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RESUMO

Os gliomas sdo os tumores do SNC mais comuns e devastadores. Dentre 0s
gliomas, o GBM é o mais prevalente, agressivo, maligno e apresenta um mau
prognostico. A relevancia dos compostos naturais, incluindo as chalconas, no
tratamento e na prevencdo do cancer estd sendo muito evidenciada. As chalconas
formam um grupo de compostos naturais derivados dos flavondides que apresentam
diferentes propriedades bioldgicas e farmacoldgicas, incluindo as atividades anti-
proliferativas e anti-tumorais. O objetivo deste estudo foi avaliar a acdo anti-
proliferativa e a capacidade de inibicdo da viabilidade celular in vitro de nove chalconas
derivadas da quinoxalina, baseadas estruturalmente no inibidor seletivo de
PI3Ky, o AS605240. Estes compostos sintéticos foram testados em diferentes tempos de
incubacdo (24, 48 e 72 h) e concentragdes (0,1; 0,1; 1; 5 e 10 pug/mL) em linhagens de
glioma humano e de rato (U-138 MG e C6, respectivamente). Os resultados observados
nos experimentos de MTT e na contagem celular revelaram que quatros chalconas
(compostos N2, N9, N10 e N12), apresentaram grande eficicia e poténcia, sendo
capazes de inibir a proliferacdo e a viabilidade celular, de maneira tempo e concentragdo
dependente. Estes quatro compostos que possuem radicais metoxi no anel A de sua
estrutura demonstraram uma eficicia superior aquela do composto AS605240, usado
como controle positivo. Os resultados da citometria de fluxo demonstraram que a
incubagdo das células C6 com a chalcona N9 levaram a um bloqueio celular na fase G1,
possivelmente indicando interferéncia com a apoptose. Além disto, a chalcona N9 foi
capaz de inibir visivelmente a ativacdo da AKT, aliada a estimulacdo de ERK 1/2 MAP-
quinase. As chalconas estudadas neste projeto, especialmente as que apresentam o
radical metoxi no anel A, representam promissoras moléculas para o tratamento dos

gliomas.

Palavras-chave: sintese, chalconas, atividade antitumoral, anti-proliferativa, linhagens

de gliomas



ABSTRACT

Gliomas are the most common and devastating tumors of the central nervous
system (CNS). Among the gliomas group, the GBM is the most prevalent, aggressive
and deadly malignant. Many pieces of evidence point out the relevance of natural
compounds for cancer therapy and prevention, including chalcones. Chalcones are
group of natural precursors of flavonoid and display a wide variety of biological and
pharmacological proprieties that include anti-proliferative and anti-cancer activities.
This study aimed at evaluating the in vitro anti-proliferative activity and cell viability
inhibition of nine quinoxaline derived chalcones, structurally based on the selective
PI3Ky inhibitor AS605240. These synthetic compounds were tested at different time-
periods of incubation (24, 48 e 72 h) and concentrations (0,1; 0,1; 1; 5 e 10 pg/mL) in
glioma cell lines from human and rat origin (U-138 MG and C6, respectively). The
results showed by MTT assay and cell couting revealed that four chalcones (compounds
N2, N9, N10 and N12), displayed higher efficacies and potencies, being able to inhibit
either cell proliferation or viability, in a time- and concentration dependent manner.
These four compounds which present methoxy groups at A-ring and their efficacy was
greater than that seen for the positive control compound AS605240. Flow cytometry
analysis demonstrated that incubation of C6 cells with chalcone N9 led to G1 phase
arrest, likely indicating an interference with apoptosis. Furthermore, chalcone N9 was
able to visibly inhibit AKT activation, allied to the stimulation of ERK 1/2 MAP-kinase.
The chalcones tested herein, especially those displaying a methoxy substituent at A-

ring, might well represent promising molecules for the treatment of gliomas.

Keywords: synthesis, quinoxaline, chalcones, anti-cancer activity, anti-proliferative,
glioma cells



ABREVIACOES

CBTRUS - Central de Registros de Tumores Cerebrais dos Estados Unidos (Central
Brain Tumor Registry of the United States)

COX-2 - Ciclooxigenase-2 (Cyclooxygenase-2)

E2F - Fator de Enlongamento 2 (Enlongation Factor 2)

EGFR - Receptor de Fator de Crescimento Epidermal

ERK - Cinase Reguladora de Sinais Extracelulares (Extracellular-Signal-Regulated
Kinases)

GBM - Glioblastomas Multiformes

HIF-1 - Fator de Transcricdo Induzido por Hipoxia (Hipoxia-induced Factor 1)

IDHL1 - Isocitrato Desidrogenase 1 (Isocytrate Dehydrogenase-1)

iNOS - Oxido Nitrico Sintase (Nitric Oxide Synthase)

INK4a - Inibidor de Progressao do Ciclo Celular p16

JNK - Cinases c-Jun N-terminal (c-Jun N-terminal kinases)

MAPK - Proteina Cinase Ativada por Mitdgeno (Mitogen-activated Protein Kinase)
MGMT - gene O°-metilguanina-DNA metiltransferase (O6-methylguanine-DNA-
methyltransferase)

MMPs - Metaloproteinases de Matriz (Matrix Metalloproteinases)

MTIC - 5-(3-metiltriazeno)-imidazol-4-carboxamida (3-methyl-(triazen-1-yl)imidazole-
4-carboxamide)

NO - Oxido Nitrico (nitric oxide)

OMS - Organizacdo Mundial da Saude

0°MeG - O°-metilguanina (O6-methylguanine)

PDGF - fator de crescimento derivado de plaquetas (Platelet-Derived Growth Factor)
PI3K - Fosfatidilinositol 3-cinase (Phosphoinositide Kinase-3)

PIP2 - fosfatidilinositol-3,4-bifosfato (Phophatydilinositol 3,4-biphosphate)

PI1P3 - fosfatidilinositol-3,4,5- trifosfato (Phophatydilinositol 3,4,5-triphosphate)

pRB — Proteina do Retinoblastoma (Retinoblastoma protein)

PTEN — Proteina Homologa a Fosfatase e Tensina (Phosphatase and Tensin Homolg)
SNC - Sistema Nervoso Central

STAT — Transducdo de Sinal e Ativacdo de Proteinas Transcricionais (Signal

Transducers and Activators of Transcription Protein)


http://www.cbtrus.org/
http://www.cbtrus.org/

TCGA - Atlas do Genona de Céanceres (The Cancer Genome Atlas)

TMZ — Temozolamida (Temozolamide)

TNF-a - Fator de Necrose Tumoral o (Tumor Necrosis Factor-alpha)

VEGFR - Receptor de Fator de Crescimento Vascular Endotelial (Vascular Endothelial
Growth Factor)
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1. INTRODUCAO

Gliomas sdo os tumores cerebrais primarios mais comuns em adultos e
representam cerca de 50 % de todas as neoplasias do Sistema Nervoso Central (SNC)
(Preusser et al., 2006; Yin et al., 2007; Dun et al., 2007), sendo caracterizados também
por possuirem ampla heterogeneidade histologica e clinica. Os tumores cerebrais
primarios correspondem a 1,4 % dentre todos os tipos de canceres e Sdo responsaveis
por 2,4 % de mortes por cancer nos Estados Unidos. De acordo com o banco de dados
online da Central de Registros de Tumores Cerebrais dos Estados Unidos — CBTRUS

(www.cbtrus.org), anualmente, surgem aproximadamente 20 mil novos casos de

gliomas (7,4 casos a cada 100 mil habitantes), sendo mais da metade malignos, com
uma taxa anual de 12500 casos de mortalidade. Os glioblastomas multiformes (GBMs)
correspondem a cerca de 70 % dos casos de gliomas malignos, acometendo mais de
12000 pessoas por ano nos Estados Unidos (6,0 casos por 100 mil habitantes). No
Brasil, os dados mais recentes referentes a incidéncia de gliomas datam de 1998, mas
demonstram um crescimento no nimero de casos. Em 1970, era de 2,24 por 100 mil
habitantes; ja, em 1998, a incidéncia aumentou para 3,35 por 100 mil habitantes
(Monteiro, 2003) e a tendéncia é que estes indices tenham aumentado ainda mais nos
ultimos anos.

Em 2007, a Organizacdo Mundial da Saide (OMS) descreveu a classificacdo
utilizada atualmente em gliomas, que se baseia em trés parametros: o tipo celular, a
localizagdo tumoral e o grau de malignidade (Louis et al., 2007, Brat et al., 2007, Fuller
e Scheithauer, 2007; Nakazato, 2008). Clinicamente, por meio desta classificacdo, é
possivel determinar o tipo de terapia a ser utilizada no tratamento, determinando
particularmente o uso de radioterapia adjuvante e os protocolos especificos de
quimioterapia (Louis et al., 2007).

A classificacdo com base no tipo celular é feita a partir das caracteristicas
histoldgicas, conforme a semelhanca fenotipica das células tumorais com os diferentes
tipos de células gliais (astrocitos, oligidendrdcitos e células ependimais) (Michote et al.,
2004, Nikiforova e Hamilton, 2011). Com base na aparéncia morfoldgica das células, os
gliomas séo classificados em Astrocitomas, Oligodendrogliomas e Gliomas Mistos. Os
Astrocitomas e Oligodendrogliomas sdo os tipos mais prevalentes, correspondendo a
mais de 90 % dos casos (Burton e Prados, 2000; Holland et al., 2001).
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A classificacdo com base na localizacdo tumoral refere-se ao local no qual os
gliomas se desenvolvem com base em uma membrana que separa o cérebro (tentorum =
“teto” cerebelar) do cerebelo. Desta forma, eles podem ser classificados como supra-
tentoriais, acima do tentorum e, que ocorrem predominantemente em adultos ou, infra-
tentoriais, que se desenvolvem abaixo do tentorum, com maior predominancia em
criangas (Vougioukas et al., 2005; Kaloshi et al., 2009).

A classificagdo com base na Malignidade Tumoral divide os gliomas em uma
escala de | a IV (Holland et al., 2000; Louis et al., 2007). Os gliomas de baixo grau de
malignidade sdo os de grau | e Il, sendo caracterizados por serem diferenciados ou nédo
anaplésticos (Stieber, 2001). Os gliomas de grau | sdo passiveis de cura por remogao
cirargica e sem necessidade de tratamento quimioterapico, além de apresentarem baixa
capacidade proliferativa, com lento crescimento, sendo geralmente encontrados em
criancas e jovens. Dentre os subtipos, podemos citar o astrocitoma pilocitico (Stieber,
2001; Behin et al, 200;). Os gliomas de grau Il (astrocitoma difuso,
oligondendroglioma, oligoastrocitoma) geralmente s&o naturalmente infiltrativos, mas
com crescimento lento e que podem recorrer. Entretanto, alguns gliomas de grau Il
podem progredir para gliomas mais malignos (Behin et al., 2003; Van den Bent, 2007).
Estes gliomas de baixo grau ndo sdo benignos, mas apresentam um melhor prognostico
quando comparado aos gliomas de alto grau (Ill e IV) (Van den Bent et al,, 2008;
Bromberg e Van den Bent, 2009), sendo a sobrevida média destes pacientes muito
superior a dos pacientes diagnosticados com gliomas malignos de alto grau (Bromberg e
Van den Bent, 2009). Os gliomas de alto grau sdo classificados como sendo os de grau
Il e IV (Behin et al., 2003). Eles apresentam caracteristicas mais agressivas, como
indiferenciacdo celular ou anaplastia, pleomorfismo celular, elevada capacidade de
proliferacdo (Behin et al., 2003 ), levando a um prognostico muito mais desfavoravel.
Os gliomas de grau Il sdo caracterizados por apresentarem evidéncias histoldgicas de
malignidade, como atipia nuclear e elevada atividade mitdtica. Os tipos mais comuns de
glioma grau Ill sdo o astrocitoma anaplasico, oligodendroglioma anaplésico,
oligoastrocitoma anaplasico (See e Gilbert, 2004; Desjardins et al., 2008; Wick e
Weller, 2010). O tratamento padrdo compreende cirurgia, seguida de radioterapia e
quimioterapia e a sobrevida média dos pacientes € de cerca de 3 anos (Desjardins et al.,
2008; Wick e Weller, 2010). Os gliomas de grau IV sdo os mais comuns, malignos e
letais dentro todos os gliomas e dentre eles podemos citar o glioblastoma multiforme
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(Robins et al., 2007; Kanu et al., 2009; Vredenburgh et al., 2009), que corresponde a
cerca de 70% dos gliomas de alto grau diagnosticados (Ohgaki e Kleihues, 2007).

Os GBM sdo caracterizados histologicamente por células neoplasicas pouco
diferenciadas com éareas de proliferacdo vascular e/ou necrose em palicada
(Sathornusumetee et al., 2008), células gigantes, pleomorfismo celular e nuclear,
proliferacdo microvascular, uma elevada atividade mitotica, aléem de proliferacéo
endotelial (Laws e Schaffrey, 1999, Brandes et al., 2008). Estes tumores apresentam um
padrdo de crescimento multifocal (ndo se forma uma massa sélida Unica, mas ha
formacdo de vérios tumores espalhados pelo tecido sadio), 0 que explica sua grande
capacidade de se infiltrar no parénquima cerebral que circunda o tumor, limitando a
remocdo cirdrgica (Stupp et al., 2007) e levando a uma répida progressdo e a elevados
indices de recorréncia (Stupp et al., 2006; Yin et al., 2007; Goldust et al., 2008). As
metastases sistémicas sao raras (Armstrong et al., 2010); porém, dentro de pouco tempo,
no mesmo local da lesdo priméria principal ou muito proximo a ela, sdo observadas
novas lesbes (Sathornsumette e Rich, 2008). Estas células tumorais também apresentam
resisténcia intrinseca a radioterapia e a apoptose, fazendo que as terapias pro-
apoptoticas ndo sejam téo efetivas ou falhem em induzir a regressao tumoral (Furnari et
al., 2007; Van Meir et al., 2010).

Existem duas teorias distintas sobre as células que originam os gliomas. A
primeira, € mais antiga, infere que os gliomas sdo oriundos de células gliais maduras
como astrécitos e oligondendrécitos, que sofrem mutaces em oncogenes e genes
supressores tumorais, o que levaria a desdiferenciacdo celular e desenvolvimento
tumoral (Lipton e Rosenber, 1994; Paulus e Tonn, 1995). A segunda teoria, mais
recente e aceita atualmente, sugere que os gliomas se originam de células progenitoras
que sofreram transformacao oncogénica durante seu desenvolvimento, vindo a se tornar
células iniciadoras de tumor (Singh et al., 2004; Piccirillo e Vescovi et al., 2007;
Piccirillo et al., 2009).

GBMs séo caracterizados por alteracfes genéticas que afetam o controle génico
do crescimento celular, angiogénese, apoptose e invasdo celular, explicando sua
patogénese, rapida progressdo e agressividade. Estas alteracdes epigenéticas também
afetam a expressdo de genes isolados ou a combinacéo de varios genes. (Nagarajan and
Costello, 2009; Kim et al, 2011). Inicialmente identificou-se a amplificacdo ou ativacédo
do receptor de fator de crescimento epidermal (EGFR) (Wong et al., 1987; Wong et al.,
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1992), sendo encontrada em cerca de 40% dos GBMs (Yan et al., 2011). Esta ativacéo
causada pela mutacdo do gene é extremamente oncogénica e é gerada a partir da delecéo
dos éxons 2 a 7 do gene EGFR (Yan et al., 2011; Gan et al., 2009). Em seguida,
estudos definiram loci supressores de tumor nos cromossomos 9, 10 e 17 (James et al.,
1989), sendo que o gene supressor tumoral TP53 foi identificado como o principal alvo
de alteragcbes no cromossomo 17 (Rao e James, 2004 Figarella-Branger et al., 2008;
Purow e Schiff, 2009;). O gene TP53 é um dos genes mais frequentemente mutados ou
inativados, sendo que estas alteracfes podem ser encontradas em cerca de 50% dos
tumores (Soussi e Béroud, 2001; Kazufumi e Hisahiro, 2011), incluindo os gliomas. A
proteina p53 exerce diversas fungdes, incluindo regulacdo do ciclo celular, apoptose,
senescéncia, metabolismo de DNA, angiogénese, diferenciacdo celular e resposta
imune, atuando como um gene supressor tumoral (Wang e Harris, 1996; Ohgaki, 2005;
Vousden e Prives, 2009; Kazufumi and Hisahiro, 2011). Além destas importantes
mutacdes, foram identificadas também outras altera¢cbes nos cromossomos 10 e 19, com
mutacdo de proteina homologa a fosfatase e a tensina (PTEN) e delecdo do inibidor de
progressdo do ciclo celular p16 (INK4a), respectivamente (Ohgaki, 2005; Ohgaki
e Kleihues, 2007). O gene PTEN possui um dominio central homoélogo a regido
catalitica da proteina tirosina fosfatase, que € importante para a proteina fosfatase
(Myers et al., 1997, Ohgaki e Kleihues, 2007) e atividade da fosfatidilinositol 3-quinase
(PI3K) (Maehama e Dixon, 1998; Ohgaki e Kleihues, 2007). O gene pl6 esta
relacionado com o controle da progressdo do ciclo celular da fase G1 para S (Ohgaki
e Kleihues, 2007). Outra mutagéo identificada em gliomas de baixo grau e em um grupo
de GBMs refere-se aos genes codificadores de isocitrato desidrogenase 1 (IDH1)
(Smeitink, 2010). A mutacdo neste gene ativa a via do fator de transcricdo induzido por
hipdxia (HIF-1), permitindo a adaptacdo metabdlica das células tumorais a ambientes de
hipoxia e privacdo de nutrientes (Jansen et al., 2010).

Além das vias ja citadas, a via da Proteina do Retinoblastoma (pRB) também
apresenta alteragbes importantes no desenvolvimento dos GBMs. A RB é uma
fosfoproteina considerada o prototipo de proteina supressora de tumor, e a inativacao
desta proteina é frequentemente encontrada em tumores. Ela exibe efeitos anti-
proliferativos por ser capaz de mediar a represséo transcricional de genes requeridos na
replicacdo de DNA e mitose, limitando a progressdo do ciclo celular (Jiang et al., 2010;
Knudsen e Knudsen, 2008). Ela passa por estados de fosforilagéo e desfosforilacéo
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variados ao longo do ciclo celular, podendo se ligar a outras proteinas, membros da
familia do fator de enlongamento 2 (E2F) de fatores de transcri¢do e proteina tirosina
quinase c-Abl, conforme o status de fosforilagdo. Esta transitoriedade de fosforilacéo,
adicionada aos diversos sitios da proteina, permitem que ela interaja com diferentes
ligantes em distintas fases do ciclo celular, caracterizando-a como um dos principais
moduladores de proliferacdo e inibicdo de crescimento celular (Knudsen e Wang, 1996;
Nevins, 2001).

Outro gene que apresenta mutacdes de grande relevancia em GBMs é o gene
O°-metilguanina-DNA metiltransferase (MGMT) e vem sendo utilizado como preditivo
de sobrevida e resposta ao tratamento com farmacos alquilantes. Este gene promotor de
metilacdo encontra-se localizado no cromossomo 10026, e possui acoplada uma
proteina de reparacdo de DNA, responsavel pela remoc¢éo dos grupos alquil da posicao
0° dos residuos de guanina, um importante sitio de alquilacio de DNA (Kaina et al.,
2007; Hegi et al., 2008; Kitange et al., 2009). A alquilacdo destes residuos O° da
guanina, oriundos da acdo de quimioterapicos alquilantes como a temozolamida (TMZ),
sdo altamente citotoxicos, mas sdo reparados pela proteina MGMT. Esta proteina é
capaz de transferir o grupo metil da guanina do DNA para seu residuo ativo da cisteina,
através de uma reacdo de metilacdo, tornando-a inativa e fazendo com que ela seja
degradada (Kitange et al., 2009; Villano et al., 2009; Koukourakis et al., 2009).
Elevados niveis de atividade de MGMT em células tumorais criam um fendtipo
resistente e determinam falha no tratamento com agentes alquilantes. A silenciacdo
epigenética do gene MGMT ¢é associada com perda na expressdo do mesmo e,
diminuicdo da atividade de reparacdo de DNA (Hegi et a.l, 2008).

Recentemente, foi identificada uma nova classe de pequenas moléculas de
RNA ndo codificante, os microRNAs, que sdo capazes de regular a expressao de
diferentes genes. Muitos microRNAs, definidos como onco microRNAs demonstram
diferentes niveis de expressdo em tumores e sdo capazes de afetar a transformacéo
celular, carcinogénese e metastase, atuando como oncogenes ou, supressores tumorais
(Matsubara et al., 2007; Medina et al., 2010; Yan et al., 2011). Diversos estudos
demonstram que a expressdo aberrante de microRNAs como miR-21, miR-221/222,
miR-181s e miR-34s, exercem um papel importante na gliomagénese (Shi et al., 2008;
Li et al., 2009; Moore and Zhang, 2010).
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Além da amplificacdo ou ativacdo do EGFR também é observada a amplificacédo
do fator de crescimento derivado de plaquetas (PDGF) e do receptor de fator de
crescimento vascular endotelial (VEGFR), o que leva a ativacgdo constitutiva de receptor
de sinalizacdo tirosina-quinase correspondente (Brennan et al., 2009; Minniti et al.,
2009; Clarke et al., 2010; Hatanpaa et al., 2010). A estimulacéo destes receptores pode
ativar multiplas vias de transdugdo de sinal, incluindo a via PI3SK/AKT, vias
RAS/MAP-quinase, vias STAT, entre outras (Brennan et al., 2009; Chen et al., 2009;
Yinetal., 2011).

As fosfatidilinositol-3-quinases (PI3Ks) sdo um grupo de enzimas que
fosforilam o fosfatidilinositol-3,4-bifosfato (PIP2) na porcdo 3 -OH do anel inositol,
dando origem ao segundo mensageiro fosfatidilinositol-3,4,5- trifosfato (PIP3), que é
essencial para a translocacdo de Akt (também conhecida como PKB) para a membrana
plasmatica, onde a mesma também ¢é fosforilada. A ativacdo de Akt medeia respostas
celulares como proliferacdo, sobrevivéncia, motilidade e metabolismo (Kong & Yamori,
2007; Marone et al., 2008; Roy et al., 2009;), fundamentais no processo tumoral. A
familia das PI3Ks € dividida em trés classes (I, Il e Ill). A classe I, por sua vez, é
dividida em duas subclasses: IA e IB. A subclasse IA que compreende as isoformas
PI3Ka, PI3Kp e PI3KSJ, é ativada através de receptores tirosina-quinase pela ligacao de
horménios, fatores de crescimento, citocinas, integrinas e outros estimulos
extracelulares. A subclasse IB é composta apenas pela isoforma PI3Ky, que é ativada
por receptores acoplados a proteina G. O aumento constitutivo da sinalizacdo da PI3K
pode ter efeito deletério nas células, levando a proliferacdo descontrolada, migracdo
facilitada e adesdo independente de crescimento. Estes eventos favorecem a formacéo
de tumores malignos, mas também o desenvolvimento de inflamacgéo cronica, alergia,
diabetes, problemas cardiovasculares e doencas autoimunes (Gharbi et al., 2007; Ito et
al., 2007; Marone et al., 2008).

A familia das proteinas quinases ativadas por mitégenos (MAP-quinases) sao
especificas para serina/treonina, sendo composta por ERK1, ERK2, p38 e quinases c-
Jun N-terminal (JNK) (Yang et al., 2011). Elas sdo capazes de transmitir diversos
estimulos extracelulares (fator de crescimento mitogénico, estresse do microambiente,
agentes pré-apoptoticos) para o nucleo, através da ativacdo de outras quinases, com 0
objetivo de regular a proliferacdo celular, o bloqueio da sintese de DNA, a
diferenciacdo, a migracgéo celular e, a reorganizacdo do citoesqueleto (Yu et al., 2001;
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Johnson et al., 2003; Reddy et al., 2003; Wada et al., 2004; Carnero et al., 2008).
Estudos prévios sugerem que a ERK1/2 também € capaz de induzir apoptose. A duragéo
e intensidade da ativacdo da ERK parecem ser importantes para determinar o desfecho
(crescimento, sobrevivéncia ou apoptose), indicando a dualidade da regulacdo da
sobrevivéncia e morte através da ERK (Chen et al., 2003; Yang et al., 2011). Segundo
Werlen et al (2003), dependendo da afinidade do ligante, a via da ERK ¢é ativada antes
da via da p38 e JNK, resultando em apoptose.

Até 2007, os GBMs eram classificados como primarios (oriundos de células
progenitoras ou astrociticas) ou secundarios (oriundos de astrocitomas de grau Il ou I11).
Esta classificacdo dependia do processo gliomagénico e das vias que se encontravam
alteradas nas células tumorais (Nikiforova e Hamilton, 2011; Ohgaki e Kleihues, 2007)
(Figura 1).
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Figura 1. Classificagdo dos GBMs em primarios e secundarios. Os GBMs podem ser classificados
como primérios quando se originam de células progenitoras, ou como secundarios, quando se originam
de tumores de menor grau que sofrem mutacdes. Obtido de: Molecular Diagnostics of Gliomas
(Nikiforova e Hamilton, 2011).

O projeto piloto Atlas do Genona de Canceres (TCGA) foi criado pelo Instituto
Nacional do Céancer dos Estados Unidos com o objetivo de catalogar e descobrir as
alteracdes genémicas causadoras de cancer em grande coortes de tumores humanos por
meio de analises multi-dimensionais. Os primeiros tumores estudados pelo TCGA
foram os GBMs devido a elevada incidéncia e baixas op¢des terapéuticas eficientes para
seu tratamento (Nature, 2008). Com base nestes dados trés vias se mostraram
frequentemente alteradas em GBM, explicando mais de 90% das alteracbes genéticas
encontradas nestes tumores (Figura 2). As vias sdo: Via dos Receptores Tirosina
Cinase/RAS/PI3K; Via da P53; Via da Proteina Retinoblastoma (Rb).
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Figura 2: Principais vias de sinalizacdo alteradas em GBMs. Séo indicados os componentes de cada
via (RTK/RAS/PI3K, p53, RB) a natureza das altera¢fes e a porcentagem dos tumores afetados. Obtido
de: Comprehensive genomic characterization defines human glioblastoma genes and core pathways

(Nature, 2008).

Com os avancos da caracterizagdo molecular dos GBMs e da obtencdo de

dados da TCGA, foi possivel definir quatro etiologias tumorais dentre os gliomas

(Figura 3).

19



Putative GBM
cells of origin:

Neural/Glial
progenitor

Astrocyte

Oligodendrocyte

A

Sequential genetic
alterations & clonal
evolution

Grade /11l

Primary GBM subtypes:

Proneural

—

BCPC Secondary GBEM

r N EGFR mutation/amplification/c xpression
Neural stem cell Classical PTEN loss/mutation
CDKN2A loss
o NES overexpression
Transit Notch & Shh pathways activation
Stng ool NF1 loss/mutation
0 Mesenchymal | TP53 loss/mutation
> PTEN loss/mutation

MET, CHI3L1, CD44, MERTK overexpression
TNF family & NFxB pathways activation

EGFR amplification/overexpression
Gene signature of normal brain
Neuron marker expression

(NEFL, GABRA1, SYT1, SLC12A5)
Remains to be better defined

PDGFRA amplification

IDH1 mutation

PIK3A/PIK3R1 mutations

TP53, CDKN2A & PTEN loss/mutation
Proneural marker expression

(SOX, DCX, DLL3, ASCL1, TCF4)
Oligodendrocytic marker expression

(PDGFRA, OLIG2, TCF3 and NKX2-2)
HIF, PI3 kinase & PDGFRA pathways
activation

> —

Astrocytoma

Figura 3: Classificacdo molecular e etiologia dos GBMs. Com a evolugdo da compreensdo e
caracterizacdo molecular da alteracbes genéticas encontradas em GBMs, foi possivel agrupé-los em 04
subtipos diferentes (cl&ssico, neural, mesenquimal ou proneural). Os potenciais tipos celulares indicados
como iniciadores dos GBMs sdo mostrados a esquerda. Obtido de: Exciting new advances in neuro-
oncology: the avenue to a cure for malignant glioma. (Van Meir et al, 2010)

O prognostico de pacientes diagnosticados com GBM ¢é ruim e a sobrevida
média é de aproximadamente 12 meses (Stupp et al., 2005; Braganhol, et al., 2006;
Koukourakis et al., 2009), sendo que apenas cerca de 3-5% dos pacientes sobrevivem
em torno de 5 anos (Brandes et al., 2008, Vredhenburg et al., 2009). Estes tumores
cerebrais geralmente se desenvolvem rapidamente, sem evidéncias clinicas, radioldgicas
ou morfoldgicas (Kanu et al., 2009), o que dificulta o diagndstico precoce. Atualmente,
os gliomas malignos sdo melhores manejados, incorporando a resseccao cirdrgica, a
radioterapia adjuvante pos-operatdria e a quimioterapia adjuvante (Kanu et al., 2009;
Wick et al., 2011). A terapia padrdo para GBM primarios inclui neurocirurgia seguida
por radioterapia (30 vezes de 2 Gy) combinada com TMZ diaria (75 mg/m2), seguido
por seis ciclos mensais subsequentes de quimioterapia adjuvante com TMZ (150-200
mg/m?/dia durante 5 dias) (Stupp et al., 2005; Brandes et al., 2008; Villano et al., 2009).
Com este regime, a sobrevida global mediana aumentou de 12,1 para 14,6 meses, e a
taxa de sobrevida em dois anos passou de 10,4 para 26,5 % (Stupp et al., 2005, Villano
et al, 2009).

A TMZ representa um dos maiores avancos alcancados no tratamento de
GBMs durante as Gltimas décadas; entretanto, muitos pacientes acabam recorrendo

rapidamente ou sendo resistentes a esta medicacdo. A TMZ € um agente alquilante de
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DNA, que se converte no metabolito ativo 5-(3-metiltriazeno)-imidazol-4-carboxamida
(MTIC) por acdo do pH, ndo necessitando de metabolismo hepatico (Friedmann et al.,
2000; Darkes et al., 2002,; Tentori e Maziani, 2009). O MTIC atua causando danos ao
DNA por metilagdo da posicdo O° da guanina, gerando a O°-metilguanina (0°MeG), a
qual se pareia incorretamente com a timina e induz o dano no DNA, seguido de parada
no ciclo e morte celular (Darkes et al., 2002; Tentori e Maziani, 2009). Esta metilacdo
também pode ocorrer na posicdo N’ da guanina, mais comum ou, na posicdo O° da
adenina; contudo, as células que apresentam estas metilacdes apresentam menos
sensibilidade & TMZ quando comparadas com a alquilacdo na posicdo O° da guanina
(Friedmann et al., 2000). A TMZ, por ser uma molécula de baixo peso molecular,
possui a capacidade de atravessar a barreira hemato-encefélica se tornando efetiva no
tratamento de tumores cerebrais, além de apresentar biodisponibilidade oral.

A resisténcia aos agentes alquilantes, como a TMZ, por meio da reparacao de
DNA pela enzima MGMT representa uma importante barreira no tratamento de
pacientes com gliomas de alto grau, principalmente com GBM (Brandes et al., 2008;
Hegi et al., 2008; Kitange et al., 2009; Koukourakis et al., 2009; Villano et al., 2009).
Pacientes que apresentam o gene metilado possuem um prognostico mais favoravel,
pois elevados niveis de MGMT ou a falta de promotores de metilacdo sdo capazes de
promover o reparo do DNA, por meio da remog&o dos grupamentos metila adicionados
pela TMZ as bases de DNA. Esta reparacdo confere resisténcia a esta medicacdo,
aumenta as taxas de recorréncia, prejudica o progndéstico e a sobrevida destes pacientes
(Kaina et al., 2007; Hegi et al., 2008; Kitange et al., 2009; Ohka et al., 2011). A
sobrevida de pacientes com o gene ndo metilado é de 15,3 meses comparada a 21,7
meses de pacientes com a metilacdo (Villano et al., 2009).

As chalconas caracterizam uma familia de compostos gque possuem como
nacleo fundamental o 1,3-diarilpropano (Figura 4), modificado pela presenca de uma
ligagdo olefinica, de um grupamento cetona e/ou de um grupo hidroxila. Este nucleo é
formado por dois anéis arométicos ligados por trés carbonos a, B insaturados e um
grupo carbonil (Takashi et al., 2007). Sdo compostos precursores da via de biossintese
dos flavondides que apresentam pigmentacdo amarela (que passa a vermelha em meio
alcalino), sendo encontrados em diferentes Orgdos vegetais, sobretudo nas flores
(Simdes et al., 2003). As chalconas podem ser encontradas em varias partes da planta
como nas flores, sementes, folhas, caule e raizes, em géneros como Angelica,
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Glycyrrhiza, Humulus e Scutellaria, todas plantas de uso popular tradicional para
doencas infecciosas e cronicas (Ducki, 2007). Além disso, as chalconas séao
componentes encontrados na dieta humana, rica em frutas e vegetais (Hsu et al., 2006).

Figura 4. Nucleo fundamental das chalconas. Nucleo fundamental das chalconas, 1,3-diarilpropano,
modificado pela presenca de uma ligagdo olefinica, de um grupamento cetona e/ou de um grupo hidroxila.
Obtido de: Antimitotic and Antiproliferative Activities os Chalcones: Forward Structure-Activity
Relatioship (Boumendjel et al, 2008)

Estudos prévios demonstraram que a estrutura simples e o facil processo de
obtencdo destes compostos, 0s tornam interessantes para a realizacdo de estudos de
estrutura-atividade (Rogmanoli et al., 2008). InGmeros substituintes tém sido testados e
muitos ainda precisam ser avaliados com o intuito de elucidar o mecanismo de agéo das
chalconas, que poderiam representar importantes alternativas terapéuticas para
diferentes tipos tumorais.

As chalconas apresentam diversas atividades farmacoldgicas, como agédo anti-
inflamatoria, antipirética, analgésica, antimalérica e antibacteriana (Makita et al., 1996;
Ko et al., 2003; Wong et al., 2005; Ducki, 2007; Cheng et al., 2008; Kontogiorgis et al.,
2008). Ademais, as chalconas sdo capazes de inibir a producdo de oxido nitrico (NO)
estimulada por lipopolissacarideo bacteriano, a expressdo de éxido nitrico sintase
(iNOS), a atividade da ciclooxigenase-2 (COX-2), a producdo de fator de necrose
tumoral a (TNF-a), além de possuirem agdo citotoxica e anti-oxidante (Wong et al.,
2005; Shen et al., 2007; Boumendjel et al, 2008; Cheng et al., 2008; Loa et al., 2009).

Seu potencial antitumoral estd relacionado com sua capacidade de reduzir a
proliferacdo celular por meio do bloqueio do ciclo celular na fase G2/M (Hsu et al.,
2006; Nishimura et al., 2007; Shen et al., 2007) como também na fase G1 (Rao et al,
2010; Park et al, 2008), dependendo das chalconas e de sua estrutura quimica. Alguns
estudos demonstraram uma possivel correlacdo entre o efeito sobre o ciclo celular e a
presenca de radicais metoxi nos carbonos 2°, 4’e¢ 6’ do anel A das chalconas testadas
(Go et al., 2005; Ducki, 2007; Boumendjel et al., 2008). Este potencial antitumoral
também estéd relacionado com a capacidade das chalconas em induzirem apoptose e
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inibirem a polimerizacdo da tubulina (Nishimura et al., 2007; Shen et al., 2007). Este
efeito pode ser observado em chalconas as quais o radical fluor foi inserido na posi¢ao a
da dupla ligacdo, demonstrando que a conformacdo cis-trans € importante para a
atividade bioldgica destes compostos (Romagnoli et al., 2008).

As chalconas sdo capazes de elevar significativamente a expressdo das
proteinas p21 e p27 (Shen et al., 2007; Hsu et al., 2006) e diminuir os niveis de ciclina
B1, ciclina A e Cdc2, além de aumentar a expressao de Bax e Bak e reduzir os niveis de
Bcl-2 e Bcl-XL, ativando a via apoptdtica mitocondrial (Hsu et al., 2006; Nishimura et
al.,, 2007; Shen et al.,, 2007). Este potencial é ampliado pela capacidade desses
compostos em inibir a angiogénese, um processo fundamental para o crescimento
tumoral (Nishimura et al., 2007; Mojzis et al., 2008). Isso ocorre por meio da regulacéo
da expressao do fator de crescimento endotelial vascular (VEGF), das metaloproteinases
de matriz (MMPSs), do receptor do fator de crescimento epidermal (EGFR), da inibi¢do
do fator de transcricdo NF-kB e das vias de sinalizacdo PI3K/Akt (Mojzis et al., 2008).
Estudos recentes demonstraram que compostos que possuem o anel quinoxalina
(Figura 5) em sua estrutura, apresentam capacidade de inibir o processo angiogénico,
através da inibicdo da expressdo de VEGF e do fator de hipoxia induzido 1a (HIF-1a),
que requerem o envolvimento de inumeras vias como PI3K/AKT/mTOR/4E-BP1(Weng
et al., 2011). Desta forma, estes compostos se tornando potenciais candidatos para o
tratamento de tumores ou doengas associadas com desordens no processo angiogénico
(Corona et al., 2009).

Figura 5: Anel quinoxalina. Obtido de: Recent advances in the solid-phase combinatorial synthetic
strategies for the quinoxaline, quinazoline and benzimidazole based privileged structures (Kamal et al,
2006).

Estudos realizados com linhagens de tumor de figado demonstraram que as
chalconas possuem maior poténcia inibitéria sobre a proliferacdo celular, quando

comparadas a flavondides, cromonas, flavonas, isoflavonas e cumarinas (Ko et al.,
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2003). Assim, € possivel sugerir que as chalconas podem representar alvos de grande

relevancia para o desenvolvimento de novas alternativas para o tratamento do cancer.

Diferentes chalconas derivadas da quinoxalina e baseadas no inibidor seletivo
de PI3Ky, AS605240, foram sintetizadas no Departamento de Quimica, da UFSC por

Alessandra Marcarello, sob orientacdo dos Drs. Paulo César Leal e Rosendo A. Yunes

(Tabela 1). No projeto foram avaliados nove compostos, mas apenas oito foram citados

no artigo. Isto ocorreu por problemas na sintese quimica do composto NG6.

| Tabela 1. Chalconas derivadas da quinoxalina

Composto .
Composto (art?go) Estrutura Quimica Peso Molecular (g)
(o]
| _ N C18H14N20,
N2 1 j 290.32
o 7 290.105528
3 C 74.47% H 4.86% N 9.65% O 11.02%
(0]
I y C1gH12N203
0 = N 304.30
N3 2 < j 304.084792
0 | C71.05% H 3.97% N 9.21% O 15.77%
(6]
| \ Cl7HllBrN20
339.19
= AN
N4 3 j 338.005474
Br W | C60.20% H 3.27% Br 23.56% N 8.26%
(6]
| N C17H12N20
260.30
= AN
NS 4 ‘ ‘ j 260.094963
N/ C 78.44% H 4.65% N 10.76% O 6.15¢
OH (0]
C17H12N20,
N6 G " Exact Mass: 276,09
- Mol. Wt.: 276,29
J| c,73,90; H, 4,38; N, 10,14; O, 11,58
N
(e}
| " C17H11N303
= A 305.29
N7 5 ‘ ‘ j 305.080041
0, N~

C 66.88% H 3.63% N 13.76% O 15.72%
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OCH; O

C 71.24% H 5.03% N 8.74% O 14.98%

| N C19H16N203
= AN 320.35
N9 320.116093
N/ C 71.24% H 5.03% N 8.74% O 14.98%
OCH;
)
oo | " C19H16N203
¥ % X 320.35
N10 j 320.116093
HaCO NZ C 71.24% H 5.03% N 8.74% O 14.98%
OCH; O
: | " C19H16N203
=z A 320.35
N12 ‘ ‘ j 320.116093
H4CO N
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2. OBJETIVOS

Objetivo Geral
A presente dissertacao teve por objetivo avaliar, in vitro, o efeito de uma série

de chalconas derivadas da quinoxalina sobre linhagens de glioma.

Objetivos Especificos

e Realizar um screening in vitro para a determinacdo da atividade
antiproliferativa de uma série de chalconas derivadas da quinoxalina sobre
linhagens de glioma;

e Analisar a acdo sobre a viabilidade celular das chalconas derivadas da
quinoxalina em linhagens de glioma;

e Verificar a acdo das chalconas derivadas da quinoxalina sobre o ciclo celular
de células de linhagens de gliomas;

e Verificar a acdo do inibidor de PI3Ky, AS605240, sobre as linhagens de
glioma;

e Comparar a acéo das chalconas derivadas da quinoxalina com o AS605240;

e Verificar a ativagdo de Akt e o envolvimento da PI3K no mecanismo de agéo
destes compostos;

e Verificar a relevancia da ERK 1/2 no mecanismo de a¢do dos compostos
testados.
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3. MANUSCRITO DO TRABALHO EXPERIMENTAL
Os resultados do presente trabalho foram submetidos & revista European Journal of

Medicinal Chemistry®, fator de impacto 3.193 (2011) e aceitos para publicacdo no dia 14
de dezembro de 2011 (Anexo I, Il e 11).
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Graphical Abstract

Chalcones derived from quinoxaline-6-carbaldehyde, structurally based on the
selective PI3Ky inhibitor AS605240, were assayed in glioma cell lines from human and
rat origin (U-138 MG and C6, respectively), and compound 6 (b) presented the best
activity (2.64 ng/mL for U-138 MG cells and 1.35 ug/mL for C6 cells).

NH AS605240

Compound 6
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Abstract

Gliomas are the most common and devastating tumors of the central nervous
system (CNS). Many pieces of evidence point out the relevance of natural compounds
for cancer therapy and prevention, including chalcones. In the present study, eight
synthetic quinoxaline-derived chalcones, structurally based on the selective PI3Ky
inhibitor AS605240, were evaluated for anti-proliferative activity and viability
inhibition using glioma cell lines from human and rat origin (U-138 MG and C6,
respectively), at different time-periods of incubation and concentrations. The results
revealed that four chalcones (compounds 1, 6, 7 and 8), which present methoxy groups
at A-ring, displayed higher efficacies and potencies, being able to inhibit either cell
proliferation or viability, in a time- and concentration-dependent manner, with an
efficacy that was greater than that seen for the positive control compound AS605240.
Flow cytometry analysis demonstrated that incubation of C6 cells with compound 6 led
to G1 phase arrest, likely indicating an interference with apoptosis. Furthermore,
compound 6 was able to visibly inhibit AKT activation, allied to the stimulation of ERK
MAP-kinase. The chalcones tested herein, especially those displaying a methoxy
substituent, might well represent promising molecules for the adjuvant treatment of

glioma progression.

Keywords: synthesis, quinoxaline, chalcones, anti-cancer activity, anti-proliferative,

glioma cells
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1. Introduction

Gliomas comprise several types of primary brain tumors, accounting for
approximately 50% of all neoplasms of the central nervous system (CNS) [1-3].
Glioblastoma multiforme (GBM) is the most common, aggressive and deadly malignant
glioma in adults [4-6]. This kind of brain tumor is characterized by marked cell
proliferation and invasiveness with a rapid progression, presenting a high grade of
recurrence [2,7-9]. Therefore, the prognosis for the patients with these tumors is poor.
The mean survival is around one year [8,10,11] and few patients survive beyond five
years [12]. Treatment options for patients with GBM are very limited, or in most
situations they are ineffective. Despite the increasing advances in radiotherapy,
chemotherapy, and surgical techniques, the survival rate for these patients remains low
[13]. Therefore, there is an urgent need for novel and effective therapies for treating
these tumors. In this regard, molecules based on natural products represent very
interesting therapeutic alternatives.

Extensive research over the past decades has identified numerous dietary and
botanical natural compounds with clear anti-cancer effects. They might also present
synergistic beneficial effects when used in combination with known chemotherapeutic
drugs [14,15]. Previous studies have shown that the simple chemical structure and the
uncomplicated process of synthesis make plant-derived polyphenols an attractive
scaffold for the development of new compounds [16,17].

Chalcones are a group of natural precursors of flavonoid and isoflavonoids
synthesis in high plants [18-21], and they are cancer preventive components found in
human diet rich in fruits and vegetables [20, 22]. Concerning the chemical structural
level, these compounds are open-chained molecules, in which the two aromatic rings are
joined by a three-carbon a,p-unsaturated carbonyl system (1,3-diphenyl-2-propen-1-
one) [16, 23, 24]. Several studies have shown that chalcones display a wide variety of
biological and pharmacological proprieties that include anti-proliferative and anti-
cancer activities [25-27]. Clinical trials have shown that these compounds reach
reasonable plasma concentrations, they are not associated to marked toxicity [28] and
flavonoids and their derivatives are able to cross the brain blood barrier [29, 30].

A large number of chemical structures have been tested, and it was reported that
hydroxy-derivatives of chalcones display marked anti-proliferative effects on cancer
cells. These groups are likely necessary for the inhibitory effects of glutathione S-
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transferase, what is associated to cancer cell sensitization for chemotherapy agents [15,
31]. Other chemical modifications of chalcones have been investigated, such as
hydrogenation and bromination across the carbon-carbon double bond, but they failed in
potentiate the anti-tumor effects of chalcones [16]. Recently, it was demonstrated that
quinoxaline derivatives display a broad spectrum of biological activities. Of relevance,
some of these compounds have been described as potential candidates for the treatment
of cancer and disorders associated with angiogenesis [32].

The phosphatidylinositol 3-kinase (PI3K)/Akt pathway is implicated in a variety
of cellular processes including cell growth, proliferation, and survival, which is
frequently deregulated in cancer, including glioma [33, 34, 35]. The alteration of this
pathway through mutation of its coding genes increases the activation status of the
signaling and can thus lead to cellular transformation [33] and cancer development [36].
Given the frequency of deregulated PI3K signaling, the modulation of this pathway
might have therapeutic potential in glioma and other cancer types. AS605240 [5-
(quinoxalin-6-ylmethylene)thiazolidine-2,4-dione] is a low-toxicity and selective
inhibitor of the PI3Ky isoform, which is able to suppress inflammation in different
experimental models [37], and further studies are currently testing its effects on tumor
cells [38], considering the involvement of this signaling pathway in cancer
development. Then, in the present study, we have examined the in vitro effects of eight
novel synthetic quinoxaline-derived chalcones, structurally based on the selective PI3Ky
inhibitor AS605240 (Figure 1), on viability, proliferation, cell cycle, and signaling
pathways, by using human U-138 MG and rat C6 glioma cell lineages.

ERK1 and ERK2 are members from the family of MAP-kinases (mitogen-
activated protein kinases), and are activated by various growth factors, inducing the
transition from the quiescent state into the cell cycle. ERK signaling pathways are also
involved in cell proliferation, differentiation, actin cytoskeleton reorganization, and cell
migration. Moreover, ERKSs are also involved in the stress response and cell death [39-
42]. Therefore, this is another relevant signaling pathway to be investigated in cancer

research.

INSERT FIGURE 1

32



2. Chemistry
The quinoxaline-6-carbaldehyde (12) was synthesized from 3,4-diaminobenzoic

acid (9) as previously described [43] and presented in Figure 2, with yield of 80%. Eight
chalcones (1-8) were prepared by aldolic condensation between quinoxaline-6-
carbaldehyde (12) and corresponding acetophenones, in methanol and KOH 50% wl/v,
under magnetic agitation and room temperature. The novel chalcones were obtained
with yields between 41% and 93%, and the structures were confirmed by chemical
identification data: *H NMR, *C NMR, IR and elementary analysis. ‘"H NMR spectra
revealed that all structures were geometrically pure and configured E (Jpq-np = ~16.0
Hz).

INSERT FIGURE 2

3. Biological results and discussion

As a first approach, we performed a screening using both U-138 MG and C6
glioma cell lines, in order to assess the inhibitory effects of the chalcones. This was
carried out following 48 h of incubation, at concentrations between 0.1 and 10 pg/mL.
All tested chalcones produced a significant decrease of C6 rat glioma cell line viability,
at 5 ug/mL (Table 1). The estimated ICso values (accompanied by the confidence
interval) for the rat cells ranged from 2.66 (2.09 — 3.38) pg/ml to 9.19 (8.93 — 9.48)
pg/ml. Concerning the U-138MG glioma cells, with exception of the compound 5, all
other compounds produced a significant inhibition of cell viability at 5 pg/mL.
However, for the human cell line, it was not possible to calculate the 1Csy values, as the
calculated percentages of inhibition did not exceed 50 % (Table 1). As demonstrated in
the present study for the tested chalcones, Zamin et al. (2009) also showed that rat C6
and human U138 glioma cell lines displayed a different sensitivity to the treatment with

the compounds resveratrol and quercetin, two well-studied natural polyphenols [29].

INSERT TABLE 1

From this experimental set, it was possible to observe that four of tested
chalcones (compounds 1, 6, 7 and 8) displayed higher efficacies and potencies. This is
especially notable if we compare with the low inhibitory rates obtained for reference
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chemotherapy drugs, such as cisplatin and doxorubicin [44]. Of note, these four
chalcones present a similar chemical structure, having methoxy groups in the ring A. In
fact, previous studies demonstrated that the activity of chalcones is largely dependent on
the presence and position of the substituted groups added in both rings A and B. It has
been reported that dimethoxylation and trimethoxylation are highly beneficial for the
anticancer activity [17, 45-47]. In our studies, chalcone 6, dimethoxylated in positions 2
and 5 at A-ring, displays the best activity.

As a next step, we assayed the compounds 1, 6, 7 and 8 in concentrations
ranging from 0.1 to 10 pg/mL, at different periods of incubation (24, 48 and 72 h), by
using a hemocytometer. Cell counting assay revealed marked inhibitory effects on the
proliferation of either human or rat cell lines (Table 2). For this assay, the estimated
ICso values ranged from 2.29 (2.03 — 2.58) pg/ml to 2.67 (2.55 — 2.80) ug/mL,
indicating a high potency for these compounds (Table 2). Of high interest, the
chemotherapy drug doxorubicin, incubated during 48 h, at 2-pg/mL concentration,
produced an inhibition of 27 £ 3 % and 31 + 4 %, in C6 and U-138 MG, cells,

respectively (results not shown).

INSERT TABLE 2

The concentration-dependent effects of compounds 1, 6, 7 and 8, at both the
MTT and the cell counting assays are depicted in the Figures 3 to 6. From these figures,
it is possible to observe that compounds 1, 6, 7 and 8 presented anti-tumor-like effects
in concentrations as low as 0.1 to 0.5 pg/mL. Furthermore, it is feasible to observe that
maximal inhibitions for these four chalcones were observed between 48 h and 72 h of
treatment, whereas the compounds 1, 6, 7 and 8 failed to significantly alter cell viability
and proliferation when incubated for 24 h. This assembly of results revealed a
concentration-related profile of inhibition for the tested chalcones on either the cell
viability or proliferation. In addition, the effects of these four chalcones were found to

be time-dependent, being maximal between 48 and 72 h following in vitro treatment.

INSERT FIGURES 3, 4,5 and 6
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AS605240 is a well-characterized selective PI3Ky inhibitor, which blocks
human recombinant PI3Ky in an ATP-competitive manner, displaying marked anti-
inflammatory effects in several animal disease models [37, 48]. The chalcones derived
from quinoxaline-6-carbaldehyde analyzed in this work are structurally based on this
selective PI3Ky inhibitor. Therefore, some experiments were conducted with the aim of
comparing the effects of quinoxaline-derived chalcones to those displayed by
AS605240. The glioma cells were treated with AS605240 at the concentrations of 100
nM, 10 uM and 30 uM [37], during 48 h, and subsequently evaluated in the MTT and
cell counting assays. The results show that AS605240 failed to significantly affect C6
and U-138 MG cell viability and proliferation at the concentration of 100 nM, whereas
this compound visibly reduced these parameters at 10 and 30 puM (Figure 7). The
percentages of inhibition for the concentration of 30 uM were 35£2% and 73+4% for
C6; and 10+£3% and 10+0.2% for U-138 MG, considering the viability and the
proliferation, correspondingly (Figure 8). It is worth mentioning that the concentration
of 5 pg/ml of the compound 6 (which corresponds to 16 uM) displayed inhibitions of
50+7 % for C6 viability and 85+8 % for C6 proliferation; and 361 % for U-138 MG
viability and 87+4 % for proliferation of this cell line. This series of results suggest a
greater efficacy to compound 6, in comparison to the reference compound AS605240,
especially concerning the cell lineage U-138 MG.

INSERT FIGURES 7 and 8

Previous literature data demonstrated that natural and synthetic chalcones are
able to induce cell cycle arrest and apoptosis in different cancer cell lines [17, 26]. To
examine the possible mechanisms responsible for the inhibitory effects displayed by the
quinoxaline-derived chalcones in our study, we have used flow cytometry analysis. For
this purpose, we have selected the compound 6, which presented the more favorable
profile in our experiments. The results demonstrate that incubation of compound 6
caused an accumulation of cells in sub-G1/G1 phases in C6 cells at 6 and 12 h (results
not shown). When assessed after 24 h of incubation, 6 (2.5 pg/ml) visibly increased the
cell population of the sub-G1/G1 phases from 57.9 to 66.4, when compared with the
control group (Figure 8). It is feasible to suggest that part of the decrease in glioma cell
viability caused by 6 is likely associated with cell cycle arrest at the G1 phase.
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INSERT FIGURE 8

It has been demonstrated that alterations of the PI3K/Akt activation might lead
to cellular transformation [33] and cancer development [46]. In tumor cells, PI3K plays
an important role in tumor initiation, growth and proliferation. Inhibition of PI3K may
thus have the potential to inhibit formation of secondary-site metastases [49-52]. To
examine the possible modulation of PI3Ky, we performed flow cytometry experiments
with compound 6 and the selective PI3Ky inhibitor AS605240, as the positive control
drug. As expected, both the compound 6 and AS605240 were able to reduce AKT
activation, according to assessment at 15 and 30 min. Of note, differently from
AS605240, the compound 6 led to increased activation of ERK 1/2 MAP-kinase,
indicating additional mechanisms of action for this compound (Figure 9). Nevertheless,
we can infer that inhibition of PI3K signaling may be related with the reduction of cell
proliferation observed in our previous results and can be one of the mechanisms
involved in the anti-tumor actions of chalcone 6. Furthermore, the ability of compound
6 in positively modulating ERK 1/2 activation might possibly accounts for cell death,
likely by inducing apoptosis. In fact, previous studies suggest that apoptosis might be
induced by the disruption of MAP-kinase signal transduction. The duration and
intensity of ERK activation appear to be important in determining the cell fate (growth,
survival or apoptosis), indicating that ERK may have a dual role in the regulation of cell
survival and death [53, 54]. According to Werlen and col. (2003), depending on the
affinity of the ligand, the ERK pathway is activated before p38 and JNK, resulting in
cell apoptosis [55]. In support of this, our results showed that compound 6 led to
marked ERK 1/2 activation, which was accompanied by increased granulosity of the
cells (data not shown).

INSERT FIGURE 9

It is obviously necessary to investigate the ability of these chalcones to cross the
blood-brain barrier, as cerebral sites need to be reached. Of interest, previous studies
have shown that flavonoids and their derivatives were able to cross this barrier [29, 30].
Further in vitro and in vivo studies should be performed for verify this matter. Thus, the
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synthetic quinoxaline-derived compounds 1, 6, 7 and 8 might well represent promising

molecules for the adjuvant treatment of glioma progression.

4. Conclusions

The present results show for the first time the activity of synthetic quinoxaline-
derived chalcones in two different glioma cell lines. These results clearly suggest that
compounds 1, 6, 7 and 8 might represent promising molecules for the treatment of
glioma progression, although the in vivo efficacy of these chalcones remains to be
confirmed in future studies. Nevertheless, these chalcones might represent potential
useful alternatives for treating gliomas, even when used alone or in combination with

currently available chemotherapy agents.
5. Materials and Methods

5.1. Preparation of the compounds

All reagents used were obtained commercially (Sigma-Aldrich), except the
quinoxaline-6-carbaldehyde, which was obtained as previously described [43] by
condensation between 3,4-diaminobenzoic acid (9) and glyoxal at reflux with ethanol
and acetic acid, generating the quinoxalinecarboxylic acid (10) with yield of 25%.
Compound 10 was then reduced to its primary alcohol (11) with LiAlH, in THF, which
was after oxidized to aldehyde (12) with pyridine-chlorochromate in dichloromethane
(Figure 2), with yield of 80%. The novel chalcones (1-8) were prepared by magnetic
stirring with acetophenone (1 mmol), methanol (30 ml), KOH 50% w/v (5 ml) and
quinoxaline-6-carbaldehyde (12) (1 mmol), at room temperature for 24 h. Distilled
water and chloridric acid 10% were added in the reaction for total precipitation of the
compounds. The compounds were then obtained by vacuum filtration and later
recrystallized in dichloromethane/hexane. The purified chalcones were obtained with
yields between 41% and 93%.

5.2. Physico-chemical data of the compounds
The structures were identified using melting points (m.p.), infrared spectroscopy
(IR), *H and 3C nuclear magnetic resonance spectroscopy (NMR) and elementary

analysis. Melting points were determined with a Microquimica MGAPF-301 apparatus
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and are uncorrected. IR spectra were recorded with an Abb Bomen FTLA 2000
spectrometer on KBr disks. Elementary analyses were obtained with a CHNS EA 1110.
Percentages of C and H were in agreement with the product formula (within 0.4% of
theoretical values to C). NMR (*H and *C NMR) were recorded on Varian Oxford AS-
400 (400 MHz), using tetramethylsilane as internal standard. *H NMR spectra revealed

that all the structures were geometrically pure and configured E (Jyq-np = ~16.0 Hz).

(2E)-1-(4-methoxyphenyl)-3-(quinoxalin-6-yl)prop-2-en-1-one (1). Cream solid,
m.p. 160-161°C; 'H NMR (CDCl5) & 3.92 (s, 3H, OCH3), 7.02 (d, 2H, J = 8.0 Hz, H3",
H5’), 7.76 (d, 1H, J = 16.0 Hz, Ha), 8.00 (d, 1H, J = 16.0 Hz, HB), 8.09 (m, 1H, H3),
8.10 (d, 2H, J = 8.0 Hz, H2’, H6"), 8.16 (d, 1H, J = 8.0 Hz, H4), 8.33 (s, 1H, H1), 8.88
(dd, 2H, J = 8.0/1.0 Hz, H6, H7). *C NMR (CDCl3) & 55.34 (OCH3), 114.15 (C3’,
C5%), 124.76 (Ca), 128.82 (C1°), 130.20 (C3), 130.75 (C1), 131.17 (C2’, C6’, C4),
137.24 (C2), 141.71 (CB, C4a), 144.02 (C8a), 146.28 (C6), 146.53 (C7), 164.04 (C4"),
187.27 (C=0). IR vma/cm™ 1654 (C=0), 1599 (C=C), 1259, 1017 (C-O), 3447 (C-N),
1504, 1416, 1367, 1223, 1181, 817, 610 (Ar) (KBr). Anal. Calcd for CigH14N,0: C
74.47, H 4.86, N 9.65. Found: C 74.65, H 4.94, N 10.73. Yield: 68%.

(2E)-1-(1,3-benzodioxol-5-yl)-3-(quinoxalin-6-yl)prop-2-en-1-one (2). Yellow solid,
m.p. 225-226°C; *H NMR (DMSO-dg) & 6.16 (s, 2H, -OCH,0-), 7.09 (d, 1H, J = 8.0
Hz, H5), 7.70 (s, 1H, H2), 7.91 (d, 1H, J = 8.0 Hz, H6"), 7.92 (d, 1H, J = 16.0 Hz,
Ho), 8.12 (d, 1H, J = 8.0 Hz, H3), 8.14 (d, 1H, J = 16.0 Hz, HP), 8.43 (d, 1H, J = 8.0
Hz, H4), 8.53 (s, 1H, H1), 8.95 (d, 2H, J = 8.0 Hz, H6, H7). **C NMR (DMSO-ds) &
102.85 (-OCH,0-), 108.71 (C2°), 108.93 (C5°), 125.25 (Ca), 126.16 (C6’), 129.89
(C3), 130.26 (C1), 131.26 (C4), 132.74 (C1°), 137.34 (C2), 142.60 (CP), 143.13 (C4a),
143.84 (C8a), 146.95 (C6), 147.16 (C7), 148.78 (C3°), 152.50 (C4’), 187.56 (C=0). IR
vmadem™ 1651 (C=0), 1595 (C=C), 1255, 1034 (C-O), 3440 (C-N), 3048, 2909, 1496,
1444, 1367, 1314, 1114, 969, 925, 793, 651 (Ar) (KBr). Anal. Calcd for C1gH12N,03: C
71.05, H 3.97, N 9.21. Found: C 71.76, H 4.04, N 10.94. Yield: 88%.

(2E)-1-(4-bromophenyl)-3-(quinoxalin-6-yl)prop-2-en-1-one (3). Cream solid, m.p.
131-132°C; *H NMR (CDCls) & 7.69 (dd, 2H, J = 8.0/1.0 Hz, H3’, H5"), 7.70 (d, 1H, J
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= 16.0 Hz, Ha), 7.95 (d, 2H, J = 8.0 Hz, H2’, H6"), 8.02 (d, 1H, J = 16.0 Hz, Hp), 8.08
(m, 1H, H3), 8.17 (d, 1H, J = 8.0 Hz, H4), 8.34 (s, 1H, H1), 8.89 (dd, 2H, J = 8.0/1.0
Hz, H6, H7). *C NMR (CDCls) 8 124.35 (Co), 128.82 (C3), 129.46 (C4%), 130.27 (C2’,
C6%), 130.73 (C3°, C57), 131.17 (C1), 132.03 (C1°), 132.18 (C4), 137.14 (C2), 143.15
(CPB, C4a), 144.14 (C8a), 146.46 (C6), 146.62 (C7), 188.31 (C=0). IR vpya/cm™ 1656
(C=0), 1589 (C=C), 1279, 1026 (C-0), 3447 (C-N), 1070 (C-Br), 3000, 1493, 1393,
1370, 1218, 1179, 1000, 866, 820, 516 (Ar) (KBr). Anal. Calcd for Cy7;H1;BrN,O: C
60.20, H 3.27, N 8.26. Found: C 59.79, H 3.24, N 8.91. Yield: 72%.

(2E)-1-phenyl-3-(quinoxalin-6-yl)-2-propen-1-one (4). Cream solid, m.p. 158-159°C;
'H NMR (CDCl3) & 7.60 (t, 2H, J = 8.0 Hz, H3’, H5), 7.69 (t, 1H, J = 8.0 Hz, H4"),
8.03 (d, 1H, J = 16.0 Hz, Ha), 8.14 (d, 1H, J = 8.0 Hz, H10), 8.16 (d, 1H, J = 16.0 Hz,
HB), 8.24 (d, 2H, J = 8.0 Hz, H2’, H6"), 8.40 (dd, 1H, J = 8.0/1.0 Hz, HY’), 8.48 (s, 1H,
H2), 8.95 (dd, 2H, J = 8.0/1.0 Hz, H5, H6). *C NMR (CDCls) & 124.77 (Ca), 128.81
(C3°, C5°), 128.97 (C2’, C6’, C10), 130.25 (C2), 131.01 (C9), 133.28 (C4’), 137.05
(C1’), 138.22 (C1), 142.57 (CB, C8), 143.34 (C3), 146.37 (C6), 146.56 (C5), 189.12
(C=0). IR vpax/ecm™ 1656 (C=0), 1601 (C=C), 1279, 1018 (C-O), 3421 (C-N), 3053,
1497, 1440, 1367, 1308, 1216, 984, 864, 828, 770, 692, 659 (Ar) (KBr). Anal. Calcd for
C17H12N20: C 78.44, H 4.65, N 10.76. Found: C 81.01, H 4.69, N 13.65. Yield: 41%.

(2E)-1-(4-nitrophenyl)-3-(quinoxalin-6-yl)prop-2-en-1-one (5). Ocher solid, m.p.
235-236°C; *H NMR (CDCls) & 7.67 (d, 1H, J = 16.0 Hz, Ha), 8.02 (s, 1H, H1), 8.06
(d, 1H, J = 8.0 Hz, H3), 8.17 (d, 1H, J = 8.0 Hz, H4), 8.19 (d, 2H, J = 8.0 Hz, H2’,
H6’), 8.36 (d, 2H, J = 8.0 Hz, H3’, H5"), 8.37 (d, 1H, J = 16.0 Hz, Hp), 8.88 (d, 2H, J =
8.0 Hz, H6, H7). 3C NMR (CDCls) § 123.80 (Ca), 124.24 (C3’, C5°), 128.54 (C3),
129.75 (C2°, C6°), 130.71 (C1), 131.37 (C4), 136.20 (C2), 140.32 (C4a), 143.32 (C8a),
145.08 (C1°, CP), 146.23 (C6), 147.08 (C7), 153.96 (C4’), 188.72 (C=0). IR vmad/cm™
1661 (C=0), 1588 (C=C), 1281, 1030 (C-O), 3418 (C-N), 1516, 1348, 847 (NO,), 3107,
1315, 1215, 1105, 985, 826, 755, 706, 515 (Ar) (KBr). Anal. Calcd for C;7H;7N303: C
66.88, H 3.63, N 13.76. Found: C 65.63, H 3.36, N 13.08. Yield: 77%.
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(2E)-1-(2,5-dimethoxyphenyl)-3-(quinoxalin-6-yl)prop-2-en-1-one (6). Yellow solid,
m.p. 142-144°C; *H NMR (CDCls) & 3.83 (s, 3H, OCHs), 3.91 (s, 3H, OCHs), 6.98 (d,
1H, J = 8.0 Hz, H3’), 7.08 (d, 1H, J = 8.0 Hz, H4"), 7.27 (s, 1H, H6"), 7.68 (d, 1H, J =
16.0 Hz, Ha), 7.86 (d, 1H, J = 16.0 Hz, HP), 8.03 (dd, 1H, J = 8.0/1.0 Hz, H3), 8.13 (d,
1H, J = 8.0 Hz, H4), 8.28 (s, 1H, H1), 8.87 (dd, 2H, J = 8.0/1.0 Hz, H6, H7). *C NMR
(CDCl3) 856.11 (OCHj3), 56.72 (OCHs), 113.60 (C3°), 114.69 (C6’), 120.19 (C4),
128.92 (Car), 129.57 (C3), 129.36 (C1°), 130.32 (C1), 130.42 (C4), 137.32 (C2), 141.09
(CB, C4a), 143.40 (C8a), 145.64 (C6), 145.93 (C7), 153.15 (C5°), 153.93 (C2°), 191.83
(C=0). IR vmad/cm™ 1659 (C=0), 1588 (C=C), 1276, 1027 (C-O), 3444 (C-N), 3042,
2929, 2832, 1497, 1456, 1407, 1367, 1323, 1222, 1159, 977, 861, 818, 713 (Ar) (KBr).
Anal. Calcd for C19H16N205: C 71.24, H 5.03, N 8.74. Found: C 70.56, H 4.41, N 8.60.
Yield: 56%.

(2E)-1-(3,4-dimethoxyphenyl)-3-(quinoxalin-6-yl)prop-2-en-1-one (7).  Yellow
solid, m.p. 143-144°C; *H NMR (CDCls) & 4.00 (s, 6H, OCHs), 6.97 (d, 1H, J = 8.0 Hz,
H5’), 7.67 (s, 1H, H2"), 7.74 (dd, 1H, J = 8.0/1.0 Hz, H6"), 7.77 (d, 1H, J = 16.0 Hz,
Ho), 8.01 (d, 1H, J = 16.0 Hz, HB), 8.09 (dd, 1H, J = 8.0/1.0 Hz, H3), 8.16 (d, 1H, J =
8.0 Hz, H4), 8.34 (s, 1H, H1), 8.88 (dd, 2H, J = 8.0/1.0 Hz, H6, H76). *C NMR
(CDCl5) §56.11 (OCHs), 56.17 (OCHs), 110.03 (C5°), 110.75 (C2°), 123.24 (C6’),
124.19 (Ca), 128.64 (C3), 130.18 (C1’, C1, C4), 136.88 (C2), 142.10 (CP), 143.18
(C4a), 143.90 (C8a), 145.52 (C6), 145.80 (C7), 149.40 (C3’), 153.60 (C4’), 187.24
(C=0). IR vmad/cm™ 1654 (C=0), 1581 (C=C), 1281, 1022 (C-O), 3487 (C-N), 1518,
1453, 1419, 1358, 1316, 1161, 984, 918, 776, 718, 636 (Ar) (KBr). Anal. Calcd for
Ci9H16N203: C 71.24, H 5.03, N 8.74. Found: C 70.98, H 4.33, N 8.11. Yield: 51%.

(2E)-1-(2,4-dimethoxyphenyl)-3-(quinoxalin-6-yl)prop-2-en-1-one (8). Cream solid,
m.p. 119-120°C; *H NMR (CDCls) & 3.90 (s, 3H, OCHs), 3.96 (s, 3H, OCHs), 6.53 (s,
1H, H3), 6.60 (dd, 1H, J = 8.0/1.0 Hz, H5"), 7.77 (d, 1H, J = 16.0 Hz, Ha), 7.84 (d,
1H, J = 8.0 Hz, H6), 7.88 (d, 1H, J = 16.0 Hz, HP), 8.04 (dd, 1H, J = 8.0/1.0 Hz, H3),
8.12 (d, 1H, J = 8.0 Hz, H4), 8.28 (s, 1H, H1), 8.86 (dd, 2H, J = 8.0/1.0 Hz, H6, H7).
B3C NMR (CDCl3) 6 55.62 (OCHg), 55.85 (OCHs), 98.62 (C3’), 105.45 (C17), 109.77
(C5), 128.84 (Ca), 129.77 (C3), 129.85 (C1), 130.01 (C4), 133.23 (C6’), 137.46 (C2),
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139.84 (CP), 143.21 (C4a), 143.75 (C8a), 145.28 (C6), 145.65 (C7), 160.69 (C2"),
164.63 (C4%), 189.71 (C=0). IR vma/cm™ 1651 (C=0), 1609 (C=C), 1274, 1026 (C-O),
3447 (C-N), 2967, 1500, 1473, 1422, 1367, 1323, 1214, 1128, 974, 865, 821, 632 (Ar)
(KBr). Anal. Calcd for C19H1sN20s: C 71.24, H 5.03, N 8.74. Found: C 70.80, H 4.77,
N 8.29. Yield: 93%.

5.3. Pharmacology

5.3.1. General cell culture procedures

U-138 MG human and C6 rat GBM cell lines were obtained from the American
Type Culture Collection (ATCC, Rockville, Maryland, USA). The cells were grown in
culture flasks in Dulbecco’s Modified Eagle’s medium (DMEM), supplemented with
15% and 5% fetal bovine serum (FBS), for U138-MG and C6 lines, respectively.
Culture cells were maintained at 37 °C, a minimum relative humidity of 95%, at

atmosphere of 5% CO,, and were allowed to reach confluence.

5.3.2. Cell viability assay

Glioma cell lines were seeded at 1 x 102 cells/well in DMEM/5% FBS for C6
line, or DMEM/15% FBS for U-138 MG in 96-well plates. They were then exposed to
increasing concentrations (0.1, 0.5, 1, 5 and 10 pg/ml) of the eight quinoxaline-derived
chlacones, for 24 h, 48 h or 72 h. Parallel control experiments were carried out with the
addition of 5% and 15% FBS (cell viability control) or DMSO (vehicle control, 0.01%),
in the absence of chalcones. The glioma cell lines were also treated with the PI3Ky
inhibitor, AS605240, at the concentrations of 100 nM, 10 uM and 30 uM, for 48 h.

Cell viability was evaluated by 3-(4,5-dimethylthiazol-2yl)-2,5-diphenyl
tetrazolium bromide (MTT) assay [56]. This assay measures the activity of cellular
dehidrogenases (mainly from mitochondria) and, indirectly, the cell viability, even of
the spontaneously detached cells in the culture medium. The method is based on the
reduction of a tetrazolium bromide salt (MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide]). It provides a quantitative measure of the number of
metabolically viable cells. The results were expressed as the percentage of cell viability
in relation to the control.
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5.3.3. Cell counting

U 138 MG and C6 cells were seeded at 1 x 10* and 5 x 103 cells/well,
respectively, in appropriate medium. Both lineages were seeded in 24-well plates and
allowed to grow for 24 h. The medium was changed prior to treatment with the different
chalcones (0.1, 0.5, 1, 5 and 10 ug/ml) and also with AS605240 (100 nM, 10 uM and 30
uM). After 48 h of treatment the medium was removed, the cells were washed with
calcium- and magnesium-free phosphate-buffered saline (CMF), and 200 ul of 0.5%
trypsin/EDTA solution (Gibco, BRL) was added to detach the cells. After that, the cells

were counted in a Neubauer chamber.

5.3.4. Cell cycle analysis

The effects of compound 6 on C6 cell cycle phase distribution was assessed
using flow cytometry. The cells (3 x 10° cells per well) were cultured in triplicate in 6-
well plates. After 6, 12 or 24 h of incubation, the cells were treated with vehicle (0.1%
DMSO) or compound 6 (2.5 pg/ml). Cells were harvested, fixed with 70% ethanol and
stained with PSSI solution (Triton, RNAse, Propidium lodide and PBS). Data
acquisition and analysis were performed on flow cytometer (Guava EasyCyte 8HT Flow
Cytometry System, Millipore Corporation, MA, USA), and data from 10,000 cells were
collected for each data file. Cell cycle analysis was performed with CellQuest software

(Becton Dickinson, Canada, Inc.).

5.3.5. PI3K and ERK 1/2 MAP-kinase analysis

C6 rat glioma cells (2 x 10° cells per well) were plated in 6-well plates, with 5%
FBS DMEM medium and allowed to grow for 24 h. The cells remained incubated for
more 24 h with DMEM 0.5%, to stop the cell cycle. Cells were treated with the
compound 6 (5 pg/ml), AS605240 (30 uM), or vehicle (0.1 % DMSO), in the presence
of FBS 5 % (used to induce protein activation). After 15 min and 30 min of incubation,
the cells were detached with 0.5% trypsin/EDTA solution (Gibco, BRL), and then
incubated with Phosflow Fix Buffer (BD) for 10 min, and permeabilizated with
Phosflow Perm Buffer 11l (BD). The antibodies for AKT and ERK 1/2 were incubated
during 30 min. Data acquisition and analysis was performed on flow cytometer

(Facscanto) and FlowJo 7.6.3software.
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5.3.6. Statistical analysis

The percentage of inhibition is presented as mean * standard error mean. The
estimated ICso values are provided as the geometric means accompanied by the 95%
confidence limit. Data were analyzed by one-way analysis of variance (ANOVA),
followed by Tukey’s or Bonferroni’s tests, depending on the experimental protocol,
using the software GraphPad Prism® 4.02. P values less than 0.05 (P<0.05) were
considered as indicative of significance.
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Legends to Figures

“NH  AS605240

Compound 6

Figure 1. PI3Ky inhibitor AS605240 (a) and chalcones proposed in this research (b).
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Figure 2. Synthesis of compounds. (i) glioxal, AcOH, EtOH, reflux; (ii) LiAIH,, THF;
(iii) CCP, DCM; (iv) corresponding acetophenones, MeOH, KOH 50% w/v, magnetic

agitation, 24h, r.t.
47



mm 24h =
1104 1 48h 1104 g ;::
1004 . = 72h 100
E 904 90 o L .
€ s g 80 °
- 70 704
©
L 60 601
S o]
% 40 404
[:-]
g g 30
T 20 201
Q
101 104
=" 05 1 5 10 R— 05 1
Chalcone 1 (pg/mi) Chalcone 1 ( pg/mi)
C D
SE‘ 100 — 110+
£ 907 . 1004 — LT
8 80- 904
5 704 80
£ 60 70+ .
£ s " 01
oo i
= 30+ *h bod
S 20 307
a 10 Ill ok 204 i .
P x = )
U c L L} L L] 1 1 e T T T T T ﬁl
c 0.1 0.5 1 5 10 Cc 0.1 0.5 1 5 10

Chalcone 1 (pg/ml) Chalcone 1 (pg/ml)

Figure 3. Effects of ccompound 1 on glioma cell viability and proliferation. The
viability of rat glioma cells C6 (A) and human glioma cells U-138 MG (B) were
assessed by MTT assay. Cell viability is provided as the percentage of control group
viability. Proliferation of C6 (C) and U-138 MG (D) cells was assessed by cell counting
in a hemocytometer. Each column represents the mean of 3 independent experiments
performed in triplicate and the lines indicate the standard error means. Data were
analyzed by oneway ANOVA, followed by multiple comparisons post-hoc test (Tukey
test). *Significantly different from the control group *(P<0.05); ** (P<0.01).
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Figure 4. Effects of compound 6 on glioma cell viability and proliferation. The viability
of rat glioma cells C6 (A) and human glioma cells U-138 MG (B) were assessed by
MTT assay. Cell viability is provided as the percentage of control group viability.
Proliferation of C6 (C) and U-138 MG (D) cells was asssseed by cell counting in a
hemocytometer. Each column represents the mean of 3 independent experiments
performed in triplicate and the lines indicate the standard error means. Data were
analyzed by oneway ANOVA, followed by multiple comparisons post-hoc test (Tukey
test). *Significantly different from the control group *(P<0.05); ** (P<0.01).
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Figure 5. Effects of compound 7 on glioma cell viability and proliferation. The viability

of rat glioma cells C6 (A) and human glioma cells U-138 MG (B) were assessed by

MTT assay. Cell viability is provided as the percentage of control group viability.

Proliferation of C6 (C) and U-138 MG (D) cells was assessed by cell counting in a

hemocytometer. Each column represents the mean of 3 independent experiments

performed in triplicate and the lines indicate the standard error means. Data were

analyzed by oneway ANOVA, followed by multiple comparisons post-hoc test (Tukey
test). *Significantly different from the control group *(P<0.05); ** (P<0.01).
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Figure 6. Effects of compound 8 on glioma cell viability and proliferation. The viability
of rat glioma cells C6 (A) and human glioma cells U138 (B) were assessed by MTT
assay. Cell viability is provided as the percentage of control group viability.

Proliferation of C6 (C) and U138 (D) cells was assessed by cell counting in a

hemocytometer. Each column represents the mean of 3 independent experiments

performed in triplicate and the lines indicate the standard error means. Data were

analyzed by oneway ANOVA, followed by multiple comparisons post-hoc test (Tukey
test). *Significantly different from the control group *(P<0.05); ** (P<0.01).
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Figure 7. Effects of AS605240 on glioma cell viability and proliferation. The viability
of rat glioma cells C6 (A) and human glioma cells U-138 MG (B) were assessed by
MTT assay. Cell viability is provided as the percentage of control group viability.
Proliferation of C6 (C) and U-138 MG (D) cells was assessed by cell counting in a
hemocytometer. Each column represents the mean of 3 independent experiments
performed in triplicate and the lines indicate the standard error means. Data were
analyzed by oneway ANOVA, followed by multiple comparisons post-hoc test (Tukey
test). *Significantly different from the control group *(P<0.05); ** (P<0.01).
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Figure 8. Effect of compound 6 treatment on cell cycle distribution. C6 cells were
treated for 6, 12 and 24 h with dimethylsulfoxide (control) or chalcone 6 (2.5 pg/mL),
collected, fixed, stained with PSSI solution and subjected to flow cytometry cell cycle
analysis. Values are the relative number of cells in the sub-G1/G1, S and G2/M phases
of cell cycle. Each column represents the mean of 6 independent experiments performed
in triplicate and the lines indicate the standard error means. Data were analyzed by
oneway ANOVA, followed by Bonferroni’s post-hoc test. *Significantly different from
the control group *(P<0.05); ** (P<0.01).
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Figure 9. Effects of compound 6 (5 pg/ml, red line) and AS605240 (30 puM, black line)
on AKT (A and B) and ERK 1/2 MAP-kinase (C and D) activation, following addition
of cell culture medium supplemented with 5% FBS. Cells were treated with compound
6 (5 pg/ml) or AS605240 (30 uM) during 15 (A and C) and 30 min (B and D). The
antibodies for AKT and ERK 1/2 were incubated during 30 min and the cells were
subjected to flow cytometry cell cycle analysis. The gray line represents the negative
control, and the dotted line indicates the positive control with 5% FBS plus DMSO
0.01%.
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Table 1. Effects of quinoxaline-derived chalcones on the viability of rat and human

glioma cell lines, according to assessment by MTT assay.

Glioma Cell Line

Rat C6 Human U-138 MG
Chalcones | Imax (%)? ICso (Hg/ml)® Imax (%)? 1C50 (ug/ml)®

1 53+ 3 4.42 (4.03 — 4.84) 34+3 -
2 55+5 8.39 (7.66 — 9.20) 15+5 -
3 56 + 6 9.19 (8.93 — 9.48) 16 +5 -
4 60 + 6 4.63 (3.40 — 6.30) 21+7 -
5 26 + 6 - 9+2 -
6 50 +7 2.66 (2.09 — 3.38) 36+1 -
7 51+7 4.16 (3.51 —4.93) 33+3 -
8 52 +7 4.60 (4.07 — 5.20) 42 +2 -

*The maximal percentages of inhibition were calculated at the concentration of 5 pg/ml.

*The compounds were tested at concentrations ranging between 1 and 10 pg/ml.
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Table 2. Effects of quinoxaline-derived chalcones 1, 6, 7 and 8 on the proliferation of
rat and human glioma cell lines, as assessed by cell counting in a hemocytometer.

Glioma Cell Line
Rat C6 Human U-138 MG
Chalcones | Imax (%)? ICso (Hg/ml)® Imax (%)? 1C50 (ug/ml)®
1 90+ 4 2.19 (1.85 - 2.59) 84+ 2 2.67 (2.55 — 2.80)
6 85+8 1.35(1.10 - 1.65) 87+4 2.64 (2.46 — 2.84)
7 82+6 1.00 (0.21 — 4.65) 84+3 2.29 (2.03 - 2.58)
8 67+7 1.53 (1.21— 1.95) 86 + 3 2.48 (2.17 - 2.79)

*The maximal percentages of inhibition were calculated at the concentration of 5 pg/ml.

*The compounds were tested at concentrations ranging between 1 and 10 pg/ml.
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4. CONSIDERACOES FINAIS

Anualmente, a industria farmacéutica investe milhdes de ddlares no
desenvolvimento de novas moléculas e medicamentos. Nos Ultimos anos, uma das areas
em crescente expansdo e na qual estdo sendo feitos os maiores investimentos no
desenvolvimento de moléculas promissoras e farmacos inovadores € a area da
oncologia. Isto ocorre porque a incidéncia dos mais variados tipos de cancer vem
aumentando drasticamente e a necessidade de medicamentos mais eficazes, seletivos e
com menos efeitos colaterais se tornou uma urgéncia. Estima-se que hoje o
desenvolvimento destes medicamentos esteja dentre as trés principais areas de
investimentos das inddstrias farmacéuticas. De acordo com Medco Research Institute, o

maior nimero de novos farmacos em estudos clinicos sdo os da area da oncologia

(Figura 5).
ncuees.  Top 10 therapeutic areas have
2,373 drugs in development
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Figura 5. A figura demonstra 0 ndmero de novos farmacos em estudos clinicos de fase | - IV no ano
2010. Obtido de: http://www.drugtrendreport.com/Medco-2011-Drug-Trend-Report-Executive-

Summary.pdf

Os gliomas compdem um grupo heterogéneo de tumores cerebrais primarios,
que continuam sendo um grande desafio para a oncologia (Rich e Bigner, 2004). Dentre

os gliomas de alto grau o com maior prevaléncia esta o glioblastoma multiforme, que
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também é o mais agressivo, letal e com pior prognostico (Robins et al., 2007; Nagarajan
et al, 2009; Kanu, et al., 2009). Ao longo dos ultimos anos, indmeros estudos de novas
moléculas estdo sendo realizados e diversos estudos clinicos sendo conduzidos com o
intuito de identificar novos farmacos que possam ser utilizados no tratamento destes
pacientes (Stupp et al., 2007). Desde a déecada de 80, quando foi desenvolvida a TMZ,
nenhuma alternativa terapéutica que eleve a sobrevida livre de progresséo e a sobrevida
global dos pacientes foi identificada para que pudesse ser utilizada em combinac¢do com
a TMZ como tratamento de primeira linha, para pacientes com GBM recorrentes ou de
maneira isolada no que diz respeito ao tratamento quimioterapico. Com o
desenvolvimento da gendmica e a melhor compreensdo das vias moleculares, muitos
mecanismos tumorais estdo sendo elucidados e se tornando alvos para novas moléculas
e novas terapias. A necessidade de mais medicamentos eficazes no tratamento destes
tumores é fundamental, pois muitos pacientes sdo resistentes a acdo da TMZ e, outros
tantos pacientes ndo possuem acesso a esta medicacéo.

Diante da gravidade do progndstico dos pacientes diagnosticados com GBMs ou
com outros gliomas e considerando as poucas alternativas terapéuticas, no presente
trabalho, foi investigada a acdo in vitro de chalconas derivadas da quinoxalina sobre a
proliferacdo e a viabilidade celular de linhagens de gliomas. As chalconas sdo
compostos da via da biossintese de flavondides, que apresentam inimeras atividades
farmacoldgicas conhecidas, dentre elas, atividade anti-tumoral (Cheng et al., 2008;
Boumendjel et al., 2009; Pilatova, et al., 2010). Por serem compostos com uma estrutura
quimica simples e de facil sintese, diversos estudos estdo sendo realizados com o
objetivo de desenvolver moléculas mais eficazes e promissoras, através de alteracdes
estruturais destes compostos (Go et al.,2005; Romagnoli et al.,2008).

Apbs a realizacdo de um screening in vitro, observou-se que quatro compostos
apresentaram maior capacidade de inibir a viabilidade e a proliferacdo das linhagens de
gliomas, possuindo em comum radicais metoxi no anel A do nucleo fundamental das
chalconas, o 1-3-diarilpropano. Estudos prévios demonstram que a capacidade anti-
tumoral das chalconas esteja relacionada com sua capacidade de inibir o ciclo celular
em diferentes fases. Hsu et al.(2006), Nishimura et al .(2007), Shen et al.(2007), assim
como outros grupos de pesquisa, demonstraram que suas chalconas foram capazes de inibir
o ciclo celular na fase G2/M. Em contrapartida, outros autores como Rao et al. (2010),

Park et al. (2008) demonstraram que seus compostos possuiam a capacidade de inibir o
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ciclo celular na fase G1. Considerando a importancia de inibicdo do ciclo celular no
controle tumoral, os diferentes pontos de controle no ciclo celular e diversas
publicacbes com resultados distintos, nosso grupo realizou experimentos para tentar
elucidar possiveis mecanismos envolvidos na inibicdo da proliferacdo e viabilidade
celular. Assim como Rao et al. (2010) e Park et al. (2008), os resultados encontrados
demonstraram que as chalconas derivadas da quinoxalina sdo capazes de inibir o ciclo
celular na fase G1. A modulacéo do ciclo celular na fase G1 pode estar relacionada com
a inibicdo de quinases dependentes de ciclinas (CDKSs), mais especificamente as CDK2,
CDK4 e CDKG6 (Lapenna e Giordano, 2009; Malumbres e Barbacid, 2009), assim como
com a inibicdo das ciclinas D e E (Viallard, 2001).

A PI3Ky, um membro da familia PI3K, € ativada via receptores acoplados a
proteina G ou receptores do tipo tirosina-quinase, como receptores de insulina (Wey et
al., 2010; Cantley, 2002). Evidéncias sugerem, especialmente nos ultimos 10 anos, que
esta isoforma desempenha um papel crucial durante o processo inflamatério (Ruckle et
al., 2006; Ghigo et al., 2010; Peng et al., 2010). Isso se deve principalmente a
capacidade de ativar e recrutar macrofagos, neutréfilos e células T durante a resposta
inflamatdria (Ruckle et al., 2006; Passos et al., 2010). Diversos estudos demonstram que
0 aumento constitutivo da sinalizacdo da via da PI3K pode ter efeito deletério nas
células, levando a transformacéo celular (Castaneda et al., 2010), ao descontrole da
proliferacdo, migracdo facilitada e adesdao independente de crescimento. A inibicdo de
PI3K possui a capacidade de inibir a formacao de metastases (Cantley, 2002; Osaki et
al., 2004; Samuel e Ericson, 2006; Yuan e Cantley, 2008).

No presente trabalho, examinou-se a possivel modulagdo da PI3Ky causada pelo
composto N9, identificado no artigo como composto 6, em células de gliomas. Para
comparagdo e como controle positivo, foi utilizado o composto AS605240, no qual as
chalconas derivadas da quinoxalina foram estruturalmente baseadas. O AS605240 (5-
quinoxalin-6-ilmetileno-tiazolidina-2,4-diona) € um inibidor de PI3Ky capaz de reduzir
a recombinagdo de PI3Ky, o, B e & através de competicdo de ATP, sendo eficaz em
processos inflamatdrios e doencas auto-imunes (Camps et al., 2005; Spitzenberg et al,
2010; Wey et al., 2010). Ambos os compostos foram capazes de inibir a ativacdo de
AKT, sendo possivel inferir que a inibicdo da sinalizacdo de PI3K pode estar
relacionada com a inibigéo da proliferacéo celular causada pelas chalconas derivadas da
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quinoxalina, podendo ser um dos mecanismos envolvidos na acdo antitumoral destes
compostos.

ERK1 e ERK2, membros da familia das MAPK, sdo ativadas por diversos
fatores de crescimento e induzem a transicdo das células do estado quiecente para o
ciclo celular. A via da ERK esta relacionada com proliferacdo celular, diferenciacéo,
reorganizacdo do citoesqueleto e migracdo celular. Por outro lado, ERK1/2 também
estéo envolvidas na resposta celular ao estresse e com morte celular (Wada e Penninger,
2004; Johnson, 2002).

Foi possivel observar que a chalcona N9, identificada no artigo como composto
6, apresentou capacidade de modular a reposta das ERK1/2, acentuando sua ativacgéo.
Desta maneira, € possivel sugerir que esta ativacdo possa estar relacionada com a
inibicdo da proliferacdo celular demonstrada por este composto. Estudos prévios
sugerem que a apoptose pode ser induzida por desregulacdo da transducdo de sinal das
MAPK. A duragdo e a intensidade da ativacdo também mostraram importancia na
determinacdo do desfecho, sobrevivéncia e proliferacdo ou morte celular. Segundo
Werlen e colaboradores (2003), a afinidade do ligante também esta relacionada com
dualidade da acdo da ERK. Se houver ativacdo da via da ERK antes dos demais
membros da familia, p38 e JNK, a apoptose prevalecera (Werlen et al.,2003)

Com base nos dados aqui apresentados é possivel inferir que: (i) as chalconas
derivadas da quinoxalina sdo capazes de inibir a proliferacdo e a viabilidade celular de
gliomas; (ii) houve bloqueio do ciclo celular na fase G1 por acdo das chalconas; (iii)
observou-se inibicdo da PI3K em células tratadas com a chalconas N9; (iv) foi
observada a ativacdo da ERK1/2 por acdo destes compostos. Desta maneira é possivel
sugerir que as chalconas derivadas da quinoxalina podem representar alvos de grande
relevancia para o desenvolvimento de novas alternativas para o tratamento de gliomas e
diversos mecanismos de acdo podem estar envolvidos na inibigdo tumoral. Outros estudos
estdo em andamento a fim de avaliar o efeito in vivo destes compostos, bem como, a sua

toxicidade, quando comparada a outros agentes quimioterapicos disponiveis clinicamente.
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