in order to have 2×105 cells/
sample (200 μl each sample). Cells were distributed in
cytometry tubes and incubated at 37 °C for 5 min. At the
end of this period, cells were treated with ATP (5 mM) or
ATP (5 mM) plus A740003 (10 μM) (both irradiated and
non-irradiated groups of cells) for 5 min. After this time,
ethidium bromide was added to cytometry tubes (2.5 mg/ml)
for additional 5 min. Immediately, pore functionality exper-
iment was performed and the results were analyzed using
FlowJo Software (Tree Star).

Annexin V/PI flow cytometry staining technique

M059J glioma cells were seeded at 2×105 cells per well in
6-well plates and grown for 24 h. The cells were treated with
P2X7R agonist, antagonist, or/and irradiation for 24 h. Dead
cells were quantified by annexin V-FITC–propidium iodide
(PI) double staining, using Annexin V-FITC Apoptosis De-
tection Kit I (BD Biosciences) 24 h after treatment, accord-
ing to the manufacturer's instructions. Experiments were
performed on FACSCanto II Flow Cytometer (BD Bioscien-
ces) and the results were analyzed using FlowJo Software
(Tree Star).

Statistical analysis

The number of experimental replications is given in the
figure legends; replicate experiments were conducted with
cultures from different seeding procedures. Data was ana-
lyzed by one-way analysis of variance (ANOVA) followed
by Tukey's post-hoc test, or by Student's t test using Graph-
Pad Software (San Diego, CA, U.S.A.). P values<0.05 were
taken to indicate statistical significance.

Results

Cell viability

In this study, we tested the effect of irradiation and puriner-
gic ligands in different glioma cell lines. Cell viability was
not altered when the human glioma cell lines U-138 MG and
U-251 MG were treated with either ATP (5 mM) or BzATP
(100 μM) (Fig. 1a–b). Otherwise, the treatment with a high
ATP concentration (5 mM) or the selective P2X7R agonist
BzATP (100 μM) significantly diminished the cell viability
(32.4±4.1 % and 25.6±3.3 %, respectively) of M059J gli-
oma cell line (Fig. 1c). The ATP resistance of U-138 MG
lineage has been already described by our group [7], and a
similar pattern of resistance was observed in this study with

U-251 MG cells, contrasting with ATP sensitivity exhibited
by the M059J cell line.

Next, we investigated whether ATP-induced cytotoxicity
in M059J cell line might be related to the activation of
P2X7R. As shown in the Fig. 1d, the selective P2X7R
antagonist A740003 partially prevented the cytotoxicity
caused by ATP 5 mM (from 32.4 % to 19.6 %), indicating
that this receptor is probably implicated in the cytotoxic
effects displayed by ATP. However, both non-specific P2
receptor antagonists (suramin and RB2) failed to reverse the
effects of ATP. Indeed, the treatment with suramin (30 μM)
plus ATP (5 mM) significantly reduced the cell viability
(61.1±2.77 %) when compared to the treatment with ATP
(5 mM) alone (Fig. 1d). As previously described in another
study from our group, ATP added at the beginning of the
treatment gets slowly degraded and is almost absent in the
conditioned medium after 24 h. In this way, during the time-
course of the experiment, cells experience a mixed concen-
tration of the degradation products of ATP [21]. Once these
extracellular nucleotides can induce cell proliferation in
human glioma cell lines [21–23], we believe that some of
the P2 receptor antagonized by suramin and RB2 maintain
the survival of glioma cells, when activated by extracellular
nucleotides via P2 purinoreceptors [22]. Thus, blocking
some specific purinergic receptors that sustain glioma cells
proliferation could lead to an increase of glioma cell death,
as shown in Fig. 1d.

Cell counting

As shown in Fig. 2a–b, the treatment with ATP (5 mM),
irradiation at 2 Gy or irradiation plus ATP (5 mM) did not
affect the U-138 MG and U-251 MG glioma cell numbers,
which indicate an absence of effect on cell proliferation.
Interestingly, these same treatments led to significant reduc-
tions in the percentage of cell number of the M059J cell line
(Fig. 2c), 44.6±5.3 % for ATP (5 mM), 24.0±3.6 % for
irradiation and 69.2±9.2 % for irradiation plus ATP treat-
ment. This data supports that M059J cells are radiosensitive
and ATP sensitive, whereas U-138 MG and U-251 MG cell
lines are radioresistant [3, 9–12]. These results are in agree-
ment with the data presented in Fig. 1 demonstrating that
human glioma cell line M059J is more sensitive to high ATP
concentration than U-138 MG and U251-MG human glioma
cell lines. Noteworthy, co-treatment with irradiation plus
ATP (5 mM) increased the reduction of cell counting on
glioma cell line M059J (Fig. 2c), in comparison to irradia-
tion only, indicating that ATP has an additional effect on cell
depletion induced by the irradiation on radiosensitive glio-
ma cells.

To determine if P2X7R might be related to the radiosen-
sitivity of the M059J cells, this lineage was co-treated with
the selective P2X7R antagonist A740003 (10 μM) and then
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irradiated (2 Gy). As shown in Fig. 2c, A740003 completely
reversed the cell number decrease caused by irradiation
(2 Gy) (from 76.0±3.62 % of cells to 105.3±1.79 %),
clearly indicating that P2X7R is involved in the radiosensi-
tivity of M059J human glioma cells. As described before,
the irradiation induces ATP release [8], wherefore the selec-
tive P2X7 receptor antagonist A740003 probably blocks the
effect of nucleotides released by irradiation. It is important
to note that, although it appears that treatment with
A740003 has not completely blocked the ATP effects, there
was no significant difference between the two groups:
A740003+ATP and A740003+irradiation. Finally, we trea-
ted the cells with A740003 (10 μM) plus irradiation plus
ATP (5 mM). Data shows that the cell number reduction was
not significantly different when compared to the control
group.

Analysis of mRNA expression

To determine the reference genes to be used in the present
study, we analyzed the stability of β-actin, 18S, B2M, and
GAPDH based on previous reports of housekeeping genes
[19]. The most stable reference genes were 18S, B2M, and
GAPDH, whereas β-actin was the less stable. We also
analyzed the optimal number of internal control genes for
normalization with geNorm. The results indicated the com-
bination of the three or four most stable genes for normal-
ization purposes. As β-actin gene was found very unstable,
we chose to use the other three constitutive genes for nor-
malization (data not shown).

The expression of P2X7R in U-138 MG, U-251 MG, and
M059J cells exposed to control (standard cell culture medi-
um alone) was analyzed and representative results are

Fig. 1 a–c Effect of treatment with ATP (0.5, 3, and 5 mM) and
BzATP (100 μM) on cell viability of human glioma lines after 24 h.
d Effects of pre-treatment with the selective P2X7R antagonist
A740003 (10 μM) or P2R suramin (30 μM) or P2YR RB2 (100 μM)
antagonists and ATP (5 mM) on cell viability of M059J cells after 24 h.

The experiments were carried out at least three times in triplicate. Each
column represents the mean±SEM. *p<0.05; ***p<0.001 for compar-
ison versus control and #p<0.05 for comparison from the respective
group, as determined by ANOVA/Tukey–Kramer test
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presented in Fig. 3a. The M059J lineage expressed signifi-
cantly higher P2X7R levels when compared to U-138 MG
and U-251 MG cell lines (0.40±0.00, 0.28±0.01, and 0.31±
0.01, respectively). As shown in Fig. 3b, the treatment with
irradiation (2 Gy) caused a marked increase in P2X7R
expression in M059J cells, in comparison to M059J non-
irradiated control cells (37.5 %, from 0.40±0.00 to 0.55±
0.08), what probably turns M059J cells more sensitive to the
released ATP induced by irradiation [8].

P2X7R protein flow cytometry analysis

We investigated P2X7R protein levels of U-138 MG, U-251
MG, and M059J cells. All human non-irradiated glioma cell
lines did not present any difference in the P2X7R protein

level (Fig. 4a–c, dotted lines). The irradiation treatment
(2 Gy) induced visible difference in P2X7R protein expres-
sion in the lineages analyzed. As shown in Fig. 4a–c (black
line), cell lineages tested showed an increased P2X7R pro-
tein level after irradiation when compared to non-irradiated
cells (dotted line). M059J lineage doubled P2X7R protein
after irradiation, in relation to non-irradiated M059 cells
(MFI: irradiated; 6712.0±247 and non-irradiated; 3359.5±
159.5) (Fig. 4c), and was found significantly increased
when compared to the irradiated U-138 MG and U-251
MG cell lines (MFI, 4446.5±178.5 and 4704.5±183.5, re-
spectively) (Fig. 4a, b). The increased levels of P2X7R
protein observed in M059J cells after irradiation indicates
that this receptor could potentially be involved in the death
induced by irradiation of radiosensitive cells.

Fig. 2 a–c Effect of treatment with ATP 5 mM, irradiation (2 Gy), or
ATP and irradiation on cell number of human glioma cells, which was
also co-treated with A740003 (10 μM) and irradiation. The cell num-
ber of the control group (not treated cells) was considered 100 %. The

experiment was carried out at least three times in triplicate. Each
column represents the mean±SEM. *p<0.05; ***p<0.001 for compar-
ison versus control and #p<0.05; ###p<0.001 for comparison from the
respective group, as determined by ANOVAwith Tukey's post-hoc test

Fig. 3 a Relative gene expression profile of P2X7R on human glioma
cell lines. b Effect of irradiation (2 Gy) on P2X7R expression on
M059J human glioma cell line. Overall results from N04 independent
experiments. Each column represents the mean±SEM. ***p<0.001 for

comparison versus control, as determined by Student's t test and ##p<
0.01, ###p<0.001 for comparison from the respective group, as deter-
mined by ANOVA with Tukey's post-hoc test
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Ethidium bromide uptake

In order to investigate whether P2X7R expressed is func-
tional as a pore on glioma cell lines, before and after irradi-
ation treatment (2 Gy), we stimulated non-irradiated and
irradiated cells with ATP (5 mM) and analyzed the ethidium
bromide uptake. The results demonstrated a significant dif-
ference in ethidium bromide uptake capacity among the
non-irradiated lineages. As shown in Fig. 5a, the M059J
cells (black line) showed a significant higher capacity of
ethidium bromide uptake, when compared to U-138 MG
(gray line) and U-251 MG (dotted line) (MFI 4763.5±
198.5, 1364.0±102, and 3001.5±42.5), what is probably
related to its ATP-P2X7R sensitivity.

We have also investigated whether irradiation alters ethi-
dium bromide uptake. For this experiment, cells were irradi-
ated 24 h before ATP (5 mM) treatment. As shown in Fig. 5b,
ethidium bromide uptake was significantly increased after
irradiation on M059J cell line when compared to M059J
non-irradiated cells (MFI from 4763.5±198.5 to 6303.0±
409) and when compared to the other cell lines (MFI U-138
MG 2325.0±189 and U-251 MG 2678.0±177). These data
show that ATP-P2X7R-induced apoptosis is likely functional
on M059J cells, leading to ATP-P2X7R sensitivity (Figs. 1c
and 2c). Furthermore, the radioresistant U-138 MG and U-
251cell lines did not show the same pattern, since these cells
did not increase ethidium bromide uptake after irradiation.
This could be explained by the fact that these lineages express

Fig. 4 a–c Representative histogram of P2X7R protein levels on
human glioma cell lines. Gray line: secondary antibody control; dotted
line: non-irradiated cells and black line: irradiated cells. Data shown is
representative of at least two independent experiments. d Mean fluo-
rescence intensity (MFI) for P2X7R. Each column represents the mean

±SEM. All the groups were significantly different from their respective
secondary antibody control group. **p<0.01, *** for p<0.001 com-
parison from non-irradiated versus irradiated into the same lineage and
#p<0.05 or ##p<0.01 for comparison versus irradiated cells between
lineages, as determined by ANOVA with Tukey's post-hoc test
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less mRNA P2X7R (Fig. 3a) and also present less P2X7R
protein levels after irradiation (Fig. 4), when compared to the
M059J cell line. We might suppose that these radioresistant
cell lines developed a mutation of any component of P2X7R-
induced cell death system, compromising the irradiation-
induced P2X7R protein and activity increase (Fig. 5b).

To verify that ethidium bromide uptake was induced by
ATP via P2X7R pore on human glioma cell lines, we
blocked these cells with the P2X7R selective antagonist
A740003 (10 μM) 20 min before ATP treatment (on irradi-
ated and non-irradiated cells), which caused a reduction in
ethidium bromide uptake (data not shown), confirming that
the increase in ethidium bromide uptake observed after ATP
(5 mM) treatment was via P2X7R.

Annexin V/PI flow cytometric staining technique

As shown in Fig. 6c, the treatment with ATP (5 mM) in-
duced a clear increase in annexin V-positive population

(32.9±7.3 %), and the selective P2X7R antagonist
A740003 (10 μM) significantly reduced the annexin V-
positive population in 32.8 % (10.8±2.95 %) (Fig. 6d).
The irradiation (2 Gy) also caused an increase in the annexin
V-positive population (21.7±1.4 %) (Fig. 6e), and A740003
was able to partially reverse this parameter in 50.2 % (10.9±
0.75 %) (Fig. 6f).

In order to determine if irradiation might turn M059J
cells more sensitive to ATP-induced cell death, as irradiation
increase P2X7R expression, and also to confirm whether the
receptor is still functional in this cell line after irradiation at
2 Gy, we irradiated these cells and after we treated them
with ATP (5 mM) or with A740003 (10 μM) plus ATP
(5 mM). As shown in Fig. 6g, the treatment with ATP after
irradiation revealed that annexin V-positive population in-
creased (48.0±7.0 %) when compared to irradiation or ATP
treatment only, showing that cells become more sensitive to
ATP and P2X7R is still functional after irradiation.
Figure 6h shows that A740003 was able to significantly

Fig. 5 Representative
histogram of ethidium bromide
uptake after stimulus with ATP
(5 mM) on a non-irradiated
cells or b irradiated cells. Gray
line: U-138 MG; dotted line: U-
251 MG and black line: M059J.
c Mean fluorescence intensity
(MFI) for ethidium bromide
uptake after stimulus with ATP
(5 mM) on non-irradiated and
irradiated human glioma cell
lines. Data shown is represen-
tative of at least two indepen-
dent experiments. Each column
represents the mean±SEM. *p<
0.05 for comparison between
M059J non-irradiated versus
M059J irradiated cells and ##p
<0.01, ###p<0.001 for com-
parison from the same treatment
between lineages, as deter-
mined by ANOVAwith Tukey's
post-hoc test
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reduce to 13.5±1.5 % the effect of irradiation plus ATP
(48.0±7.0 %), confirming that treatments effect are via
P2X7R.

Discussion

The resistance of glioma cells to the effects of irradiation
limits the success of the treatment [3] and identification of
molecular mechanisms underlying glioma radioresistance is
essential for development of combination therapies against
this lethal pathology [10]. In the present study, we show that
radioresistant U-138 MG and U-251 MG human glioma
cells are also resistant to death caused by the P2X7R ago-
nists ATP and BzATP (Figs. 1a–b and 2a–b). On the other
hand, the radiosensitive M059J human glioma cell was
found to be responsive to death provoked by ATP via
P2X7R (Figs. 1c, 2c, and 6c). Our data establish a possible
relationship between human glioma cells radiosensitivity
and P2X7R activation.

The P2X7R is upregulated after acute brain injury [24],
as irradiation. Herein, we found that the P2X7R expression
in M059J cells was significantly higher than in radioresist-
ant (Fig. 3a) lineages, and it is increased when this cell line
was irradiated (Fig. 3b), leading us to believe that the
activation of P2X7R induces, in part, to an inflammatory

mechanism related to irradiation-induced cell death in ra-
diosensitive lineages.

A study of Wei et al. [6] showed that P2X7R mRNA and
protein present in unstimulated C6 rat glioma cells were up-
regulated by cell exposure to the P2X7R agonist BzATP.
Even though, all three lineages studied here presented sim-
ilar P2X7R protein levels (Fig. 4), and after irradiation
(2 Gy), the radioresistant lineages (U-138 MG and U-251
MG) did not have their P2X7R protein levels increased, as
expected after an injury [24]. Moreover, the P2X7R is
unique in its ability to produce a large transmembrane pore
upon intense stimulation [5]. Herein, we have shown that
P2X7R pore is significantly more functional on M059J cell
line when compared to U-138 MG and U-251 MG (Fig. 5a),
related to its ATP-P2X7R sensitivity. Furthermore, M059J
lineage was able to uptake more ethidium bromide than the
other lineages irradiated (Fig. 5b). A possible explanation to
ATP-P2X7R-resistance by U-138 MG and U-251 MG is
provided herein: both U-138 MG and U-251-MG cell lines
display significantly less P2X7R expression in relation to
M059J cells (Fig. 3a). In fact, Tamajusuku et al. [2] have
shown a positive correlation between ATP-induced cell death
and the increase in P2X7R expression. The lack of P2X7R
functionality on U-138 MG and U-251 MG glioma cells and
reduced apoptosis can also be due to a mutation in the P2X7R
protein, which detain their traffic to the plasma membrane
[25]. This mutation does not prevent their detection with the

Fig. 6 Dot plot with percentage of Annexin V/PI positive M059J cells—24 h after treatment. Each sample has 50,000 cells. Data shown is
representative of at least two independent experiments
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antibody anti-P2X7R. As we have shown, P2X7R protein is
present in these human glioma cell lines (Fig. 4a–b). Another
point to consider is that pore formation requires accessory
proteins for its activity, like pannexin [26]; thus, the expres-
sion of these proteins may also be deficient in the human
glioma cells insensitive to extracellular ATP.

The death stimulated by ATP via P2X7R on M059J
human glioma cell line has apoptotic features (Fig. 6c).
Several studies have shown that cell death induced by
activation of P2X7R is strongly dependent on the cell type
[2], and the idea of a cell-membrane receptor linked to
apoptosis is an attractive target for cancer therapy [27].

The cell death induced by ionizing irradiation, in general,
is considered to be apoptotic [3], as we demonstrated in our
study (Fig. 6e). Irradiation induces DNA doublestrand
breaks (DSB), which are the most lethal form of damage
to DNA. In mammals, DNA DSB is generally repaired via
nonhomologous end joining, in which DNA-dependent pro-
tein kinase (DNA-PK) plays a key role [3]. It is already
known that M059J cell line lack DNA-PK and is sensitive to
irradiation [3, 11, 12]. In our paper, we propose an addition-
al radiosensitization mechanism, in which P2X7R activation
is implicated, via apoptosis induction. Accordingly, the
pharmacological inhibition of P2X7R by its selective antag-
onist A740003 elicited a significant decrease of irradiation-
induced death (Fig. 6f), even if stimulated with more ATP
after irradiation (Fig. 6h).

Recently, Ohshima et al. [8] showed that γ-irradiation
induces P2X7R-dependent ATP release from B16 melano-
ma cells and Wilhelm et al. [28] observed increased ATP
concentrations after total body irradiation. The treatment
with ATP (5 mM) after irradiation induces more cell death
of the ATP-sensitive cells (Fig. 6g), demonstrating that cells
really become more sensitive to ATP after irradiation, prob-
ably because irradiation induce ATP release [8, 24] and
increased P2X7R expression (Fig. 3b). We surmise that
P2X7R is partially related to irradiation-induced cell death.

A multicentric study showed that patients that have glio-
mas with high P2X7R expression present longer survival,
when compared to patients with gliomas expressing lower
P2X7R levels [29]. Therefore, recovery strategies and/or
expression and functional induction of P2X7R, which indu-
ces cell death in gliomas, warrants further investigation,
since this receptor may be associated (or discarded) in the
gene therapy with other anti-tumor genes.

In conclusion, we have shown for the first time that
radioresistant glioma cells display less P2X7R mRNA and
protein expression and reduced pore uptake capacity in
comparison to a radiosensitive cell line, and that P2X7R
activation increased cell death in the radiosensitive human
glioma cell line. Our results provide convincing evidence on
the possible involvement of P2X7 receptor in glioma radio-
sensitivity. Understanding the roles of P2X7R in glioma

cells may lead to a rationale testing of novel therapeutic
strategies to inhibit tumor growth.
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