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RESUMO

O glioblastoma multiforma (GBM) ¢ considerado o mais agressivo dos tumores do sistema nervoso
central (SNC) e o mais letal entre os tumores primarios apresentando baixo progndstico de sobrevida,
resisténcia a radioterapia e a quimioterapia. O P2Y;, ¢ considerado um quimiorreceptor para a
adenosina difosfato (ADP). Sua expressdo ¢ documentada em algumas linhagens de cancer, como a
linhagem C6 de glioma de rato, carcinoma renal e carcinoma de colon. Contudo, seu papel no
desenvolvimento da sinalizag¢do e resposta a quimioterapia ndo esta bem elucidado. Atualmente, esta
bem estabelecido que o funcionamento normal das plaquetas ¢ um importante fator para a progressao
de tumores, sendo que ratos com trombocitopenia demonstraram uma reducdo significativa de
metastases. O bissulfato de clopidogrel ¢ um farmaco pertencente a classe dos antiagregantes
plaquetarios, sendo um antagonista do receptor P2Y,, cujo ligante endogeno ¢ o ADP. O presente
trabalho teve como objetivo averiguar quais os efeitos ocasionados as células de gliomas quando
expostas ao clopidogrel. Para isto, foram utilizadas duas linhagens de gliomas, U251-MG de glioma
humano e C6 de ratos, e o tratamento com clopidogrel (150, 300, e 500 uM), foi avaliado nos
parametros de viabilidade celular, contagem de células, RT-PCR e citometria de fluxo. A linhagem
de rato C6 mostrou-se sensivel ao fArmaco testado (150 pM) com reducdo da viabilidade e contagem
celular (69.634£8,70) e (53,05 + 20.06), respectivamente. Ambas as linhagens tapresentaram uma
redugdo significativa no niimero de colonias ap6s 10 dias tratamento com clopidogrel. A linhagem
U251-MG demonstrou um aumento significativo na fase G1 e uma reducdo significativa na fase S e do
ciclo celular (20,32 + 3.05) e (19.45+ 2.35 ) na concentragdo de 500 puM, porém nos ensaios de
viabilidade e contagem ndo houve diferenca significativa. Nossos resultados demonstram atividade
antiproliferativa importante em ambas as linhagens tumorais, sugerindo uma participagdo importante

do receptor P2Yj, neste processo.

Palavras-chave: sistema purinérgico; glioblastoma multiforme; P2Y ; bissulfato de clopidogrel



ABSTRACT

Glioblastoma multiform (GBM) is considered the most aggressive tumors of central nervous system
(CNS), and the most lethal among primary tumors presenting low survival prognosis, resistance to
radiotherapy and chemotherapy. P2Y, is considered a chemoreceptor for adenosine diphosphate
(ADP). Its expression is documented in some cancer types, such as the C6 lineage of rat glioma, renal
carcinoma and colon carcinoma. However, its role in the development of tumour progression and the
resistance mechanism in chemotherapy are not well elucidated. Currently, it is well established that
normal platelet function is an important factor for the progression of tumors, with thrombocytopenic
rats demonstrating a significant reduction of metastases. Clopidogrel bisulfate is a drug, which belongs
to the class of antiplatelet agents, being a P2Yj; receptor antagonist whose endogenous ligand is ADP.
The aim of the present study was to determine the effects of tumor cells exposed to the treatment with
clopidogrel. The C6 rat cell line was sensitive to the drug tested (150 uM) in the viability and cell
counts (69.63 = 8.70) and (53.05 + 20.06). Both cell lines showed a significant reduction in the number
of colonies after 10 days of treatment with clopidogrel. The U251-MG strain demonstrated a
significant increase in the G1 phase and a significant reduction in the S phase in the cell cycle (20.32 +
3.05) and (19.45 + 2.35) in the concentration of 500 pM. Other results demonstrate important
antiproliferative activity in both tumor lines, suggesting an important participation of the P2Y,

receptor in this process.

Key Words: purinergic system; glioblastoma multiform; P2Y»; clopidogrel bisulfate
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1. INTRODUCAO

1.1 Gliomas

Gliomas sdo tumores provenientes das células de glia ou neuroglia (GOODENBERGER &
MCKINSEY, 2012) e representam cerca de 30% de todos os tumores cerebrais primarios
(ALIFIERIS & TRAFALIS, 2015). O glioblastoma, tipo mais maligno dos gliomas, esta associado
com a maioria das mortes por tumores cerebrais primarios por ndo possuir cura € por apresentar uma
gama de tratamentos muito limitados para os pacientes (WELLER et al., 2015; FERLAY et al., 2010).
De uma maneira geral, ¢ originario de astrécitos, afetando sobretudo adultos e se localiza
preferencialmente nos hemisférios cerebrais, raramente ocorrendo no cone medular (MENDONCA, et
al., 2005; BARROS 2012, DAI & HOLLAND, 2001; OSTROM et al.,, 2015). As causas do
aparecimento de tumores no Sistema Nervoso Central (SNC) sdo ainda desconhecidas, com apenas
alguns fatores de risco reconhecidos como a irradiacdo terapéutica, o trauma fisico na cabega e o
trauma acustico (casos de trabalhadores expostos a altos niveis de som) (CONNELLY & MALKIN,
2007). A idade média de diagndstico ¢ de 64 anos, sendo 1,5 vezes mais comum em homens do que
em mulheres. Algumas ocupacdes também sdo consideradas possiveis fatores de risco, como os
trabalhadores em radiologia, industria nuclear, minas subterrineas e tabagismo (INCA, 2016;
NAVAS-ACIEN et al., 2002). Alguns estudos sugerem que a radiagio gerada por radio, telefonia
movel e telecomunicagdes pode estar associada a etiologia dos gliomas, mas, este assunto permanece
inconclusivo (INCA, 2016; DE VOCHT, 2016). Adicionalmente, a heranga genética também ¢ citada
como risco para alguns tipos de cancer do SNC (INCA, 2016; MCNEILL, 2016; FISHER et al., 2007).

Nas ultimas trés décadas, poucos avangos foram feitos em relagdo ao controle da progressao do
tumor e melhora da qualidade de vida do paciente, entretanto, recentemente, houve um grande
progresso na compreensdo da patogénese molecular dos gliomas, tanto em adultos como em criangas
(MORRONE et al., 2003, 2016; WELLER et al., 2015). Os gliomas sao classificados em quatro graus
(I-IV) de acordo com a OMS e estdo agrupados em diferentes estagios de acordo com sua morfologia,
aumento da atividade mitdtica e caracteristicas histopatoldégicas (WESTPHAL & LAMSZUS, 2011).
O astrocitoma de estagio inicial (grau II) acomete 1,6% dos gliomas nos Estados Unidos,
diferentemente do astrocitoma pilocitico (grau I), os tumores de estagio Il frequentemente evoluem
para tumores de maior grau. Pacientes com astrocitoma grau II tem 50% de chances de atingirem uma
sobrevida de 5 anos. Astrocitomas anaplasicos (grau III) exibem trés das caracteristicas
histopatologicas: polimorfismo nuclear, atividade mitotica aumentada e proliferacdo endotelial. Esses

tumores agressivos totalizam 6,7% dos gliomas, onde a maioria dos pacientes acometidos por esse tipo
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de enfermidade tende a evoluir para glioblastoma (grau IV) onde possuem 30% de chances de ter uma
sobrevida de apenas trés anos (CHANDANA et al., 2008; GOODENBERGER & MCKINSEY, 2012).
Oligodendrogliomas contabilizam 6,5% do total dos gliomas existentes e compartilham caracteristicas
dos astrocitomas, como crescimento retardado. Oligodendrogliomas podem ser classificados de acordo
com seu grau de desenvolvimento podendo o grau III ser referido como oligodendroglioma anaplésico
(GIANNINI et al 2008, GOODENBERGER & MCKINSEY 2012, YAN HAI et al 2009).

Uma classificag¢do posterior ocorre com base na localizagdo, diferencia¢do caracteristica e pela
origem das células estromais normais do cérebro (NICOLETTI et al., 2014; WELLER et al., 2007).
Diferentemente de tumores ndo relacionados ao SNC, eles penetram de forma generalizada através do
cérebro espalhando-se muito além da massa tumoral que ¢ visivel através de neuro-imagem (CLAES,
2007). As principais questdes que atualmente desafiam este campo de estudo incluem a determinagao
das mudancas moleculares que iniciam a formagdo dos gliomas, as alteragdes moleculares que
determinam a progressao de crescimento de tumores de baixo grau para o crescimento tumoral rapido,
tornando-o de alto grau (WESTPHAL & LAMSZUS, 2011). Atualmente, acredita-se que os gliomas
sdo provenientes de células precursoras intrinsecas do SNC, ao invés de células neuronais ja
diferenciadas, devido a baixa atividade proliferativa que apresentam neurdnios, astrécitos e

oligodendroglia ou células microgliais (WELLER et al., 2015).

1.1.1 Glioblastoma (GBM)

O glioblastoma multiforme (GBM) ¢ o tumor cerebral primario mais comum, com uma
incidéncia de 3: 100.000, constituindo 45,2% de todos os tumores malignos do SNC e 80% de todos os
tumores malignos primdrios (FISHER et al, 2007; SIEGEL et al, 2015). O GBM ¢ classificado em
primario e secundario, sendo o primario o mais comum (95%), e geralmente surge de novo, ou como
um tumor progressivo em pacientes que ja tém um tumor prévio de baixo grau em um periodo de 3-6
meses, em pacientes mais velhos. J& o GMB secundario ¢ derivado principalmente de astrocitomas de
baixo grau em pacientes mais jovens (10-15 anos) (LASSMAN 2004; ALIFIERIS & TRAFALIS,
2015).

O prognostico piora @ medida que a idade aumenta e por razdes desconhecidas, o glioblastoma

possui uma prevaléncia maior em homens, ndo possuindo uma predisposi¢cao genética (HARDELL et
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al., 2009). Fatores moleculares como mutagdes no gene da p53, e no MIB-1, um anticorpo monoclonal
para acompanhar o potencial proliferativo de medida de tumores gliais, e metilagdo do gene O-6-
metilguanina-DNA metiltransferase (MGMT) tem sido correlacionados com recorréncia no GBM
(MOLENAAR et al., 2014). Por mais de trés décadas, a radioterapia poOs-operatoria tem sido o
tratamento padrao para o glioblastoma recém diagnosticado, porém, varios protocolos de tratamento de
radiacdo com escalonamento de dose além de 60 Gray tém sido infrutiferos e levaram a um aumento
da toxicidade (STUPP et al, 2009). Em 2008 o Atlas Gendmico do Cancer (TCGA) publicou um
importante estudo das caracteristicas moleculares sobre o0 GBM, onde foram analisadas: namero de
copias alteradas, altera¢do na sequéncia do DNA de forma adquirida, expressao dos genes dos pais e
metilacdo do DNA. Andlises feitas pelo 7CGA demonstraram que GBMs frequentemente adquirem
ganhos dos cromossomos 7 ¢ 19, perdas nos cromossomos 10 e 13. Aproximadamente 50 a 80% dos
exames histologicos secunddrios de GBMs, astrocitomas de grau II e III, assim como
oligodendrogliomas possuem mutagdes adquiridas em genes que codificam enzimas chave, como ¢ o
caso da isocitrato desidrogenase 1 e 2 (IDH1 e IDH2) que emergiram como promotores importantes de
um subgrupo mais raro de gliomas, particularmente gliomas de baixo grau e GBM secundario
(LLAGUNO & PARADA, 2016). Os tratamentos do GBM incluem a quimioterapia, que pode ser
dividida em monoterapia ou politerapia, radioterapia e remog¢do cirirgica, porém, ha discordancias
entre os profissionais da satide quanto a utilizagdo da radioterapia e da remocao cirtrgica (HART et
al.,, 2008). Segundo a AATC (American Brain Tumor Association) para cada tipo de glioma, hd um
tratamento mais utilizado, como nos seguintes casos: astrocitoma pilocitico, onde tanto em criangas
quanto em adultos a remogao cirtirgica ¢ o tratamento de escolha, porém, caso nao seja possivel a total
remogao, pode-se fazer o uso da radioterapia. Para o astrocitoma de grau IV, a remog¢do do tumor deve
ser feita rapidamente, e normalmente acompanha a radioterapia. Em criangas, a quimioterapia ¢
associada a remocdo cirurgica para evitar o uso da radioterapia (AMERICAN BRAIN TUMOR
ASSOCIATION 2015; LLAGUNO & PARADA, 2016).

O tratamento de tumores gliais redicivantes sempre foi desafiador e estd associado a
toxicidades significativas, e sempre deve ser alcangado um equilibrio entre o controle local do tumor e
as morbidades e mortalidades relacionadas ao tratamento. Tem havido muita controvérsia quanto ao
diagnodstico de recorréncia somente utilizando o exame histopatoldgico, entretanto, a maioria dos
pacientes que possuem achados de imagem sugestivos de progressdo podem ndo estar aptos para um
procedimento cirargico, tornando dificil o diagnéstico (MALLICK et al., 2016).

Apenas 5% dos GBMs estao relacionados com sindromes hereditarias. Um aspecto importante
da patogénese dos gliomas ¢ que a sua transformag¢ao para malignidade ¢ um resultado da acumulacao

de genes repetidos alterados e da regulagdo anormal dos fatores de crescimento de sinalizagdo, tais
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como o fator de crescimento endotelial vascular (VEGF), fator de crescimento epidérmico (EGF), fator

de crescimento derivado de plaquetas (PDGF) e fator de crescimento de hepatocitos (HGF)
(ALIFIERIS & TRAFALIS, 2015, DEAN & FOJO, 2005). De acordo com o entendimento da

heterogeneidade molecular do glioblastoma, o Atlas do Genoma do Cancer dividiu este tumor em

subclasses: cldssica, mensenquimal, proneural e subtipos neurais, fundamentada em alteragdes

genéticas e perfil de expressdo principalmente de PDGFR, EGFR, NF1 e IDHI (VERHAAK et al.

2009). A Figura 1 representa a diferenciacdo celular de células normais e cancerosas dos tumores

cerebrais.
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Figura 1. Sugere-se que os progenitores comuns auto-renovaveis produzem progenitores neuronais

e gliais diferenciados que eventualmente se diferenciam em neur6nios maduros, astrocitos e
oligodendrocitos. Adaptado de HUSE & HOLLAND, 2010.

1.2 Sistema Purinérgico
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Em meados da década de 1970, Geoffery Burnstock sugeriu que o ATP extracelular poderia ser
um neurotransmissor em respostas ndo adrenérgicas e ndo colinérgicas do intestino e da bexiga. A
hipotese de sinalizagdo purinérgica ¢ baseada na liberagdo de ATP quando a célula é estimulada e
subsequentemente se liga a receptores sensiveis a nucleotideos modulando suas fungdes como

mostrado na Figura 2 (BURNSTOCK, 2008; PRAETORIUS, 2010).
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Figura 2. Esquema dos elementos-chave envolvidos na sinalizagdo purinérgica. A ativag@o do receptor conduz a
abertura de canais de pannexina 1 e a liberagdo de ATP a partir da célula. O ATP liberado promove a ativagdo
autocrina de receptores P2. Ectonucleotidases (ENTPDs) e ecto-5'-nucleotidase (CD73) promovem a hidrdlise de
ATP e a formacdo de adenosina, que ativa receptores P1. A adenosina ¢ "neutralizada" pela adenosina
desaminase, que converte a adenosina em inosina, ou ¢é reciclada. Além disso, estes processos de reagdo
autocrina podem ser influenciados de uma forma paracrina por ligantes de receptor purinérgicos que sdo gerados
por outras células, por exemplo, em tecidos infectados ou danificados. Adaptado de JUNGER, 2011.

O sistema purinérgico consiste em uma rota de comunicacdo comum entre células, e estd
envolvido em diversos mecanismos neuronais € ndo neuronais, como respostas imunes, inflamagao,
agregacao plaquetaria, dor e vasodilatacdo mediada pelo endotélio, podendo levar a proliferagdo ou a
morte celular (BURNSTOCK, 2004). O ATP, molécula quimica sinalizadora do sistema purinérgico, é
um nucleotideo trifosfatado existente em todas as células e estd incluido na regulacdo de vérios
processos fisiopatoldgicos no meio extracelular. No sistema nervoso, este nucleotideo ¢ armazenado
em vesiculas nas terminagdes sindpticas e, apdés um estimulo ocorre a despolarizacdo neuronal

liberando a molécula na fenda sinaptica podendo atuar em receptores especificos localizados na

18



membrana celular pos-sinaptica, denominados purinoreceptores (HOEBERTZ et al., 2003). O ATP
pode ser liberado juntamente com diversos neurotransmissores, assim como a acetilcolina, o
glutamato, a noradrenalina, a serotonina e o acido y-amino butirico (GABA) (ALTENHOFEN, 2013).
A liberagdo de ATP nos terminais pré e pds-sinapticos pode ocorrer como um mecanismo fisiologico
ou em resposta a danos celulares, como hipdxia e injurias (BATTISTA et al., 2009; VERKHRASKY
et al., 2009). Neuronios, axdnios e terminais sinapticos, bem como a neuroglia podem liberar ATP para
o meio extracelular, o qual ¢ 10° vezes mais concentrado no citosol do que no meio extracelular (mM
versus nM) (DI VIRGILIO et al., 2009). Em mamiferos, at¢ o momento foram identificados sete
receptores P2X ligados a canais i0nicos (P2X1-7) e oito receptores P2Y acoplados a proteina G (P2Y i,
2. 4.6, 11, 12, 13, 14) (CZAJKOWSKI et al., 2002; NISHIMAKI et al., 2012). Os receptores P2X ndo
possuem seletividade quanto aos cations disponiveis no meio extracelular, promovendo o influxo de
Ca™ e Na' e o efluxo de K" através da membrana plasmatica, levando a despolarizagio celular ¢ o
aumento de Ca™ e Na' podendo promover o disparo do potencial de agdo nos neurdnios
(ALTENHOFEN 2013; CZAJKOWSKI et al., 2002; KRZEMINSKI et al., 2006; NISHIMAKI et al.,
2012).

Os receptores da familia P2Y possuem diversos ligantes enddgenos, promovendo seu efeito via
transducdo de sinais através de segundos mensageiros. Dentre eles, podemos citar a ativacdo da
fosfolipase C (PLC), a ativacdo das vias MAPKSs, a inibi¢do ou estimulacdo da adenilatociclase e a
modulagdo direta de canais i6nicos (ALTENHOFEN, 2013; FIELDS & BURNSTOCK, 2006;
KIRISCHUK et al.,1995; NORTH & VERKHRATSKY, 2006). Além disso, a fun¢do dos receptores
P2Y em células de carcinoma ndo esta totalmente elucidada. Foram descritos efeitos anti-proliferativos
e apoptdticos em células de carcinoma colorretal e esofdgico em humanos, ja em células de pele
humana, os receptores do tipo P2Y demonstraram atividade relacionada ao aumento da proliferacao
celular (COUTINHO-SILVA et al., 2005). Quando comparado com tecidos saudaveis, o ATP esta
quase exclusivamente localizado no interior da célula, sendo assim, sua concentracdo extracelular em
condi¢des normais pode ser desconsiderada. Com isso, podemos sugerir que nestas condicdes a
sinalizacdo purinérgica que depende de ATP, na maioria dos receptores P2, esta inativa (DI VIRGILIO
et al., 2009). Os nucleotideos permanecem disponiveis durante um curto espaco de tempo no meio
extracelular devido a existéncia de uma variedade de diferentes enzimas de degradagdo. A hidrélise de
nucleotideos consiste num processo sequencial que inativa os agonistas do receptor P2 em varias
etapas. O aumento da proliferacdo por acdo de receptores P2Y, estimulado pela via da ERK, foi
documentado em diferentes tipos de cancer, incluindo células mesangiais, células vasculares de
musculatura lisa e astrécitos primarios (ZIMMERMANN, 2000). Os nucleotideos mostraram atuar no

controle da proliferacdo celular através de diferentes formas, dependendo do tecido estudado.
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Enquanto que nos tumores, o crescimento celular ¢ inibido pela presenga do ATP, a proliferacdo dos
astrocitos primarios ¢ aumentada com a estimulacio dos receptores purinérgicos (YEGUTKIN, 2008).
Essa discrepancia pode ser explicada pela presenga de uma familia de enzimas denominadas
ectonucleotidases, que realizam o metabolismo desses nucleotideos no meio extracelular. A ecto-
ATPase, NTPDasel, degrada ATP para AMP, enquanto que a NTPDase2 hidrolisa ATP a ADP, ja o
AMP ¢ degradado pela 5-ectonucleotidase (CD73) gerando adenosina (MORRONE et al., 2006;
YEGUTKIN, 2008). No microambiente tumoral, devido a inflamagdo e a presenga de hipoxia em
tumores solidos, tanto o ATP quanto a adenosina podem manter-se elevados durante longos periodos
de tempo (CEKIC & LINDEN, 2016). A expressdo de enzimas que degradam esses nucleotideos e
nucleosideos esta presente na superficie de células Treg e macréfagos no microambiente tumoral, e
também foram encontradas em camundongos em diferentes tipos de tumores, como fibrosarcoma,
melanoma, glioma e linfoma (CEKIC & LINDEN, 2016; MITTAL et al., 2014; SUTTON et al., 2017).
Estd bem estabelecido que os tumores malignos promovem uma forte resposta inflamatoria e sdo
caracterizados pela acentuada presenca de areas necroticas, neste contexto, o ATP ¢ capaz de se
acumular no ambiente extracelular como consequéncia de danos inespecificos na membrana ou através
de vias de permeagdo especificas (DI VIRGILIO, 2012; YEGUTKIN, 2008). O ATP e seus derivados
tém fortes efeitos nas células tumorais por estimulaciao de alguns dos receptores P2Y, tais como, P2Y
e P2Y, que sdo capazes de promover o crescimento tumoral e aumentar a capacidade de invasdo (DI
VIRGILIO, 2012). Os tumores malignos também mostram uma expressdo incisa do receptor

ionotropico P2X7, promovendo a sobrevivéncia do tumor (DI VIRGILIO et al., 2009).

1.2.1 Receptor P2Y,

A familia de receptores P2Y possui varios subtipos de receptores com diferentes seletividades
farmacoldgicas. O receptor P2Y, pertencente a esta subclasse de receptores purinérgicos e consiste
em uma proteina encontrada, principalmente na superficie de plaquetas, musculo liso vascular e
cérebro, sendo essencial para que ocorra a coagulagdo sanguinea, como representado na Figura 3
(DORSAM & KUNAPULI 2004; YANACHKOV et al., 2016). Faz parte da classe de receptores
acoplados a proteina Gi (inibitdria), que possui sete dominios transmembrana, hidrofébicos, com uma
curta cadeia extra do grupamento aminoterminal e terminal carboxil intracelular (HOLLOPETER et

al., 2001)
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Figura 3. Representagdo estrutural do receptor P2Y 1,. Adaptado de CATTANEO, 2010.

O P2Y ), ¢ considerado um quimiorreceptor para a adenosina difosfato (ADP) (DORSAM &
KUNAPULI, 2004; NICHOLAS, 2001). Sua expressao ¢ documentada em algumas linhagens de
cancer, como a linhagem C6 de glioma de rato, carcinoma renal e carcinoma de célon. Contudo, seu
papel no desenvolvimento da sinalizacdo e resposta a quimioterapia ndo estd bem elucidado

(SARANGTI et al., 2013; JANTARATNOTAI et al., 2009).

Viarios receptores acoplados a proteina G (GPCRs) estdo ligados a proliferacdo celular
aumentada por ativagdo de vias de transducdo de sinal multiplas. Essas cascatas compreendem trés
proteinas quinase que atuam como retransmissores de sinais controlados, em parte, pela fosforilagao de
proteinas: a MAPK quinase-quinase (MAPKKK), a MAPK quinase (MAPKK) e a MAPK (ROBERTS
& DER, 2007). Geralmente, a via ERK ¢ ativada por receptores de superficie celular estimulados pelo
fator de crescimento e pela PI3-K, Figura. 4, enquanto que as vias JNK, p38 ¢ ERKS5 sdo ativadas por
fatores de stress e de crescimento (ROBERTS & DER, 2007). Agonistas do receptor P2Y, aumentam
a proliferacdo celular através da ativacdo da via ERK 1/2 e por inibi¢do dos receptores B-adrenérgicos
induzindo diferenciagdo em astrocitos tipo II por reativagdo da proteina quinase B (PKB). Utilizando-
se um bloqueador especifico dos receptores P2Y; e P2Y 3, constatou-se que apenas a ativacdo do
receptor P2Y, foi suficiente para aumentar a proliferagio celular e reduzir a diferenciacdo em células
de glioma de ratos (C6) (VAN KOLEN & SLEGERS, 2006; CZAJKOWSKI et al., 2004).

Atualmente, estd bem estabelecido que o funcionamento normal das plaquetas ¢ um importante
fator para a progressao de tumores, sendo que ratos com trombocitopenia demonstraram uma reducao
significativa de metdstases. Devido a propriedade de adesdo que as plaquetas possuem, acredita-se que

as células tumorais que secretam nucleotideos sdo capazes de tornar as plaquetas inativas, na sua forma
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ativa e desta forma tem mais chances de se tornarem células metastaticas. Além disso, ao encobrir as
células tumorais, as plaquetas mascaram as células cancerosas do sistema imune, impedindo que,
células natural killers (NK) sejam capazes de reconhecer estas células alteradas como uma ameaca a
homeostase (TESFAMARIAM, 2016). Além disso, as plaquetas podem aumentar a capacidade
das células cancerosas de se aderirem aos tecidos promovendo angiogénese e proliferagdo através da
liberagdo de moléculas pequenas como ATP e ADP (HAYNES et al, 2006; GEBREMESKEL et al.,
2015; SCHUMACHER et al., 2013).
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(SCOTT et al., 2009).
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1.3 Bissulfato de Clopidogrel

O bissulfato de clopidogrel ¢ um farmaco pertencente a classe dos antiagregantes plaquetarios
tienopiridina, com massa molecular de 419g/mol. Seu nome quimico oficial ¢ 4cido (+) - a- (2-
clorofenil) -6,7-di-hidrotieno [3,2-c] piridina-5 (4H) -acético sulfato de éster metilico e possui féormula
molecular C16H16CINO2S-H2SO4, e a formula estrutural representada na Figura 5. Suas
caracteristicas fisico-quimicas mostram um po branco praticamente cristalino. E praticamente
insoltivel em agua em pH neutro, porém bastante soluvel em pH écido (1), também ¢ bastante soltivel
em metanol, levemente solivel em metileno e praticamente insoluvel em éter etilico e possui rotagdo
optica especifica de aproximadamente +56° (ACHE LABORATORIOS; DRUGS.COM; PLAVIX
MONOGRAPH).

O bissulfato de clopidogrel ¢ administrado por via oral e ¢ absorvido pelo intestino sendo
carreado até a corrente sanguinea. Para possuir acdo terapéutica, ¢ necessario que o farmaco seja
metabolizado por diversos citocromos da familia P4so, principalmente, CYP2C19 e CYP3A4 presentes
no figado, porém apenas 15% do farmaco administrado ¢ biodisponivel, pois os outros 85% sdo
inativado pela presenca de enzimas esterases presentes na corrente sanguinea formando um metabolito
inativo representado na Figura 5 (JIANG et al., 2016, KAZUI et al., 2010). Atua através da inibi¢do
da agregacdo plaquetéria induzida pelo ADP, molécula liberada ap6s dano no epitélio vascular ou pela
ruptura de plaquetas, através da ligagdo de pontes dissulfeto de um grupamento tiol presente no
metabolito ativo, e a dois residuos de cisteina (Cis17 e Cis270) presentes no dominio extracelular do
receptor P2Y;» (GURBEL & TANTRY, 2006; SAHOO et al., 2014). O tempo de acdo do farmaco ¢ de
uma semana, o mesmo da vida util das plaquetas (BROWN et al., 2015; POLASEK et al., 2011).

O clopidogrel ¢ utilizado no tratamento e prevencdo da trombose arterial em pacientes que
sofreram infarto agudo do miocérdio ou que possuem outras patologias referentes a agregacdo
plaquetaria como: acidente vascular cerebral recente, sindrome corondria aguda e fibrilagdo arterial.
Seu uso reduz a mortalidade e a recorréncia de episoddios cardiacos em pacientes com doenga corondria

aguda (ACHE LABORATORIOS; DRUGS.COM; BROWN et al., 2015).
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Figura 5. Esquema representativo das etapas e enzimas CYP envolvidas na
biotransformag@o do clopidogrel em seus metabolitos ativos e inativos, devido a acdo das

esterases. Adaptado de thoracickey.com/prasugrel/

Experimentos executados em ratos knockout para o receptor P2Y,, houve uma reducido na
ativacgdo e agregacao plaquetaria, reducao da migragdo da microglia para areas corticais promovidas pela
presenca de danos. O ADP ativa o P2Y;; em células microgliais induzindo quimiotaxia. Por
conseguinte, serve como um sinal "detector”, sendo assim, alguns estudos sugerem que os antagonistas
do P2Y, sdo um alvo para o controle da dor inflamatoria e neuropatica cronica (HAYNES et al, 2006).
Segundo Wang e colaboradores (2013), ratos com baixa expressdo do receptor P2Y,, apresentam um
baixo nivel de formagdo de metastases quando comparados aos animais controle, com expressdo normal
de P2Y . Além disso, outro antagonista do receptor P2Y,, a ticlopidina foi escolhida pelos autores
Shchors et al., (2015) para o tratamento de glioma de baixo e alto grau, tanto em células de rato como
células humanas, em associagdo com um antidepressivo triciclico classico, a imipramina. Neste trabalho
dos autores Shchors et al., (2015) demonstraram que a imipramina aumenta os niveis de cAMP, levando
a autofagia celular e ao bloquear o receptor P2Y, com a ticlopidina, o processo de autofagia mostrou-se
mais intenso, do que com o tratamento isolado com a imipramina. Diante do que foi descrito, torna-se
relevante o estudo do potencial uso de um antagonista do receptor P2Y |, clopidogrel como alternativa

farmacoldgica no tratamento de gliomas.
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1. OBJETIVOS

1.1 Objetivo Geral

Avaliar a modulacao do receptor purinérgico P2Y,, através do tratamento com bissulfato de

clopidogrel, no crescimento de células de glioma.

1.2 Objetivos especificos

* Avaliar a expressao do receptor P2Y, em células de glioma humano U251-MG.

* Avaliar a viabilidade e o nimero absoluto das células tratadas com o bissulfato de clopidogrel
em ambas as linhagens celulares U251-MG e C6.

* Avaliar a capacidade de proliferagdo por meio de formagdo de colonias das células de glioma
U251-MG e C6 apds a exposi¢do ao tratamento com o bissulfato de clopidogrel.

* Avaliar o tipo de morte celular causada pelo tratamento com o antagonista de receptor P2Y 5,
clopidogrel, na linhagem de células U251-MG.

* Avaliar se o tratamento com bissulfato de clopidogrel ¢ capaz de interferir no ciclo celular da

linhagem de glioblastoma humano, U251-MG.
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1. CONSIDERACOES FINAIS

Os gliomas sdo tumores cerebrais primarios que possuem um progndstico ruim, progridem
rapidamente e sdo resistentes a terapia tradicional. Devido a caracteristica de se infiltrarem, a sua total
remocao muitas vezes ndo € possivel, sendo provavel que reaparecam no local de origem. O manejo
deste tipo tumoral ¢ baseado em tratamentos paliativos, como alivio de sintomas, melhoramento da
qualidade de vida e aumento da sobrevida do paciente. O nosso grupo de pesquisa tem demonstrado a
importancia da sinalizacdo purinérgica em gliomas (MORRONE, et al., 2003; 2005; 2006; 2016).
Deste modo, o foco deste estudo foi avaliar os efeitos da modula¢do do receptor P2Y, em células de
glioblastoma e os efeitos do bloqueio deste receptor mediante o uso de um antagonista amplamente
utilizado na clinica, o bissulfato de clopidogrel.

Com a investigagdo da acdo de um antagonista seletivo do receptor purinérgico P2Y, foi
possivel verificar alteracdes na capacidade das células tratadas com o clopidogrel de se proliferarem
apos a exposicdo por um periodo de 24 h e 48 h. Nossos dados mostraram que as células C6 de glioma
de ratos, demonstraram uma reducdo significativa no nimero absoluto de células, na viabilidade
celular e na formagdo de coldnias. Ja, a linhagem U251-MG de glioblastoma humano, apresentou
resultados diferentes. Nos ensaios de viabilidade celular e nimero absoluto de células, ndo houve uma
alteracdo significativa no mesmo intervalo de tempo de 24 h, entretanto as células quando expostas as
mesmas condi¢des de tratamento por um periodo maior de tempo, 48 h, apresentaram significativa
redu¢do na viabilidade mitocondrial. As células tratadas por 24 h ndo foram capazes de formar o
mesmo numero de coldnias quando comparamos ao controle sem o tratamento, confirmando com os
resultados obtidos na avaliagdo do ciclo celular por citometria de fluxo que mostram um aumento
significativo de células na fase G2 e uma reducdo na fase S do ciclo celular, apés o tratamento com
clopidogrel durante 24h. Segundo Shchors et al., (2015) células de astocitoma anaplasico de
camundongos e glioblastoma humano, tratadas com imipramina e antagonistas de P2Y, demonstraram
marcagdes positivas para autofagia. Desta forma, os resultados encontrados no modelo experimental
aplicado pelo nosso laboratorio, corroboram com dados presentes na literatura.

Sabe-se que o ATP ¢ capaz de se acumular no ambiente extracelular como consequéncia de
dano & membrana inespecifico ou através de vias de permeagdo especificas (DI VIRGILIO, 2012;
YEGUTKIN, 2008). Além disso, foi demonstrado que o ATP e o outros nucleotideos e a adenosina
podem induzir a proliferacao de gliomas (MORRONE et al., 2003). Outro estudo mostrou que algumas
linhagens celulares de glioma possuem o catabolismo extracelular de ATP, ADP e AMP alterado, com

baixas taxas de hidrdlise de ATP extracelular e altas taxas de hidrélise de AMP extracelular quando
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comparadas com astrocitos sadios (WINK et al., 2003). Além disso, o tratamento com clopidogrel,
reduziu acentuadamente o tamanho do tumor, as caracteristicas de malignidade, angiogénese e o
processo inflamatdrio em gliomas derivados de C6-EYFP / NTPDase2 (BRAGANHOL et al., 2010).
Deste modo, esta dissertacdo mostra, pela primeira vez, a participagdo direta do receptor do
P2Y, como um potencial alvo farmacologico em células de glioblastoma humano U251-MG. O
entendimento dos mecanismos de modulacdo do receptor P2Y, trard uma melhor compreensido da
biologia deste tipo de glioma, originando assim novas ideias para o desenvolvimento de terapias mais
eficientes para a cura desta doenca. Este estudo abre novas perspectivas que pretendemos explorar em

estudos posteriores.
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2. PERSPECTIVAS

Este trabalho deixa algumas perspectivas de estudos relacionados a capacidade do uso de
antagonistas do receptor purinérgico P2Y;; e do desenvolvimento de novos bloqueadores

farmacoldgicos para este receptor como tratamentos dos glioblastomas.

* Avaliar autofagia nas células de glioma tratadas com clopidogrel;

* Analisar as vias de sinalizagdo envolvidas na diminuicdo da proliferagdo induzida pelo
clopidogrel,

* Avaliar a migragdo celular apés o tratamento com clopidogrel;

* Realizar a PCR em tempo real das células de glioma humano submetidas ao tratamento;

* Associar o tratamento com clopidogrel + temozolamida;

* Investigar o efeito farmacoldgico do bloqueio do P2Y; através de estudos in vivo com modelo

de glioma em camundongos.
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Abstract

ADP acts as P2Y |, receptor ligand, and is highly expressed in platelets due to its role in the coagulation
process in vascular smooth muscle and brain. P2Y;, antagonists are targets for the control of
inflammatory and chronic neuropathic pain. Receptor expression is documented in some cancer types,
such as the C6 lineage of rat glioma, renal carcinoma and colon carcinoma. However, its role in tumors
progression and the resistance mechanism to chemotherapy are not fully elucidated. Glioblastoma was
associated with the majority of primary brain tumor deaths, with no cure and a very limited range of
treatments. In the present work, we showed the role of the P2Y, receptor in the proliferation and
survival capacity of two glioblastoma cell lines, human U251-MG and rat C6, through an agent widely
used in the clinic as an antiplatelet agent, clopidogrel bisulfate, a P2Y, receptor antagonist. The
treatment with clopidogrel (150 uM) lead to a significant reduction in cell count and viability assays, in
C6 rat cell line, but the same result was not observed on U251-MG cell line, even at higher
concentration (500 uM) for the same time of treatment period (24 h). When U251-MG cells were
exposed to 48 h of clopidogrel (200 uM), there was a significant reduction in cell number and viability.
However, clopidogrel at lower concentration (300 uM) diminished the number of colonies in U251-MG
cells after 24 h treatment. Furthermore, treatment with the antagonist (500 uM) led to significant arrest
in the G1 phase with consequent reduction in the S phase of cell cycle in U251-MG cell line. Therapy
with the blocker P2Y, clopidogrel, triggered autophagy in both cell lines. These data show the

importance of P2Y, inhibition by a specific antagonist in glioma development.

Key Words: glioblastoma multiforme; purinergic system; P2Y »; clopidogrel
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Introduction

Gliomas are the most common tumor type of central nervous system tumor (CNS), and
account essentially 30% of all primary brain tumors.' It has been tied for the majority of deaths from
primary brain tumors, with no cure and very limited available forms of treatment.>” The causes of
appearance of CNS tumors are still unknown, with only a few recognized risk factors such as the
therapeutic irradiation, physical trauma in the head and acoustic trauma®. Some occupations are also
considered possible risk factors, such as radiology workers, the nuclear industry, underground mines and
smoking.”® Genetic inheritance is also cited as a risk for some types of CNS cancer.”’ The diagnosis
average age is 64 years, and it is 1.5 times more common in men than women.”

In the past three decades, very few progresses were made in the field of controlling the tumor’s
advance and to improve in patient's quality of life, but in recent years, there has been solid progress in
understanding the molecular pathogenesis of gliomas, both in adults and in children.” According to
World Health and Organization (WHO), gliomas are classified in four grades (I-IV) based on their
morphology, increased mitotic activity and histopathological characteristics. Further classification
occurs based on the location, characteristic differentiation and the origin of normal stromal cells of the

. 911
brain.

Differently to some non-CNS tumors, they penetrate throughout the normal tissue spreading
far beyond the tumor mass.'””> An important aspect of the pathogenesis of gliomas is that their
transformation to malignancy is a result of repetitive altered genes accumulation and abnormal
regulation of signaling growth factors, such as vascular endothelial growth factor (VEGF), epidermal
growth factor (EGF), platelet-derived growth factor (PDGF), and hepatocyte growth factor (HGF)."""
The Cancer Genome Atlas (TCGA) divided this type of tumor into different subclasses: classic,
mensenquimal and proneural, grounded on genetic alterations, and expression profile mainly of
PDGFRA, EGFR, NF1 and IDH1'*. Glioblastoma multiform (GBM) is the most common primary brain
tumor and the prognosis gets worse as the age increases.”” For more than three decades, postoperative
radiotherapy has been the standard treatment for newly diagnosed glioblastoma.”” Besides,
temozolomide (Temodal™), an alkylating agent, is widely used in the treatment of glioblastoma,

reducing the risk of recurrence and prolonging patients’ survival, in spite of bringing important adverse

effects, such as, hematological toxicity, thrombocytopenia and lymphopenia.>
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The hypothesis of purinergic signaling is based on ATP release, and subsequent binding to

17,18

receptors in the cell, modulating their functions. Extracellular nucleosides and nucleotides

participate in a wide range of cellular responses, amongst them stimulation (or inhibition) of cell death,
proliferation, migration, differentiation, release of growth factors and inflammatory intermediaries.'”*’
In mammals there are seven ligand-gated P2X (ATP) receptors (P2X1-7), four subtypes of Pl
(adenosine) receptors (Aj, Aza, Azg and Asz) and eight G protein—coupled P2Y receptors (P2Y
124.6.11,12,13.14). Nucleotides remain available for a short period of time in the extracellular medium due to
the existence of different degrading enzymes.”' The ecto-ATPase, NTPDasel, degrades ATP to AMP,
whereas the NTPDase2 only hydrolyzes ATP to ADP, thereby promoting new agonists for ADP-specific
P2 receptors. Sequentially, AMP is degraded by the 5'-ectonucleotidase (CD73) to adenosine.”***

In tumor microenvironment, due to inflammation and the presence of hypoxia in solid tumors,
both ATP and adenosine may be kept elevated for extended periods of time.** The expression of
enzymes that degrade these nucleotides and nucleosides are present in the surface of T cells in the
microenvironmental tumor, and was also found in mice on different tumor types, such as, fibrossarcoma,

melanoma, brain and lymphoma.***

It is well established that malignant tumors promote a strong
inflammatory response and are characterized by the presence of necrotic areas. In this context, ATP and
its derivate nucleotides have effects on the tumor cells by stimulation of some of P2Y receptors, for
instance, P2Y, and P2Y, that are able to promote tumor growth and increase the invasion ability.*®
P2Y, receptor recognizes ADP as its ligand; it is coupled to Gi protein and is highly expressed in
platelets due to their role in the coagulation process, vascular smooth muscle and brain.>’ In P2Y,
knockout mice, there was a reduction in the activation and platelet aggregation, as well as a reduction of
migration of microglia cortical areas by the presence of damage. ADP activates the P2Y, in microglial
cells to induce chemotaxis, serving as a “detector” signal, and P2Y, antagonists can be targets for
inflammatory and chronic neuropathic pain control.”® Therefore, in this study we elucidated the role of

the P2Yj, receptor in the proliferation and survival capacity of glioblastoma cell lines through a P2Y,

receptor antagonist, clopidogrel.

43



Materials and Methods

Cell lines and cell culture

The U-251 MG human glioblastoma and C6 rat glioblastoma cell lines were obtained from
American Type Culture Collection (ATCC—Rockville, Maryland, USA). Cells were cultured in
Dulbecco's Modified Eagle Medium (DMEM) with 10 % and 5 % fetal bovine serum (FBS),
respectively, at a temperature of 37° C, a minimum relative humidity of 95%, and an atmosphere of 5%

CO» in air.

RT-PCR

U-251 MG was seeded in 6-well plates. After 24 h the total RNA from cells was isolated with
Trizol LS reagent (Invitrogem, Carlsbad, CA, USA). The cDNA was synthesized from 2 pg of total
RNA with M-MLYV reverse transcriptase (Promega Corporation, Madison, WI, USA) in a final volume
of 25 puL in the presence of oligo dT primer, as showed in Table 1. RT-PCR reaction was performed in a
total volume of 20 pL, which included 0.75 pL of cDNA, 0.5 pL of each forward and reverse primer
(Table 1), and 10 pL of PCR master mix (Promega Corporation, Madison, WI, USA). The reference
gene glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was used as the endogenous control. Seven
microliters of the RT-PCR reaction were separated on a 2% agarose gel containing SYBR® Safe DNA
and visualized under ImageQuant' ™ LAS 400 (GE Healthcare Life Sciences, Marlborough, MA, USA).
Substituting the templates for DNAse/RNAse-free distilled water in each RT-PCR reaction performed
negative control. The resulting bands were subjected to densitometric analysis with ImajeJ software.

The PY, expression levels were normalized by comparison to GAPDH.

Table 1.
List of primers used for P2Y, PCR in U251-MG glioma cells.

Gene Primer 5°-3’ Amplicon (bp)
P2Y,- Foward GCCTGGATCCGTTCATCTAT 95 bp
P2Y,- Reverse GGGACAGAGATGTTGCAGAA

GAPDH - Forward TTC TTT TGC GTC GCC AGC CG 93 bp
GAPDH - Reverse ACC AGG CGC CCA ATA CGA CC
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Cell viability

Glioblastoma cells were seeded at 5 % 103 cells per well in 96-well plates. After confluence, the
cells were treated with clopidogrel bisulfate (1, 5, 10, 20, 50, 100, 150, 200, 250, 300, 350, 400, 450 and
500 uM). Following 24 h and 48 h of treatment, the medium was removed, the cells were washed with
calcium magnesium-free medium (CMF) and 100 pl of 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide 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 pl of dimethyl
sulfoxide (DMSO). The absorbance was quantified in 96-well plates (Spectra Max M2e, Molecular

Devices) at 540 nm.”

Cell counting

Glioma cells were seeded at 2x 104 cells per well in 24- well plates. After of semi-confluence,
the cells were treated with clopidogrel bisulfate (150, 300 and 500 uM) or ADP (100 uM) (Sigma
Aldrich Corp., St. Louis, USA) for the U-251 MG cell line, and clopidogrel (150 and 300 uM) or ADP
(100 uM) for the C6 cell line. After 24 h of treatment, the medium was collected and 200 pl of
trypsin/EDTA solution was added to detach the cells, which were counted in an automatic cell counter
(Countess II FL, Life Technologies, CA, USA), stained with tripan blue. The cell number of the control

group (not treated cells) was considered 100 %.

Clonogenic assay

Glioblastoma lineages, U-251 MG and C6, were plated 2x10" cells per well in a 24 wells-plate.
After 24 h, cells were treated with clopidogrel bisulfate (150, 300 and 500 uM) for the U-251 MG cell
line, and clopidogrel (300 uM) for the C6 cell line for 24 h. Then cells were re-seeded around 2x10%in a
12 wells-plate and maintained in culture for 10 days. The medium was renovated once every two days.
At the end of the experiment, the cells were washed with PBS, fixed with formalin 4 % for 5 min and
stained with gentian violet by 5 min. At the sequence, cells were washed two times with PBS and stored
at room temperature to dry. After 24 h the images were obtained by Cyber-shot DSC-W510 Sony
Picture 12.1 mega pixels and the number of colonies was determined by WCFI Image J software (NIH)

(http://www.uhnresearch.ca/facilities/wcif/imagej/). The results were presented as absolute number of

colonies.
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Annexin V/PI and cell cycle analysis

U-251 MG and C6 glioma cells were seeded at 1x10° cells per well in 6-well plates and grown
for 24 h. The cells were then treated with clopidogrel, for 24 h. Dead cells were quantified by annexin
V-FITC—propidium iodide (PI) double staining, using Annexin V-FITC Apoptosis detection Kit I
(BD,Biosciences, Mountain View, CA) 24 h after treatment, according to the manufacturer's
instructions. For cell cycle analysis, at the end of the treatment, the medium and the cells were
centrifuged at 400 x g for 6 min. Next, the cells were washed once with PBS (pH 7.4), centrifuged and
suspended in 400 pL staining solution (0.5 mM Tris-HCI (pH 7.6), 3.5 mM trisodium citrate, 0.1% NP
40 (v/v), 100 pg mL™" RNase and 50 pg mL™" PI) at a concentration of 10° cells mL™'. Experiments were
performed on FACS Calibur Flow Cytometer (BD Bioscienes) and the results were analyzed using

FlowJo Software (Tree Star).

Acridine Orange flow cytometry staining technique

U-251 MG and C6 glioma cells were seeded and grown for 24 h. The cells were treated with
clopidogrel for 24 h. Autophagic cells were quantified by acridine orange staining. Experiments were
performed on FACS Calibur Flow Cytometer (BD Bioscienes) 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 were analyzed by one-way
analysis of variance (ANOVA) followed by Tukey's post-hoc test, or by Student's 7 test using
GraphPad Software (San Diego, CA, USA). P values*<0.05 were taken to indicate statistical

significance.
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Results

Expression of P2Y12 in U251-MG human glioblastoma cells

In this study we firstly investigated the expression of P2Y;, receptor in human glioblastoma
cells. Our analysis showed that, the U251-MG cell line used in this study which derivates from human
glioblastoma astrocytoma®' | significantly expressed the receptor of interest when compared to the
reference gene GAPDH (Fig.1). As previously shown in the literature, rat C6 glioma cell line also

expresses the P2Y, receptor.3 0

Clopidrogrel reduced mitochondrial viability in glioma C6 and U251-MG cell lines

We decided to test a vast range of the P2Y, antagonist, clopidogrel, concentrations (1, 5, 10, 20,
50, 100, 150, 200, 250, 300, 350, 400, 450 and 500 uM) in order to choose the most effective in
antagonizing the receptor This effect was observed in U251-MG cell line after 48 h of treatment with
equal concentrations of clopidogrel (Fig. 2A). No results were observed to U252-MG after 24 h of
treatment (Fig. 2A). The treatments with clopidogrel above 150 uM lead to a significant reduction of C6
cell viability (53.05 = 20.06), as measured by MTT assay, after 24 h and 48 h (Fig. 2B).

Clopidogrel decreases cell counting and inhibits the proliferation of glioma cells

In accordance to the results obtained in the MTT assay, we chose the following concentrations of
clopidogrel to evaluate the number of cells: 150 and 300 uM for the C6 cell line and 150, 300 and 500
uM for the U251-MG cell line. Since ADP is considered a P2Y |, receptor agonist,**cells were exposed
to 100 uM of ADP in order to observe whether this nucleotide was capable of stimulating cell
proliferation, as well as reversing the effect of clopidogrel on the induction of cell death. The U251-MG
cell line showed a significant reduction on cell counting with the chosen concentrations of clopidogrel
(150, 300 and 500 uM), when the cells were exposed for a longer period (48 h) (Fig.3A). Interestingly,
ADP induced cell proliferation, but was not able to reverse the effect of clopidogrel in inducing cell
death. The results on C6 cell line showed that the treatment with clopidogrel 150 and 300 uM was
effective on diminishing cell counting after 24 h treatment (Fig. 3B) and ADP did no reverse this effect.

After, a clonogenic assay was performed with the purpose of evaluating the colonies formation after 10
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days of treatment. Interestingly, the results showed that, after the exposure to 300 uM and 500 uM of
clopidogrel, the U251-MG cell line presented a significant reduction in the ability of cells to proliferate
and to form colonies when compared to control (Fig.4A). Similar results were observed when the C6

cells were treated with clopidogrel 300 uM (Fig.4B).

Treatment with clopidogrel alters cell cycle progression in glioma cells

Treatment with clopidogrel 500 pM was able to alter the cell cycle progression by arrest the cells
in the G2 phase (from 9.26 to 19.47 £ 1.93) with consequent decreasing in the S phase (from 27.43 to
16.84 + 1.12) in U251-MG glioma cells (Fig.5A). On the other hand, similar results were not observed

in C6 glioma cells in the tested concentrations (Fig.5B).

Clopidogrel leads to autophagy in glioma cells

In order to investigate the type of cell death induced by the treatment with clopidogrel we
performed a flow cytometry assay to evaluate apoptosis/necrosis pathways through anexin/Pi. Treatment
with P2Y |, receptor antagonist did not induce cell death by apoptosis or necrosis in the tested
concentrations for both lineages (Fig.6 A/B). Since the cells did not died by apoptosis nor necrosis, we
decided to investigate whether autophagy would be responsible for the results previously presented. As
shown in Figure 7 A and B, treatment with clopidogrel for 24 h induced autophagy in U251-MG human
(150 uM and 500 uM) and C6 rat glioblastoma cells (150 uM and 300 uM).
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Discussion

The treatment of recurrent primary brain tumors has always been challenging and it is associated
with significant toxicities, and a balance has to be achieved between local control and treatment of
related morbidities and mortalities.”> Due to the importance of the purinergic system in the progression
of various tumors,” specially gliomas, and the poor survival prognosis, we decided to investigate the
effects of P2Y, blockade by clopidogrel bisulfate on U251-MG human and C6 rat glioblastoma cell
lines.

Two lineages were used in this study, C6 rat glioma cells and U251-MG cells that are derivate
from human glioblastoma astrocytoma.’’ This last cell line was previous used to evaluate the therapeutic
efficacy of Irinophore C™ combined with temozolomide in glioblastoma tumor model.”” Unlike the C6
lineage, U251-MG cells had no reports in the literature regarding the expression of the P2Y, receptor;
so, we first showed the expression of this receptor on U251-MG human glioma cells. The P2Y;
receptor is a purinergic receptor found on the surface of platelets, vascular smooth muscle and brain. Its
expression is documented in some cancer types, such as renal carcinoma, colon carcinoma, the C6 and,*
LN71 cell line.”

Clopidogrel bisulfate is a P2Y,, antagonist acting by the inhibition of platelet aggregation
induced by adenosine diphosphate (ADP).”® In order to evaluate the involvement of this receptor on
glioma cells proliferation and viability, different concentrations of clopidogrel were tested in the C6 rat
and U251-MG human glioblastoma cell lines. Since the concentrations of 150 and 300 uM were
effective in reducing the viable cell for the C6 line, we used these concentrations to perform the
following experiments. Surprisingly, we did not observed the same results in the U251-MG cell line in
neither concentration tested at 24 h, but similar results were observed at longer time, 48 h. In fact, P2Y
receptor-mediated proliferation activates the cascade of the ERK pathway in several cell types, such as
smooth muscle cells and astrocytes.” Furthermore, in the glioblastoma C6 rat cells, when nucleotide
degradation is blocked, the availability of the agonist, ADP, in the extracellular medium activates the
ERK 1/2 through a mechanism dependent on cascade RhoA /PKC /Rafl / MEK-dependent by binding
to the P2Y 1, receptor, leading to increased proliferation and decrease of cell differentiation.**

To evaluate the ability of clopidogrel to inhibit proliferation on glioma cells, the clonogenic
assay was performed for ten days. Both cell lines showed a significant reduction in the formation of
colonies when compared to control cells. According to previous study, in the rat C6 cell line the
activation of the signaling cascade of ERK 1/2 stimulates cell proliferation, but in the case of U251-MG

this effect occurs through other receptors, such as adiponectin.*’
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Besides, we showed that the blockade of P2Y, receptor in U251-MG human glioblastoma
cells by clopidogrel is able to increase the G2 phase and reduce phase S on cell cycle. It has been
formerly described the effects of ADP in a rat gliomas model, whereas Morrone et al., (2006) has
implanted C6 glioma cells in rats associating the enzyme apyrase, whose role is to catalyze the
breakdown of ATP in AMP + inorganic phosphate. The results obtained in this study confirmed the
hypothesis of purinergic signaling in the growth of gliomas.*' It is known that ATP is capable of
accumulating in the extracellular environment as consequence of nonspecific membrane damage or

2142 1n addition, it has been demonstrated that ATP and other

through specific permeation pathways.
nucleotides, and adenosine may induce glioma proliferation.* In fact, Wink et al. (2003) has
demonstrated that glioma cell lines have altered extracellular ATP, ADP, and AMP catabolism, showing
low rates of extracellular ATP hydrolysis and high rates of extracellular AMP hydrolysis when
compared to normal astrocytes.**

Considering that platelets express P2 receptors, which are activated by ADP (P2Y, and
P2Y,), Braganhol et al. (2010) demonstrated, using C6 cells that overexpress NTPDase2 in the rat
implanted glioma cells, that ADP could activate P2Y,, receptors, leading to increased platelet
recruitment and activation. Furthermore, the treatment with clopidogrel, markedly reduced tumor size,
malignity characteristics, angiogenesis, and the inflammatory process in C6-EYFP/NTPDase2-derived
gliomas.*> Autophagy is a lysosome-dependent process that degrades organelles in order to established
cellular homeostasis, in response to damaged, such as, oxidative stress, nutrient depravation and injury
to cellular DNA. Several genes control this pathway; witch controls several kinases, including mTOR,
PI3k/Akt and MAPK.*" The inhibition of P2Y, increases the levels of cAMP by upregulating adenylate
cyclase leading to autophagic flux.*’ It has been proposed that autophagy contributes to oncogene-
induced cell death or senescence, two essential oncossupressive mechanisms. Here, we found that
clopidogrel increased the percentage of AO-positive cells. Chemicals-induced autophagy has a dual role
in cancer cells: in one hand, can contribute to cell resistance and survival; on the other hand, it can
contribute to the toxicity of treatments. Previously, it has been suggested that autophagy is involved on
the degradation of oncogenic proteins, including mutant, such as P53, p62, PML-RARA and BCR-
ABLI1.* 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 malignant 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.”’ On the one
hand, 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

immunostimulatory chemokines through purinergic receptor P2X7."’
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Interestingly, in our study, treatment with P2Y, receptor antagonist, clopidogrel, did not
induce cell death by apoptosis or necrosis. Comparable results were obtained by Shchors et al. (2015),
showing that the cell may get in to autophagy process when exposed to other P2Y;, antagonist,
ticlopidine.”® The data shown herein demonstrate a significant antiproliferative activity in both tumor
lines studied, suggesting an important participation of the P2Y, receptor in this process. Despite the
P2RY |, is expressed in low concentrations in healthy tissues, other than in platelets and glial cells, it has
high expression in diverse tumor types and it’s associates with poor prognosis, such as, glioma, colon
and non-small cancer (NSCLC).*”® 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.”” Increased autophagic flux was lately shown to
impair tumor growth of NSCLC in mice. As conclusion, we could see that glioma cells can express
PY 2R and the inhibition of this receptor by clopidogrel reduces cell proliferation and promotes cell
death by autophagy. In front of our results, by modulating this receptor, it could be considered a
potential pharmacological target to treat glioblastoma, although, other studies are need to confirm this

hypothesis.
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Figure Legends

Figure 1. The PCR assay was performed in order to investigate the expression of the P2Y, receptor in
U251-MG human glioblastoma cells (n=3). GAPDH was used as the reference gene. Data were
analyzed by Student's 7 test, P<0.05, and show significant difference of band intensity from the

GAPDH.

Figure 2. A) Dose-response curve (1-500 uM) was obtained through MTT assay (n = 3), after 24 h of
exposure U251-MG cell line. Dose-response curve was obtained through MTT assay (n = 4), after 48 h
of exposure. B) Selfsame concentrations of clopidogrel were used to evaluate cell viability in the rat
C6 glioma cells (n = 8), after 24 h of exposure. The values represents the mean = SEM from three
independent experiments. P<0.05, ~'P<0.001 and = P<0.0001 versus control by ANOVA with post-

hoc following Tukey.

Figure 3. A) U251-MG were treated with ADP and clopidogrel for 48 h (n=4). Control cells were supplemented
with 10% FBS. Cell number is expressed as %. The values represent the mean + SEM from three independent
experiments. 'P<0,05 versus control, ~ p<0,001 with ANOVA with post-hoc Tukey B) C6 glioma cells were
treated with ADP and clopidogrel for 24 h in DMEM and cell counting was evaluated after 24 h (n=6). Control

cells were supplemented with 5% FBS. Cell numbers are expressed as %.

Figure 4. A) Representative figures of the clonogenic assay in U251-MG and C6 cell lines. Number of
cell colonies is express in gross numbers and were analyzed by Image J stained with violet gentian. B)
The values represent the mean + SEM from three independent experiments. Data were analyzed by
ANOVA post-hoc Tukey and Student's ¢ test, respectively, significantly different from the control
group 'P<0,05, "P<0,001. For clonogenic assay U251-MG and C6 glioma cells were treated with
clopidogrel for 24 h. The values represent the mean = SEM from four independent experiments.
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Figure 5. Flow cytometry to analyze cell cycle was performed through anexin/Pi after the treatment
with clopidogrel. The values represent the mean £ SEM from three independent experiments. ANOVA

post-hoc following Tukey significantly different from the control group analyzed data.

Figure 6. Flow cytometry to analyze apoptosis / necrosis pathways was performed through anexin/Pi
after the treatment with clopidogrel. The values represent the mean + SEM from three independent
experiments. ANOVA post-hoc following Tukey, significantly different from the control group,

analyzed data.

Figure 7. In order to analyze whether the treatment at different concentrations of clopidogrel was able
to alter the cell cycle of the U251-MG cell line, the assay was performed through flow cytometry. The
values represent the mean + SEM from three independent experiments. Data were analyzed by

ANOV A post-hoc following Tukey, significantly different from the control group P<0,05" P<0,001
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Figure 5.
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Figure 6.
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Figure 7.
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