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Abstract
Glioblastoma (GBM) is the most aggressive and lethal among the primary brain tumors, with a low survival rate and resistance 
to radio and chemotherapy. The  P2Y12 is an adenosine diphosphate (ADP) purinergic chemoreceptor, found mainly in platelets. 
In cancer cells, its activation has been described to induce proliferation and metastasis. Bearing in mind the need to find new 
treatments for GBM, this study aimed to investigate the role of the  P2Y12R in the proliferation and migration of GBM cells, as 
well as to evaluate the expression of this receptor in patients’ data obtained from the TCGA data bank. Here, we used the  P2Y12R 
antagonist, ticagrelor, which belongs to the antiplatelet agent’s class. The different GBM cells (cell line and patient-derived cells) 
were treated with ticagrelor, with the agonist, ADP, or both, and the effects on cell proliferation, colony formation, ADP hydrolysis, 
cell cycle and death, migration, and cell adhesion were analyzed. The results showed that ticagrelor decreased the viability and the 
proliferation of GBM cells.  P2Y12R antagonism also reduced colony formation and migration potentials, with alterations on the 
expression of metalloproteinases, and induced autophagy in GBM cells. Changes were observed at the cell cycle level, and only 
the U251 cell line showed a significant reduction in the ADP hydrolysis profile. TCGA data analysis showed a higher expression 
of  P2Y12R in gliomas samples when compared to the other tumors. These data demonstrate the importance of the  P2Y12 receptor 
in gliomas development and reinforce its potential as a pharmacological target for glioma treatment.
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Introduction

Gliomas are the most common malignant tumors of the 
central nervous system (CNS) [1, 2] and they have been 
related to most deaths from primary brain tumors, pre-
senting very limited forms of treatment [3, 4]. The World 
Health Organization (WHO) classified gliomas into four 
grades (I–IV) based on their morphology, increased 
mitotic activity, and histopathological characteristics [5]. 
Recently, these tumors have been divided into different 
subclasses according to genetic alterations, and expression 
profiles mainly of platelet-derived growth factor recep-
tor alfa (PDGFRA), epidermal growth factor receptor 
(EGFR), neurofibromatosis 1 (NF1), and isocitrate dehy-
drogenase 1 and 2 (IDH1 and IDH2) [6].

Glioblastoma (GBM) is the most aggressive type of gli-
oma, and the prognosis gets worse as age increases [1, 7]. 
For more than three decades, postoperative radiotherapy 
has been the standard treatment for newly diagnosed GBM 
[8]. Besides, temozolomide (TMZ), an alkylating agent, 
is widely used in the treatment of GBM, reducing the risk 
of recurrence and prolonging patients’ survival, despite 
bringing important adverse effects, such as hematological 
toxicity, thrombocytopenia, and lymphopenia [9].

The development of GBM as well as their invasive 
behavior is tightly controlled by the local microenviron-
ment. Molecules found in the extracellular milleu, such 
as adenosine triphosphate (ATP), adenosine diphosphate 
(ADP), and adenosine, have been described to stimulate 
GBM invasion changing the local microenvironment to 
favor tumor progression [10, 11].

The purinergic signaling is based on cellular ATP 
release, and subsequent binding to purine receptors in 
the extracellular space, modulating its functions [12]. In 
the tumor microenvironment, due to inflammation and the 
presence of hypoxia in solid tumors, both ATP and adeno-
sine may be kept elevated for extended periods of time 
[13]. It is well established that malignant tumors promote 
a strong inflammatory response and are characterized by 
the presence of necrotic areas with ATP release [14].

In this context, ATP and other nucleotides have effects 
on the tumor cells by stimulation of P2Y purinergic recep-
tors [15]. Among these, the metabotropic  P2Y12 receptor 
 (P2Y12R) recognizes ADP as its ligand. It is coupled to 
Gi protein and is highly expressed in platelets, present-
ing an important role in the coagulation process, vascular 
smooth muscle, and brain [16]. Also, ADP activates the 
 P2Y12R in microglial cells to induce chemotaxis, serving 
as a “detector” signal, and  P2Y12 antagonists can be tar-
gets for inflammatory and chronic neuropathic pain control 
[17]. This receptor is overexpressed in C6 glioma cells and 
is localized also, along with other purinergic receptors 
such as  P2Y1 and  P2Y2 [18].

Among the  P2Y12 antagonists, thienopyridines compris-
ing ticlopidine, clopidogrel, and prasugrel are well-known 
antithrombotic drugs and irreversibly inhibit  P2Y12 upon 
metabolic conversion into active metabolites by the hepatic 
cytochrome P-450 system [19]. Ticagrelor, on the other 
hand, does not require biotransformation to become an 
active drug. Its mechanism of action is based on the binding 
on an allosteric site of the  PY12R, therefore, the endogenous 
agonist ADP can bind to the receptor, but it is not able to 
perform its biological effects [20].

In view of the expression of the  P2Y12R in glioma cells, 
we evaluated if the antagonism of  P2Y12R, through the anti-
platelet drug ticagrelor, can alter the proliferation and the 
migratory profile of GBM cells.

Materials and methods

Cell cultures and treatments

The human GBM cell line (U251) is from the ATCC 
(Rockville, MD, USA) and the patient-derived GBM cells 
(LS12) were previously obtained as described by Kipper 
et al. (2018). Briefly, LS12 cells come from a female patient 
submitted to surgical resection at São Lucas Hospital from 
PUCRS, with a diagnosis at 44 years, obtaining confirmation 
of grade IV glioma through histopathological analysis [21]. 
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This study was conducted in accordance with the appro-
priate guidelines and ethical protocols (Ethical Commit-
tee approval protocol at UFRGS: 420.856 and at PUCRS: 
429.849) and after obtaining informed consent from the 
patient. U251 cells were maintained in Dulbecco’s modified 
Eagle medium (DMEM) while LS12 cells were cultivated 
in DMEM-F12, both supplemented with 10% fetal bovine 
serum (FBS), under ideal culture conditions and kept in a 
humidified cell incubator (37 °C, 5%  CO2, 95% humidity). 
Upon reaching semi-confluence, cells were treated with the 
 P2Y12 receptor agonist, ADP (100 µM), with the antago-
nist, ticagrelor, at different concentrations (5, 10, 20, 50, 
100, 200 µM) or  P2Y1 antagonist, MRS2179, at different 
concentrations (5, 10, 20, 50 µM). Treatments were carried 
out within 24 h for the purpose of performing a time versus 
response curve with ticagrelor in solution and ADP.

Gene expression

U251 (n = 4) and LS12 (n = 4) were seeded in 6-well plates. 
After 24 h, the total RNA from cells was isolated using Tri-
zol LS reagent (Invitrogen, Carlsbad, CA, USA). The cDNA 
was synthesized with ImProm-II™ Reverse Transcription 
System (Promega, Madison, Wisconsin, USA) in a final vol-
ume of 20 µl in the presence of oligodT primer. The quanti-
tative PCR (RT-qPCR) was performed using SYBR® Green 
I (Invitrogen) to detect double-strand cDNA synthesis on 
the 7500 Real-time PCR System (Applied Biosystems, CA, 
EUA). The primers used are shown in Table 1. All real-time 
assays were carried out in quadruplicate, and, in all cases, a 
reverse transcriptase negative control was included by sub-
stituting the templates for DNase/RNase-free distilled water 
in each PCR reaction. The beta-2-microglobulin (B2M) gene 
was used as the endogenous control. The efficiency for each 

sample was calculated using the software LinRegPCR ver-
sion 2021.1 and the stability of the reference gene (M-value) 
and the optimal number of reference genes according to 
the pairwise variation (V) were analyzed by geNorm soft-
ware. The relative expression levels were determined by the 
2-ΔΔCq method.

Cell viability analysis

The compound 3-(4,5-dimethylthiazolyl)-2,5-diphenyltetra-
zolium bromide, inner salt (MTT) (CellTiter 96® Non-Radi-
oactive Cell Proliferation Assay, Promega, USA) was used 
to quantify cell viability (3 ×  104 per well in 96-well plate), 
according to the manufacturer’s protocol. Briefly, U251 and 
LS12 cells were treated with MRS2179 (5, 10, 20, 50 µM) or 
ticagrelor (5, 10, 20, 50, 100, 200 µM) for 24 h. At the end of 
this period, 100 μl of the MTT solution (5 mg/ml) was added 
and incubated for 3 h. Formazan crystals were resuspended 
in 100 µl of dimethylsulfoxide (DMSO) and the absorbance 
was recorded at 595 nm with a 96-well plate reader (Spectra 
Max M2e, Soft Max®Pro 5, Molecular Devices). The cell 
viability in each well was expressed as a percentage com-
pared to control cells.

Proliferation assay

U251 and LS12 cells were seeded (2 ×  104 per well in 
24-well plate) and after reaching 70% confluence, they 
were treated with ticagrelor (50 µM) and/or ADP (100 µM) 
for 24 h. After, cells were loosened with 200 μl of trypsin/
EDTA solution, stained with trypan blue, and counted in an 
automated Cell Counter (Life Technologies, Waltham, MA, 
USA). The number of cells in the control group (untreated 
cells) was considered 100%.

Table 1  Primer sequences for the experiments included in this study

The efficiencies of the primer sets are calculated individually for each sample (n = 4) using the software LinRegPCR version 2021.1, and the effi-
ciency shown in the table is an average of these efficiencies. *Designed by the authors

Gene Primers 
efficiency

Forward primer Reverse primer

P2RY1 1.7 5′-GGA TGC CAT GTG TAA ACT GC-3′ 5′-GTA CAC CAC ACC GCT GTA CC-3′ [22]
P2RY2 2.0 5′-CAC CCG CAC CCT CTA CTA CT-3′ 5′-CCT TGT AGG CCA TGT TGA TG-3′ [22]
P2RY4 2.0 5′-CCT GCC TGG TCA CTC TTG TT-3′ 5′-CAG CTA TGG TGC GGA GAG AG-3′ [22]
P2RY6 1.9 5′-AGC TTC CTG CCT TTT CAC AT-3′ 5′-AAA GGC CTC CAA TAC AGT GC-3′ [22]
P2RY11 - 5′-CAT GGC AGC CAA CGT CTC GG-3′ 5′-GGG CCA CAG GAA GTC CCC CT-3′ [22]
P2RY12 2.0 5′-GCC TGG ATC CGT TCA TCT AT-3′ 5′-GGG ACA GAG ATG TTG CAG AA-3′ [22]
P2RY13 2.1 5′-GAC TGC CGC CAT AAG AAG AC-3′ 5′-CAG ATC TGT TGA AGC CTT GC-3′ [22]
P2RY14 1.8 5′-TCA CAG ATG AAG GCC TAG ACG CA-3′ 5′-TGC CCA GTG AGC GTT TGT CGT-3′ [22]
MMP2* - 5′-CCC AGC GAC TCT AGA AAC ACA-3′ 5′-GGG CCA CTA TTT CTC CGC TT-3′
MMP9* - 5′-CCT GGA GAC CTG AGA ACC AA-3′ 5′-AGA TTT CGA CTC TCC ACG CA-3′
β2-microglobulin* - 5′-CTA TCC AGC GTA CTC CAA AG-3′ 5′-ACA AGT CTG AAT GCT CCA CT-3′
B2M 2.0 5′-ACT GAA TTC ACC CCC ACT GA-3′ 5′-CCT CCA TGA TGC TGC TTA CA-3′ [23]
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Clonogenic assay

GBM cells U251 and LS12 were plated at a density of 
2 ×  102 and 2 ×  103 cells per well, respectively, in 12-well 
plates. Cells were treated with ticagrelor (50 μM) and/or 
ADP (100 μM) for 24 h. Then, the treatment was with-
drawn, and the cells remained in culture for 10 days for 
the U251 and 21 days for LS12 cells. The medium was 
renewed every 2 days together with ADP (100 μM). At the 
end of the experiment, cells were washed with PBS, fixed 
with 4% formalin for 20 min, and stained with gentian vio-
let for 10 min. Subsequently, cells were washed twice with 
PBS and stored at room temperature to dry. After 24 h, the 
images were obtained by the Cyber-shot DSC-W510 Sony 
Picture 12.1 megapixels, and the number of colonies was 
determined by the WCFI ImageJ (NIH) software. Results 
were shown as the absolute number of colonies.

Cell death and cell cycle analysis

U251 and LS12 cells were seeded (1 ×  105 cells per well in a 
24-well plate) and cultured for 24 h. Afterwards, cells were 
treated with ticagrelor (50 μM) for 24 h. At the end of the 
treatment, both the culture medium as well as the cells were 
harvested, centrifuged at 400 g for 6 min and washed with 
PBS (pH 7.4). Next, for cell death analysis, the cells were 
suspended in and quantified by annexin V-FITC–propidium 
iodide (PI) double staining, using Annexin V-FITC Apopto-
sis detection Kit I (BD, Biosciences, Mountain View, CA), 
according to the manufacturer’s instructions. While, for cell 
cycle analysis, the cells were suspended in staining solution 
(0.5 mM) Tris–HCl (pH 7.6), 3.5 mM trisodium citrate, 0.1% 
NP 40 (v/v), 100 µg.mL−1 RNase and 50 µg.mL−1 PI at a con-
centration of  106 cells.mL−1. Experiments were performed 
on FACS Calibur Flow Cytometer (BD Bioscienes), and the 
results were analyzed using FlowJo Software (Tree Star).

Autophagic analysis

The GBM cells (U251 and LS12) glioma cells were seeded 
(1 ×  105 cells per well in a 24-well plate) and cultured for 
24 h. Cells were treated with ticagrelor (50 μM) for 24 h. 
Autophagic cells were quantified by acridine orange staining 
24 h after treatment, according to the manufacturer’s instruc-
tions. The experiments were performed using the FACSCali-
bur flow cytometer (BD Biosciences) and the results were 
analyzed using the FlowJo software (Tree Star).

Nuclear morphology analysis (NMA)

The NMA assay was performed according to described by 
Filippi-Chiela et al. (2012) [24]. U251 and LS12 cells were 

seeded (10 ×  103 cells per well in 24-well plate) for 24 h. 
GBM cells were then incubated with ticagrelor (50 µM) 
for 24 h. Next, cells were fixed with 4% formaldehyde for 
20 min, and staining with Hoechst 33,342 (Sigma-Aldrich 
Canada) at a 1:1000 dilution in PBS. Photographs were 
taken under an inverted microscope at 100 × magnification 
and analyzed. Data are presented as area versus nuclear 
irregularity index (NII) graphs.

Wound healing assay

The ability of cells to migrate in monolayer (2D) was inves-
tigated using the wound healing assay. Cells were plated 
in a 12-well plate (1 ×  105) with 5% FBS and kept for 24 h. 
Then, using a p200 pipette tip, a straight line will be made 
at the bottom of the well, to mimic a situation of cell injury. 
Then, cells were treated with ticagrelor (50 μM) and/or ADP 
(100 μM). Image acquisition was made at 0 and 24 h with the 
aid of an inverted microscope, always in the same field. The 
images were analyzed with the help of the ImageJ package.

Spheroids migration assay

Spheroids were formed by depositing drops of LS12 cells 
(5 ×  103 cells/20 µl) onto the bottom of the lid in a 48-wells 
plate, as previously described [25]. The lid was inverted 
onto the CMF-filled bottom chamber and incubated at 37 °C 
(5%  CO2 and 95% humidity atmosphere), for 4 days, until 
the cell aggregate was formed. LS12 Spheroids migration 
assay was performed according to Scheffel et al. (2022) 
[26]. The spheroids formed (n = 4) were dropped into a 
48-well plate, previously treated with 0.1% gelatin for 2 h, 
and kept in medium with 2% FBS, then exposed to ticagre-
lor (20 μM) and/or ADP (20 μM). Images were recorded at 
0, 24, and 48 h in an inverted microscope at 40 × magnifica-
tion and quantified using the Image-Pro 6 software.

Cell adhesion analysis

U251 and LS12 cells were seeded (4 ×  104) in 200 µl of 
final volume for 1 h and exposed to ticagrelor (50 μM) 
and/or ADP (100 μM) alone and in association and main-
tained under ideal growing conditions. After 1 h, cells 
were washed with PBS and fixed in 4% formalin with 
50 μl per well for 10 min. After the formalin was removed, 
the cells were stained with crystal violet diluted in 20% 
methanol for another 10 min. After the time, the dye was 
removed and the cells were washed with PBS and the 
formed crystals were eluted in 10% acetic acid for further 
reading in a spectrophotometer (Spectra Max M2e, Soft 
Max® Pro 5, Molecular Devices) at 595 nm.
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ADPase activity

Cells were seeded (5 ×  104) in a 24-well plate and after 
48 h of cultivation, when in semi-confluency, they were 
treated with ticagrelor (50  μM) for 24  h. Cells were 
washed with phosphate-free incubation medium contain-
ing 20 mM Hepes buffer, 5.0 mM  CaCl2, KCl, 120 mM 
NaCl, 10 mM glucose, and pH 7.4. Cells were incubated 
in the same medium as described above, containing 1 mM 
ADP as a substrate. After 30 min, the reaction was stopped 
by withdrawing an aliquot of 150 µl which was transferred 
to tubes containing 150 µl of 10% trichloroacetic acid 
(TCA) previously kept on ice. Inorganic phosphate (Pi) 
released was measured by the malachite green method 
[27], using  KH2PO4 as a standard. The non-enzymatic Pi, 
released by the spontaneous hydrolysis of nucleotides in 
the cell-free incubation medium, was subtracted from the 
total Pi released during the incubation. Specific activity 
was expressed as nmol Pi/min/mg protein.

Protein determination

After the enzymatic assay, cells in the 24-well plates were 
dried, solubilized with 100 µl NaOH (1.0 M), and kept in a 
freezer overnight. Subsequently, they were thawed, homog-
enized and then a sample of 50 µl was collected, whose 
amount of protein was determined by the Coomassie Blue 
method [28], using bovine serum albumin as a standard.

Statistical analysis

All data were expressed as mean ± standard deviation (SD) 
from at least three independent experiments. Data were ana-
lyzed by analysis of variance (ANOVA) one-way followed 
by Tukey’s post hoc test or two-way followed by Bonfer-
roni’s post hoc test, or by Student’s t-test using GraphPad 
Software (San Diego, CA, USA). p values < 0.05 were taken 
to indicate statistical significance.

Results

Characterization of P2Y receptors expression 
in human GBM

Initially, with the aim of comparing the expression of the P2Y 
receptors family  (P2Y1,  P2Y2,  P2Y4,  P2Y6,  P2Y11,  P2Y12, 
 P2Y13, and  P2Y14) in human GBM cells (U251 and LS12), we 
performed a screening of all P2YR receptors using the qRT-
PCR assay. According to the data presented in Table 2, there 
was no difference in relation to the expression of  P2Y1,  P2Y4, 
 P2Y12, and  P2Y13 receptors between U251 and LS12. The 
results showed that  P2Y2 and  P2Y14 receptors are expressed 

only in patient-derived cells LS12. The  P2Y6 receptor dem-
onstrated different patterns of expression (low and moderate) 
between cells.  P2Y11 receptor expression was not detected in 
any of the cells tested (Table 2). Besides, we analyzed the 
 P2Y12 expression level in TCGA cohorts comparing low- and 
high-grade gliomas (LGG and GBM) with different tumor 
types. As shown in Supplementary Fig. 1, both types of glio-
mas showed a higher expression of  P2Y12 when compared to 
the other tumors. Further analysis evaluating the effect  P2Y12 
receptor expression level on glioma patients’ survival showed 
no differences between high and low-medium P2YR12 expres-
sion in the survival probability of low grade and GBM patients 
(data not shown).

P2Y12 receptor antagonism reduced the cell viability 
and proliferation in GBM cells

Since  P2Y1 and  P2Y12 receptors have the ADP as an endog-
enous ligand, we carried out a series of experiments to evalu-
ate the effect of the selective antagonists of these receptors on 
mitochondrial activity through MTT assay. Treatment with the 
 P2Y1 receptor antagonist, MRS2179, for 24 h did not change 
cell viability at all concentrations tested (5–50 µM), thus indi-
cating that  P2Y1 is not involved in the proliferation events of 
GBM cells under the conditions tested (Fig. 1A and B).

To assess the involvement of the  P2Y12 receptor in the 
cell viability, the patient-derived cells LS12 and a GBM cell 
line U251 were treated for 24 h with the selective antagonist, 
ticagrelor, and the MTT assay was performed. As shown in 
Fig. 1C and D, there was a reduction (p < 0.001) in cell viabil-
ity in the cells tested beginning a 50 μM of the antagonist 
when compared to the vehicle control (DMSO). The values 
obtained from the  IC50 were 117.2 μM for U251 and 82.5 μM 
for LS12 cells (Supplementary Fig. 2). To carry out the other 
experiments, we chose the concentration of 50 μM, which cor-
responds to the lowest effective concentration for tested cells.

Next, to assess the effect of the  P2Y12R antagonist on 
proliferation, human GBM cells were exposed to ticagrelor 
(50 μM) and ADP (100 μM), isolated or in association, for 

Table 2  P2YR gene expression 
in human glioblastoma cells

The relative mRNA expression 
compared to B2M expression

Receptor U251 LS12

P2Y1 10.56 5.13
P2Y2 Absent 1.61
P2Y4 0.63 0.43
P2Y6 1.02 0.95
P2Y11 Absent Absent
P2Y12 0.60 0.65
P2Y13 0.58 0.42
P2Y14 Absent 5.47
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24 h. After, the cell proliferation assay was performed. 
The results showed that ADP induced an increase in the 
number of cells in U251 cells (p < 0.001). It should be 
noted that the patient-derived GBM cells did not show 
the same response to ADP (100 μM) isolated under the 
same treatment conditions, since it has a different time 
of growth. On the other hand, there was a reduction 
in the number of cells in the groups treated with tica-
grelor (50 μM), U251 (34.2%; p < 0.01), LS12 (44.2%; 
p < 0.001), and with ticagrelor in association with ADP 
for U251 cells (36.3%; p < 0.01), LS12 (44.6%; p < 0.001) 
when compared to DMSO. The addition of ADP did not 
reverse the effect of ticagrelor after 24 h of treatment in 
any GBM cell type (Fig. 1E and F).

P2Y12 receptor antagonism are related 
to a reduction in colony formation and ADPase 
activity of GBM cells

Following, to assess the long-term cell proliferation profile, 
we performed the colony formation assay for 10 days in U251 
and, given the different growth characteristics of primary 
cells, for 21 days in LS12 cells. Both LS12 and U251 were 
exposed to ticagrelor (50 μM) and to ADP (100 μM), iso-
lated or in combination, for 24 h. After this period, the groups 
that received ticagrelor were kept with the culture medium, 
which was renewed every 2 days, and the groups that received 
ADP continued to receive the treatment, also being renewed 
every 2 days. U251 cells showed a significant reduction in 

the number of colonies when treated with ticagrelor isolated 
(14.8 ± 6.3, p < 0.05) or in association with ADP (15.3 ± 3.5, 
p < 0.05) after 10 days (Fig. 2A and C). However, unlike the 
24 h exposure to the agonist (ADP), there was no increase in 
the number of colonies in the commercial cell line. In contrast, 
patient-derived GBM cells exhibited an increase in the num-
ber of colonies formed when treated with ADP (11.0 ± 1.00, 
p < 0.001) and there was a reduction in the number of colonies 
when cells were treated with the selective receptor antagonist 
 P2Y12 and in association with ADP (Fig. 2B and C).

To understand the ADP hydrolysis profile, the malachite 
green assay was performed, and it was investigated whether the 
 P2Y12 receptor blockade would be able to alter the ADPPase 
activity in different GBM cells. Interestingly, the treatment 
with ticagrelor (50 μM) reduced ADPase activity (p < 0.001) 
in U251 (Fig. 2D). As seen in Fig. 2E, there were no changes 
in ADP hydrolysis after  P2Y12 receptor antagonism in the 
other glioma cells tested (LS12). It was observed that there is 
a significant difference in the basal hydrolysis profile between 
commercial or patient-derived GBM cells (data not shown), 
and the ADP hydrolysis was in order, LS12 > U251.

Changes in nuclear morphology were observed 
in GBM cells treated with ticagrelor

After having observed the decrease in the proliferation of 
GBM cells, a nuclear morphology analysis (NMA) was per-
formed to assess the profile of the characteristics of the surviv-
ing tumor population after 72 h of exposure to the treatment. 

Fig. 1  Cell viability and proliferation of GBM cells. Effect of the 
 P2Y1 antagonist MRS2179 (5–50 µM for 24 h) and the  P2Y12 antago-
nist ticagrelor (5–200 µM for 24 h) were assessed using MTT assay 
for A and C U251 and B and D patient-derived GBM cells (LS12). 
For cell count, E U251 and F LS12 cells were treated with ticagre-
lor (50  μM) and/or ADP (100  μM) for 24  h. The cell number was 

expressed in % in relation to the control. Dimethylsulfoxide (DMSO) 
was used as a vehicle control. Values represent the mean ± standard 
deviation (SD) of three independent experiments performed in trip-
licate evaluated by one-way ANOVA followed by post hoc Tukey. 
*Means difference from the control group and # means difference 
from the ADP group. *,#p < 0.05, **,##p < 0.01, and.***,###p < 0.001
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NMA is an analytical tool that enables the evaluation of char-
acteristics associated with regularity and size (morphology) 
of the nuclei of adhered cells in culture [24] since various 
cellular devices, such as senescence, apoptosis, and mitotic 
catastrophe, can affect a nuclear morphology. U251 and LS12 
cells were treated with ticagrelor (50 µM) for 24 h. After 72 h, 
the NMA was performed. Despite an expressive number of 
surviving cells with regular characteristics, these cells, when 
evaluated by clonogenic assay, are less active than untreated 
cells. The results were given by the distribution of the area 
of the nucleus in relation to the regularity index of the nuclei 
(NII), which allows classifying the nuclear morphology into 
six types of population (N, normal nuclei; I, irregular nucleus; 
LR, large and regular nucleus; LI, large and irregular nucleus; 
SR, small and regular nucleus; S, small nucleus; SI, small and 
irregular nucleus). The analysis demonstrated three predomi-
nant aspects of the distribution of morphological characteris-
tics: normal (N), apoptotic (SR), and senescence (LR) cells. 

As shown in Fig. 3 and Table 3, U251 cells treated with the 
 P2Y12R antagonist markedly nuclear altered when compared 
to the vehicle control, exhibiting an increase of about 15% of 
LR. The changes in the nucleus observed in the NMA analysis 
may be related to the morphological characteristics of senes-
cent cells [29]. In contrast, LS12 cells did not show changes in 
the NMA. The population distribution of U251 cells presents 
a characteristic as more prominent cytoplasmic condensation 
when compared to LS12 cells (Table 3).

P2Y12 receptor antagonism increased acridine 
orange staining in GBM cells

To evaluate the action of the  P2Y12 receptor antagonist in 
the cell cycle, the cells were analyzed at two different times. 
Initially, the protocol of treatment of cells with ticagrelor 
(50 μM) for 24 h and sequential analysis of the cell cycle 
through flow cytometry labeling with propidium iodide was 

Fig. 2  Colony formation assay and ADP hydrolysis activity. Glioma 
cells A U251 and B LS12 were treated with ticagrelor (50 μM) and/
or ADP (100 μM) for 24 h. In C, representative image of colony for-
mation. The number of colonies is expressed as an absolute num-
ber. The ADP hydrolysis activity was measured using the malachite 
green method in D U251 and E LS12 cells treated with ticagrelor 
(50  μM) for 24  h. Values are represented as specific enzyme activ-
ity in nanomoles of inorganic phosphate per minute per milligram 

of protein. In (F), the comparison of basal hydrolysis between the 
GBM cell lines. Dimethylsulfoxide (DMSO) was used as a vehi-
cle control. Values represent the mean ± standard deviation (SD) of 
three independent experiments performed in triplicate evaluated by 
one-way ANOVA followed by post hoc Tukey. *Means difference 
from the control group and # means difference from the ADP group. 
*,#p < 0.05, **,##p < 0.01, and.***,###p < 0.001
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followed and no effect was observed (Fig. 4A and B). In view 
of the different characteristics of the cells and due to the mor-
phological changes presented by the U251, it was decided to 
apply the same protocol used in the NMA analysis for the 

analysis of the cell cycle. Thus, cells were treated with tica-
grelor for 24 h, and analysis was performed 72 h after treat-
ment. As shown in Fig. 4C and D, changes were observed in 
the cell cycle progression of different cell types of GBM in 
these conditions, a decrease in G1 and enhancement in G2/M 
phases in U251, and an increase in the S phase of LS12.

To elucidate the data obtained in previous experiments, 
possible types of cell death related to treatment with the 
 P2Y12R antagonist were evaluated using flow cytometry. 
U251 and LS12 cells were exposed to ticagrelor (50 μM) for 
24 h for further analysis of markers of death by apoptosis 
and necrosis. As shown in Fig. 4E and F, none of the cell 
types showed a cell death profile of necrosis or apoptosis 
after treatment with ticagrelor, which led us to investigate 
whether the processes involved in decreasing cell number 
and formation of colonies could be related to autophagy 
and/or senescence. Since autophagy is a catabolic process 
in which the cell degrades organelles enhancing cellular 

Fig. 3  Nuclear morphology analysis (NMA). U251 and LS12 cells 
were treated with ticagrelor (50 µM) for 24 h. In (A), the results are 
presented graphically and in N, normal nuclei; I, irregular core; LR, 

large and regular core; LI, large irregular core; SR, small, regular 
nucleus; S, small core; SI, small irregular nucleus (B) representative 
image

Table 3  Percentage and absolute distribution of morphological char-
acteristics of the nuclei of U251 and LS12 cells

N (normal); SR (apoptotic), and LR (senescence)

Control Ticagrelor 
(50 µM)

Cells Type of nuclei % n % n

U251 N 97.2 1307 90.6 1112
SR 0.4 6 0.1 1
LR 2.0 27 7.8 109

LS12 N 92.7 1110 89.7 911
SR 0.6 9 1.3 13
LR 5.9 67 7.0 71
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complexity when exposed to a type of injury, labeling with 
acridine orange was performed in both U251 and LS12 cul-
tures. As observed in Fig. 5A, B, C, and D, the increase 
on the SSC axis indicates the cellular complexity increase, 
which is explained mainly by cellular autophagy induction 
after acute treatments. Figure 5C and F show the significant 
increase in acridine orange staining in relation to vehicle 
control suggesting the presence of autophagy in cells treated 
with the selective  P2Y12 receptor antagonist.

P2Y12 blockade reduced the migratory profile 
of GBM cells

Cell migration is an important biological process in the 
growth and progression of GBM, which is one of the 

main characteristics that make treatment difficult due to 
the limited bioavailability of drugs in brain and tumor 
tissue. The migration assay, which uses the wound heal-
ing technique, assumes that an injury is made on the 
cell monolayer and from this “wound,” the cells secrete 
several signaling chemokines to then close the formed 
gap. Thus, we continued with the assay in commercial 
cell line U251, while in the patient-derived cell culture 
we opted for the spheroids migration assay (3D), due to 
the different characteristics between the studied cells.

In this study, treatment with ticagrelor (50 μM) and 
ticagrelor plus ADP (100 μM) were able to reduce cell 
migration in 44.0% (p < 0.01) and 45.8% (p < 0.01), respec-
tively, when compared to the control, in U251 cells. Treat-
ment with ADP (100 μM) alone did not show significant 

Fig. 4  Cell cycle and death analysis. For cell cycle analysis, A U251 
and B LS12 were treated with ticagrelor (50 μM) for 24 and C U251 
and D LS12 were treated with ticagrelor (50 μM) for 72 h. Cell cycle 
was analyzed by flow cytometry with propidium iodide labeling. Cell 
death was assessed with an annexin V kit using flow cytometry in E 

U251 and F LS12 treated with ticagrelor (50 µM) for 24 h. Dimethyl-
sulfoxide (DMSO) was used as a vehicle control. Values represent 
the mean ± standard deviation (SD) of three independent experiments 
performed in triplicate evaluated by one-way ANOVA followed by 
post hoc Tukey. *p < 0.05, **p < 0.01,.***p < 0.001
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differences in the healing process in either group (Fig. 6A or 
B). Differently from the 2D cell culture assays based on the 
principle of chemoattraction and migration in a monolayer, 
the evaluation model in 3D culture, used for LS12 cells, 
allows the assessment of migration based on the forma-
tion of a solid mass. The main advantage of this method 
is the representation of a model capable of simulating the 
physio morphological heterogeneity of solid tumors. Due 
to the different characteristics of the 2D and 3D migration 
models, the concentrations used were adapted to suit the 
3D model. After the formation of the spheroid, LS12 cells 
were treated with ticagrelor (20 μM) and/or ADP (20 μM) 
and were photographed under an inverted microscope at 
times 0 h and 72 h. The results showed that ADP was able 
to increase the migratory profile of GBM cells, while tica-
grelor, alone or associated with ADP, significantly reduced 
(p < 0.001) cell migration compared to the control group 
and ADP (Fig. 6C and D).

Subsequently, the cell adhesion assay was performed with 
a time of 1 h. Thus, the cells were exposed to ticagrelor 
(50 μM) and/or ADP (100 μM) and then seeded to adhere. 
After 1 h, cells were fixed and stained to quantify adhesion. 
The objective was to evaluate the interference capacity of 
the antagonism and agonism of the  P2Y12R in the adhesion 
process of the studied GBM cells. As shown in Fig. 6E and 
F, treatments did not interfere with the adhesion capacity of 
any of the cells tested.

Considering the importance of metalloproteinases in the 
invasiveness and migration of CNS cells [30, 31], the action 
of ticagrelor on MMP-2 and MMP-9 expression was investi-
gated. After treatment with ticagrelor (50 μM), we observed 
different behaviors between the studied cells. The U251 
cell line showed a reduction in the expression of MMP-9 
(p < 0.05), while in the patient-derived LS12, an increase 
in the expression of both MMP-2 and MMP-9 (p < 0.05) 
(Fig. 6G and H).

Fig. 5  Autophagy analysis. For authophagy analysis, A U251 and D 
LS12 cells were treated with ticagrelor (50 μM) for 24 h followed by 
acridine orange assay by flow cytometry. In B and C U251 and E and 
F LS12 representative SSC x FSC cytometry histograms of control 
and ticagrelor respectively. Dimethylsulfoxide (DMSO) was used as a 

vehicle control. Values represent the mean ± standard deviation (SD) 
of three independent experiments performed in triplicate evaluated by 
one-way ANOVA followed by post hoc Tukey. *p < 0.05, **p < 0.01, 
***p < 0.001
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Discussion

The treatment of recurrent primary brain tumors is a chal-
lenge. It is associated with significant toxicities, and a bal-
ance must be achieved between local control and treatment 
of related morbidities and mortalities [32]. Due to the impor-
tance of the purinergic system in the progression of vari-
ous tumors [33], especially gliomas, and the poor survival 
prognosis of this cancer type, we decided to investigate the 
effects of  P2Y12R blockade by ticagrelor on glioma cells.

It is known that  P2RY12 high expression is associated 
with poor prognosis in diverse tumor types such as, glioma, 
colon, and non-small cancer (NSCLC) [34]. In this study, 
we showed that U251 and LS12 human GBM cells express 
the  P2Y12R. To evaluate the involvement of this receptor on 
GBM cells proliferation and viability, different concentra-
tions of ticagrelor were tested. We showed that the treat-
ment with ticagrelor decreased cell viability and cell number 
after 24 h of treatment in both cell cultures. Previous study 
showed that  P2Y12R-mediated proliferation activates the 
cascade of the ERK pathway in several cell types, such as 
smooth muscle cells and astrocytes [35]. Furthermore, when 
nucleotide degradation is blocked in C6 rat glioma cells, the 
availability of the agonist ADP, in the extracellular medium, 
activates the ERK 1/2 through a mechanism dependent on 
cascade RhoA⁄PKC ⁄Raf1⁄MEK-dependent by binding to the 
 P2Y12R, increasing cell proliferation and decreasing cell dif-
ferentiation [18, 35].

In this study, we also observed that ticagrelor can exert bio-
logical effects independently of cell stimulation by ADP. This 
could suggest that  P2Y12 receptor is constitutively activated fol-
lowing a possible release of ADP or the generation of extracel-
lular ADP. Interestingly, a previous study has shown the effect of 
a potent inverse agonist in Chinese hamster ovary cells express-
ing a constitutively active chimeric  P2Y12 receptor [36]. The 
ATP/ADP proliferative effects have already been elucidated. 
In fact, Morrone et al. (2006) showed that when C6 glioma 
cells where implanted in an in vivo glioma model in associa-
tion with the enzyme apyrase, which catalyzes the breakdown 
of ATP in AMP + inorganic phosphate, the glioma progression 
decreased [37]. In addition, it is known that ATP is capable of 
accumulating in the extracellular environment as consequence of 
nonspecific membrane damage or through specific permeation 
pathways [15, 38]. Also, ATP as well as other nucleotides and 
adenosine may induce glioma proliferation [39].

Moreover, Wink et al. (2003) have demonstrated that 
glioma cells exhibit altered extracellular ATP, ADP, and 
AMP catabolism, showing lower extracellular ATP and 
ADP hydrolysis rates when compared to extracellular AMP 
hydrolysis in relation to normal astrocytes, evidencing the 
glioma preference to keep the extracellular ATP and ADP 
[40]. Accordingly, the results obtained in this study con-
firmed the hypothesis of purinergic signaling in gliomas’ 
growth, once the blockage of ADP signaling through the 
 P2Y12R antagonist, ticagrelor, have culminated in antiprolif-
erative effects. In fact, our results agree with Braganhol et al. 

Fig. 6  Migration and adhesion profile of GBM cells. In the wound 
healing assay, A U251 cells were treated with ticagrelor (50  μM) 
and/or ADP (100  μM) for 24  h. Then, the cells were photographed 
at 0 h and 24 h and the cell migration space between the edges was 
measured. In (B), representative images of the cell migration pro-
cess. For spheroid migration test, LS12 spheroids (C) were treated 
with ticagrelor (20 μM) and/or ADP (20 μM) for 48 h. Afterwards, 
they were photographed at 0  h and 72  h and the extent of migra-
tion was measured. In (D), representative image of the experiment. 
For the adherence assay, the cells E U251 and F LS12 cells were 

treated with ticagrelor (50  μM) and/or ADP (100  μM) and were 
seeded to adhere for 1  h. qPCR assay for metalloproteinases 2 and 
9 was performed in G U251 and H LS12 cells treated with ticagre-
lor (50  μM) and the difference between the control group and the 
treated group was quantified. Dimethylsulfoxide (DMSO) was used 
as a vehicle control. Values represent the mean ± standard deviation 
(SD) of three independent experiments performed in triplicate ana-
lyzed by Student t-test. *Means difference from the control group 
and #means difference from the ADP group. *,#p < 0.05, **,##p < 0.01, 
and.***,###p < 0.001
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(2009) which showed that in vivo tumors implanted with 
C6 cells that overexpress NTPDase2 (accumulating ADP) 
were bigger than tumors from C6 wild type implantation. 
Furthermore, treatment with clopidogrel markedly reduced 
tumor size, malignity characteristics, angiogenesis, and the 
inflammatory process in C6-EYFP/NTPDase2-derived glio-
mas [41]. Other studies also demonstrated that the  P2Y12 
antagonist, ticagrelor, has potential to reduce tumor growth 
in murine models of ovarian cancer [42], and in melanoma 
and breast cancer [43].

Herein, ticagrelor had slight or no cell cycle, apoptosis, 
or necrosis effects, and its antiproliferative effects were 
attributed to autophagy induction. Comparable results were 
obtained by Shchors et al. (2015), which showed that GBM 
cells may get into the autophagy process when exposed to 
a  P2Y12R antagonist, ticlopidine, associated with imipra-
mine [44]. Autophagy is a lysosome-dependent process that 
degrades organelles to establish cellular homeostasis, in 
response to damage, such as oxidative stress, nutrient dep-
rivation, and injury to cellular DNA. Several genes control 
this pathway, including mTOR, PI3k/Akt and MAPK [45]. 
The inhibition of  P2Y12R increases the levels of cAMP by 
upregulating adenylate cyclase leading to autophagic flux 
[44, 45]. It has been proposed that autophagy contributes 
to oncogene-induced cell death or senescence, two essential 
oncosupressive mechanisms. Here, we demonstrated that 
ticagrelor increased the percentage of AO-positive cells. 
Chemical-induced autophagy has a dual role in cancer cells: 
the one hand, can contribute to cell resistance and survival; 
on the other hand, it can contribute to the toxicity of treat-
ments. Previously, it has been suggested that autophagy is 
involved on the degradation of oncogenic proteins, such as 
P53, p62, PML-RARA, and BCR-ABL1 [34]. According 
to Ma et al. (2013) autophagy is involved in the immune 
responses that prevent the establishing and multiplying of 
malignant cells. At least in some situations, dying malig-
nant cells are capable of recruiting antigen-presenting cells 
(APCs) and other cellular components of the immune system, 
resulting in the elicitation of innate and/or adaptive antitumor 
immune responses [46]. Autophagy responses are essential 
for dying neoplastic cells to release ATP in optimal amounts, 
which not only recruits APCs through purinergic receptor 
P2Y but also triggers them to release immune stimulatory 
chemokines through purinergic receptor P2X7 [45]. Differ-
ently and interestingly, in our study, treatment with ticagrelor 
induced autophagy that culminates in GBM cell death.

The tumor-inhibiting role of autophagy in certain human 
cancers is increasingly being demonstrated. For example, 
in GBM patients, comparatively higher levels of autophagy 
are associated with better survival prognosis [47]. Moreover, 
autophagy is a process closely linked with intracellular cal-
cium modulation and calcium balance between endoplasmic 
reticulum, mitochondria, and lysosome which could culminate 

in different cellular fate as cancer death as well as cancer 
progression depending on the other autophagy components 
expression and participation [48]. Furthermore, Shchors 
et  al. (2015) have shown that thienopyridines associated 
with imipramine induce autophagy in GBM cells, resulting 
in the reduction of proliferative index, although the role of 
autophagy in cancer progression is complex [44]. For that, 
the outcome of autophagy activation in cancer cells depends 
on the stage of the disease progression, cell type, oncogenic 
drivers, and the intensity of the activating signal. In addition 
to inducing autophagy, our data showed that ticagrelor also 
reduced the migratory profile of GBM cells, which is one of 
the patient’s treatments challenges. Normally, the  P2Y12 block-
ade and the reduction of migration are linked with MMP-2 and 
MMP-9 expression decrease; nonetheless, autophagy has been 
described to involve the increase of MMPs [49–51], particu-
larly of MMP-9 [51], which agrees with our results.

In conclusion, although other studies are needed to confirm 
this hypothesis, our results support the idea that the  P2Y12R 
modulation can reduce glioma proliferation, migration and 
could be considered a potential pharmacological target to treat 
gliomas.
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