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RESUMO

Glioblastoma é um tumor cerebral que apresenta uma alta taxa de invasdo, sendo
gue os pacientes portadores do mesmo possuem uma baixa sobrevida. Um dos
maiores desafios encontrados € a resisténcia do tumor ao principal agente
quimioterapico utilizado, a temozolomida, além de apresentar um fendétipo de
resisténcia cruzada a outros quimioterapicos tradicionais como a doxorrubicina.
Diversos estudos tem mostrado uma ativacdo continua do fator de transcricdo
Transdutor de sinais e ativador de transcricdo 3 (STAT3) em glioblastomas
resistentes a quimioterapia. Neste trabalho n6s examinamos se células de glioma de
rato da linhagem C6 que se tornaram resistentes aos quimioterapicos doxorrubicina
e/ou temozolamida, apresentam um conteudo elevado de STAT3 fosforilada (p-
STAT3) e se a inibicdo deste fenbmeno pelo inibidor especifico de JAK2/STAT3
AG490, poderia sensibilizar novamente estas células a quimioterapicos. Noés
observamos que nossas linhagens resistentes apresentaram um IC50 para
temozolamida 11 vezes maior do que a linhagem paterna e 33 vezes maior para
doxorrubicina em comparacdo com a linhagem paterna. Além disto, ambas as
linhagens resistentes apresentaram um imunoconteudo elevado de STAT3. A
inibicAo de STAT3 pelo inibidor de JAK2, AG490, apresentou um decréscimo no
imunocontetdo de p-STAT3, uma parada no ciclo celular na fase G2/M e uma
consequente ressensibilizacdo das linhagens resistentes aos seus quimioterapicos.
Em suma, os dados aqui apresentados nos levam a acreditar que a inibicdo de
STAT3 poderia ser uma interessante terapia adjuvante a ser estudada para a

ressensibilizacdo de pacientes com glioblastoma a quimioterapia.



ABSTRACT

Glioblastoma is a brain tumor whit high invasiveness and low survival. One of the
main characteristics of the tumor is the resistance to the standard chemotherapy to
the alkylating agent temozolomide, and the multidrug resistance to other traditional
chemotherapeutics like doxorubicin. Signal Transducer and Activator of Transcription
3 (STAT3) has been shown to be constitutive active in glioblastomas resistant to
chemotherapy. In this work we examined if C6 cells that became resistant to
temozolomide and/or doxorubicin have increased STAT3 phosphorylation (p-STAT3)
and if the inhibition of this phosphorylation could re-sensitize these cells. We
observed that our two resistant lineages showed higher IC50 for TMZ and DOX in
order of 11 and 33 fold higher respectively, and elevated p-STAT3 immunocontent
when compared to their parental C6 lineage. The inhibition of p-STAT3 by AG490 50
MM decreased the p-STAT3 immunocontent, induced a G2/M arrest in cell cycle and
re-sensitizes the resistant C6-TR and C6-DR to their chemotherapeutics showing a
synergetic effect with both chemotherapeutics used in this work. In summary, data
present here suggest that the inhibition of STAT3 could be an interesting adjuvant

therapy for glioblastoma cells that became resistant to the traditional chemotherapy.



Lista de Abreviaturas:

BCL2: proteina 2 de linfoma de células B (B-cell lynphoma protein 2)

Bcl-X.: proteina de isoforma longa relacionada a Bcl2 (Bcl2 related protein long

isoform)

C6-DR: linhagem C6 resistente a doxorrubicina

C6-TR: linhagem C6 resistente a temozolomida

CDKs: cinases dependentes de ciclina (cycline dependent kinases)

DOX: doxorrubicina

EGFR: receptor do fator de crescimento endotelial (endothelial growth factor

receptor)

ERK: cinase regulada por sinais extracelulares (extracelular regulated cinase)

GBM: glioblastoma multiforme

IL-6: interleucina 6 (interleukin 6)

JAK: cinase Janus ativada (Janus activated cinase)

MGMT: 06-Metilguanina-DNA metiltransferase (O6-Metilguanine-DNA

methiltransferase)

NFkb: fator nuclear kappa b (nuclear fator kappa b)

PIAS: proteinas inibidoras de STAT ativada (protein inhibitors of activated STATS)

SOCS: supressores de sinaliza¢ao por citocinas (signaling of citokines supressor)



STAT3: transdutor de sinais e ativador de transcricdo 3 (Signal Transducer and

Activator of Transcription)

TMZ: temozolamida

VEGF: fator de crescimento vascular endotelial (vascular endotelial growth fator)



1. INTRODUCAO
1.1. Glioblastomas

Glioblastoma multiforme (GBM) é o tumor maligno primario mais
frequentemente encontrado em adultos e é classificado como um astrocitoma de
grau IV segundo a Organizacao Mundial da Saude, classificacdo dada para tumores
particularmente agressivos (Singh et al., 2004). A maior parte dos pacientes
diagnosticados com GBM morre no periodo de 12 a 14 meses a partir do diagndstico
e apenas 5% do total de pacientes diagnosticados consegue sobreviver por mais de
5 anos, porém as terapias utilizadas para prolongar essa sobrevida séo
extremamente agressivas (CBTRUS., 2011). Durante toda a década passada, uma
imensa variedade de tratamentos para GBM vem sendo explorada, porém os
sucessos obtidos tém sido relativamente limitados. Esta limitacdo se deve
principalmente aos maiores desafios que sdo encontrados durante o tratamento, e
entre estes desafios nés podemos citar o local onde o tumor é formado e encontrado
e principalmente a natureza complexa e heterogénea do mesmo (Kesari, 2011). A
maioria dos tratamentos utilizados ndo consegue alcancar todas as células tumorais
e a cirurgia tem se mostrado inadequada, ja que o tumor é difuso por natureza e é
muito dificil e dispendioso remove-I6 completamente sem danificar as regides sadias
do cérebro entorno da massa tumoral (Stummer et al., 2008). O tratamento baseado
em quimioterapia também possui sérias limitacdes, ja que muitos quimioterapicos
gue estdo disponiveis ndo possuem a capacidade de atravessar a barreira
hematoencefdlica e como consequéncia disto a disponibilidade do respectivo
guimioterapico € altamente prejudicada no local onde o tumor se concentra. Além
disto, tem se mostrado que os agentes quimioterapicos comumente utilizados em

GBM se acumulam, em baixas concentracdes, nos tecidos adjacentes ao tumor e
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diversos pacientes tem apresentado GBM resistentes a terapia (Ostermann et al.,

2004; Portnow et al., 2009).

Os aspectos genéticos e moleculares da patologia também tem sido alvo
frequente de estudo por parte da comunidade cientifica, o que tém levado a
descoberta de novos alvos terapéuticos para o combate ao GBM. Alvos como VEGF
(Fator de crescimento vascular endotelial) e EGFR (Receptor do fator de
crescimento epidérmico) foram considerados promissores em teste in vitro, porém
infelizmente os resultados encontrados em estudos pré-clinicos ndo se mostraram
efetivos como era o esperado (Van Meir et al.,, 2010). Outro alvo que tem sido
apontado como promissor no combate a GBM € o transdutor de sinais e ativador de
transcricdo 3, (STAT3). A ativacdo continua da STAT3 tem sido demonstrada como
presente em GBM (Abou-Ghazal et al., 2008) e mais recentemente tem sido
associada com a resisténcia que este tumor tem apresentado aos quimioterapicos
usualmente utilizados no seu tratamento (Kohsaka et al., 2012; Vlachostergios et all.,
2013). Pelos motivos apresentados o fator de transcricdo STAT3 parece ser um
propicio alvo no que se refere ao combate da resisténcia a quimioterapicos

encontrada em GBM e possivel re-sensibilizacdo dos pacientes aos mesmos.

1.2. Transdutor de sinais e ativador de transcricado 3 (STAT3)

STAT3 é um dos membros de uma vasta familia de fatores de transcricdo. O
primeiro relato de sua identificacdo que aparece na literatura data de 1994, em um
trabalho que o identifica como um fator ligante de DNA que se liga a um promotor de
genes de fase aguda em hepatocitos que foram estimulados com interleucina 6 (IL-
6) (Akira el al.,, 1994). O gene responsavel por codificar a sintese de STAT3 se

localiza no cromossomo 17g21. O fator de transcrigdo STAT3 € uma proteina com



peso de 92 quilodaltons e € composta, estruturalmente, de 770 aminoacidos com um
dominio N-terminal composto pela estrutura supersecundéria conhecida como
“Coiled-Coil” (duas alfa hélices paralelas), um dominio de ligagdo ao DNA, um
dominio SH2 e um dominio C-terminal responsavel pela transativacdo do fator. No
dominio C-terminal € que se encontram os residuos de tirosina e serina, localizados,
respectivamente, nas posi¢cdes 705 e 727. Quando estes residuos sofrem
fosforilagdo, STAT3 é ativa e translocada para o nucleo da célula (Aggarwal et al.,
2009). Os sinais que disparam a ativacao da STAT3 podem ser 0s mais variaveis
possiveis, porém alguns sao considerados classicos por serem observados como
ativadores de STAT3 mais usualmente. Como ativadores classicos n6s podemos
citar o fator de crescimento epidermico (Cao et al., 1996) e IL-6 (Giordano et al.,
1997). A ativacdo de STAT3 € regulada principalmente por tirosinas cinases,
responsaveis por fosforilar a proteina no residuo tirosina 705. Entre as principais
cinases responsaveis pela sua ativacdo podemos citar a EGFR cinase (Garcia et al.,
1997), as cinases Janus ativadas 1 e 2 (JAK) (Tian et al., 1996) e a cinase regulada
por sinais extracelulares (ERK) (Megeney et al., 1996). A fosforilagéo, que ocorre no
citosol, leva a dimerizacdo da STAT3, com a subsequente translocacdo para o
nucleo da célula, a ligacdo do fator de transcricdo ao DNA e por fim a transcricdo de
genes responsaveis por funcdes de grande importancia para a célula como:

proliferacéo, diferenciacdo e apoptose (Brantley e Benveniste, 2008).

STAT3 também é negativamente regulada por uma ampla série de
mecanismos inibitdrios, onde podemos citar dois mecanismos como 0s principais: 0s
supressores de sinalizacdo por citocinas (SOCS) e as proteinas inibidoras de STAT
ativada (PIAS). As proteinas denominadas SOCS sao uma familia de proteinas com

8 membros diferentes identificados até o presente momento (Fuh et al., 2009). O



método de inibicdo das SOCS é a ligacdo das mesmas ao dominio SH2 das JAK,
inibindo a sua atividade e consequentemente bloqueando a sinalizagdo da mesma,
gue leva a fosforilacdo e ativacao do fator STAT3 (Fuh er al., 2009). Ja em contraste
com o método de inibicdo apresentado pelas SOCS, as PIAS sdo uma familia de
genes e fatores de transcricdo nucleares. O principal PIAS conhecido que esta
envolvido na sinalizacdo negativa de STAT3 € o PIAS-3, que se associa com a
STAT3 forforilada j& no ndcleo e consegue bloquear a transcricdo dos genes

mediada por STAT3 (Chung et al., 1997).

Diversos estudos demonstraram que STAT3 aparece constitutivamente ativa
em GBM, tanto em biopsias de pacientes quanto nas linhagens de células. Essa
ativacao constitutiva foi verificada via comparacdo do estado de fosforilacdo da
STATS3 de células de GBM com astrécitos de pacientes sadios e tecidos adjacentes
ao tumor (Mizoguchi et al., 2006; Rahaman et al., 2002). Além disto, outros estudos
ja demonstraram que a quantidade de STAT3 fosforilada presente na célula
cancerosa se correlaciona diretamente com o grau do tumor, especialmente quando
se comparam tumores de graus mais baixos (I e Il) com tumores de graus mais altos
(Il e 1IV) (Lo et al., 2008). Em uma corte de pacientes que apresentaram GBM, 66%
das amostras possuiam STAT3 constitutivamente ativa, ja em pacientes com
tumores cerebrais de graus | e Il somente 27% e 29% das amostras,
respectivamente, possuiam esta ativacdo constitutiva de STAT3 (Lo et al., 2008).
Outro estudo demonstrou que 83% dos pacientes analisados com GBM possuiam
coloracédo positiva para p-STAT3 e apesar deste estudo ndo comparar a fosforilacao
de STAT3 com o grau do tumor, ele também mostra que a fosforilacdo da mesma se
apresentou aumentada em oito de quatorze pacientes que voltaram a ter ocorréncia

de GBM depois da quimioterapia com TMZ, sugerindo que STAT3 e a resisténcia do



tumor a quimioterapia poderiam estar intimamente relacionadas (Kohsaka et al.,
2012). Nesse contexto a inibicdo do fator STAT3 pode ser uma alternativa possivel
para que se atenue a resisténcia que o GBM apresenta a quimioterapia, ja que
pesquisas sugerem que o fator de transcricdo ndo aparenta ser essencial para a
manutencdo das funcbes basicas de uma célula sadia, porém a sua ativacéo
aparenta ser indispensavel para uma vasta gama de células cancerigenas

(Schlessinger e Levy., 2005).

1.3. Quimioterapicos no combate a glioblastomas

Diversos quimioterapicos ja foram utilizados no combate a GBM com variadas
taxas de sucesso. O principal quimioterapico utilizado no tratamento a este tipo de
tumor € o TMZ. TMZ, ou temodal como é comercialmente conhecido, € um agente
alquilante que normalmente é administrado por via oral. Apos sua absorcéo, a TMZ
€ convertida em um cation metildiazonio, com propriedades alquilantes. Este céation
tem a capacidade de alquilar o DNA levando a uma quebra da dupla fita, e
danificando assim a célula cancerosa (Villano, Seery e Bressler, 2009). Porém as
dificuldades apresentadas no tratamento com TMZ sao advindas, principalmente, da
atuacdo da enzima O6-metilguanina-DNA metiltransferase (MGMT), que remove a
metilacdo encontrada na posicdo O6 da guanina e com isso se torna a principal
indutora de resisténcia a TMZ presente em GBM (Kokkinakis et al., 2003). Outro
guimioterapico que tem despertado o interesse de pesquisadores no tratamento de
GBM ¢é a nanocapsula de DOX. DOX é um antibiético da classe das antraciclinas,
gue tem sido comumente usado no tratamento de diversos tumores. Porém a forma
de nanocapsula lipossbmica tem demonstrado uma utilidade clinica limitada e sua
utilizacdo tem sido focada, principalmente, no tratamento do cancer de mama e de

mieloma multiplo (Malam, Loizidou e Seifalian, 2009). Além disto, em estudos
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passados, as nanocapsulas lipossémicas de DOX se mostraram ineficazes em
superarem o fenoétipo de resisténcia a multiplas drogas apresentado por algumas
linhagens de GBM (Hu, Henry-Toulme e Robert, 1995). Em um estudo mais recente,
0s autores demonstraram que nanoparticulas superparamagnéticas de o6xido de
ferro combinadas com DOX aumentaram a disponibilidade de DOX na regido do
tumor, diminuiram a viabilidade celular na linhagem de glioma de rato C6 e mais
importante, conseguiram contornar o fendtipo de resisténcia a drogas que foi
induzido pela exposicdo destas células a DOX, tornando a DOX novamente um
farmaco de interesse para o estudo de quimioterapicos a serem utilizados no

tratamento a GBM (Kievit et al., 2011).

1.4. Inibidores de STAT3

Existem, atualmente, diversas moléculas inibidoras do fator de transcricao
STATS3, ja que 0 mesmo tem sido apontado como uma espécie de via central que
regula diversas vias de sobrevivéncia em tumores. Por isso o0s inibidores tém
demonstrado resultados promissores em estudos pré-clinicos, principalmente os que
atuam no eixo JAK/STAT3. Um conhecido inibidor € o JSI-124, que demonstrou ter
aumentado a taxa de apoptose e diminuido a proliferacdo em diversas linhagens de
GBM (Lo et al., 2008). A inibicdo de STAT3 advinda de JSI-124 também se mostrou
eficaz em sensibilizar essas linhagens a uma vasta gama de quimioterapicos como
cisplatina e bis-cloroetilniroureia (Lo et al., 2008). Outro inibidor que tem sido alvo de
estudos € o AZD1480, que demonstrou uma excelente eficacia inibindo o
crescimento de GBM tanto em cultura de células quanto em um modelo animal de
GBM. Essa eficacia adveio da sua capacidade de inibir a fosforilacdo de STAT3 pela
JAK (McFarland et al., 2011). Por fim, o inibidor especifico de JAK2/STAT3 AG490

tem sido avaliado em diversos tipos de tumores, incluindo o GBM. O AG490 reduziu
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de forma significante a proliferacdo celular, migracdo e capacidade de invasao de
diversas linhagens de GBM em cultura de células (Senft et al., 2011). Além disso, 0
AG490 se demonstrou eficaz na inibicdo do crescimento da massa tumoral em
estudos in vivo com pacientes portadores de GBM (Yang et al., 2012) e seguro para
ser utilizado j& que a inibicdo de JAK2/STAT3 demonstrou baixa citotoxicidade em
células sadias (Rahaman et al., 2002). Estes estudos tem demonstrado que o
AG490 pode ser um potencial farmaco no tratamento ao GBM. Apesar de todos
dados pré-clinicos ja existentes no que tange ao uso de inibidores de STAT3 para o
tratamento de GBM, o uso terapéutico destes inibidores continua limitado, e poucos
trabalhos demonstram a capacidade destes inibidores em superar a resisténcia que

as células de GBM adquirem a quimioterapia.

1.5. Alinhagem C6

A linhagem de GBM C6 foi desenvolvida no final da década de 1960 em um
modelo de ratos Wistar, com o intuito de ser utilizada tanto in vitro como em modelos
animais in vivo (Benda et al., 1968). A linhagem possui diversas caracteristicas
histopatolégicas que se assemelham as caracteristicas apresentadas em GBM
humano. Entre essas caracteristicas podemos citar o padrao invasivo da linhagem
guando implantada em cérebros de ratos Wistar, que é semelhante ao padréo
invasivo de GBM encontrado em seres humanos (Chicoine e Silbergeld, 1995). Em
nivel celular e histopatoldgico a linhagem apresenta areas de necrose, polimorfismo
nuclear e altas taxas mitéticas (Auer, Del Maestro e Anderson, 1981), além de
apresentar alguns marcadores similares aos apresentados por GBM humano como a
proteina S100B (Pfeiffer et al., 1970). A linhagem C6 também possui semelhancas
genéticas com GBM humanos, principalmente no gene pl6, que se encontra mutado

em altas taxas em pacientes com GBM, e também na linhagem C6 (Furnari et al.,
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2007). Mais recentemente a linhagem C6 foi utilizada para estudos envolvendo a
inibicdo de STAT3 por compostos naturais, se mostrando também um bom modelo
para ser utilizado envolvendo pesquisas com o fator de transcri¢cdo citado (Tang et
al., 2010). Por todas as semelhancas apresentadas com GBM humano, sua ampla
caracterizacao na literatura e os estudos envolvendo inibicdo de STAT3, a linhagem

C6 foi nosso modelo de escolha para este trabalho.

1.6. Justificativa

Uma vez que STAT3 parece estar super estimulada em pacientes com
glioblastoma que apresentam resisténcia a quimioterapia tradicional (Kohsaka et al.,
2012), nossa hipdtese € que a inibicdo deste fator de transcricdo pela via
JAK2/STAT3 poderia ser uma alternativa para que estes tumores fossem re-
ssensibilazados a quimioterapia disponivel. Um ponto importante a ser considerado
na inibicdo deste fator em questdo é a sua expressao aberrante em glioblastomas
guando comparamos com a expressdo do mesmo em células sadias, o que,
teoricamente, proporcionaria uma possivel seletividade do farmaco inibidor utilizado
para as células neoplasicas quando comparadas aos tecidos normais (Lo et al.,
2008; Mizoguchi et al., 2006). A seletividade € um fator importante quando
consideramos 0S compostos antitumorais, uma vez que iSSo preveniria 0S possiveis
efeitos adversos aos tecidos sadios. Portanto, essas observacfes qualificam a
inibicdo do fator de transcricdo STAT3 como um possivel alvo na ressensibilizacao
de GBM a quimioterapia e um potencial objeto de estudos para que terapias

adjuvantes possam ser desenvolvidas.
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2. OBJETIVOS

2.1. Objetivo Geral

Tendo em vista os dados apresentados na introdugéo deste trabalho o mesmo
teve como objetivo determinar se a inibicao do fator de transcricdo STAT3 poderia
ser uma alternativa de terapia adjuvante para a ressensibilizacdo de gliomas aos

guimioterapicos TMZ e DOX.

2.2. Objetivos Especificos

e Desenvolver uma linhagem de células C6 resistentes a temozolomida (C6-
TR); uma linhagem de células C6 resistentes a doxorrubicina (C6-DR) e

avaliar os seus respectivos IC50.

e Avaliar o imunoconteudo de p-STAT3 na linhagem C6 paternal e nas
resistentes, e verificar se 0 mesmo se encontra aumentado nas células que

apresentam resisténcia a quimioterapicos.

e Determinar se a inibicdo de p-STAT3 pelo farmaco AG490 poderia levar a re-

ssensibilizacdo das células resistentes aos quimioterapicos utilizados.

14



Parte 11

15



3. MANUSCRITO: STAT3 inhibition by AG490 overcomes
C6 rat glioblastoma cells induced resistance to

temozolomide and doxorubicin

A ser submetido ao periodico: Toxicology in vitro.
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Abbreviations: C6-DR, C6 resistant to doxorrubicin; C6-TR, C6 resistant to
temozolomide; CDK, cyclin dependent kinase; DOX, doxorubicin; EGFR,
endothelial growth factor receptor; IL-6, interleukin 6; JAK, janus activated
kinase; STATS3, Signal Transducer and Activator of Transcription 3; TMZ,

temozolomide; VEGF, vascular endothelial growth factor.
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ABSTRACT

Glioblastoma is a brain tumor with high invasiveness and low survival. One of the main
characteristics of the tumor is the resistance to the standard chemotherapy to the alkylating
agent temozolomide and the multidrug resistance to other traditional chemotherapeutics like
soxorubicin. Signal Transducer and Activator of Transcription 3 (STAT3) has been shown to
be constitutive active in glioblastomas resistant to chemotherapy. In this work we examined if
C6 cells that became resistant to temozolomide (C6-TR) and/or doxorubicin (C6-DR) have
increased STAT3 phosphorylation (p-STAT3) and if the inhibition of this phenomenom by
JAK2/STATS inhibitor AG490 could re-sensitize these cells. We observed that our two
resistant lineages showed higher 1C50 for temozolomide and doxorubicin in order of 11 and
33 fold increases respectively, and elevated immunocontent of p-STAT3 when compared to
their parental C6 lineage. The inhibition of p-STAT3 by AG490, a JAK2 inhibitor, decreased
p-STAT3 immunocontent, induced G2/M arrest in cell cycle and re-sensitized the resistant
C6-TR and C6-DR to chemotherapeutics. In summary, the herein present data suggest that the
inhibition of STAT3 could be an interesting adjuvant therapy to treat glioblastoma that

became resistant to the traditional chemotherapy.

Keywords: Glioblastoma, resistance, STAT3, AG 490, re-sensitize, C6 cells
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1. INTRODUCTION

Glioblastoma (GBM) is the most frequent primary brain tumor and has a classification
according to the world health organization as a grade IV tumor. The standard therapy consists
of surgical resection, external beam radiation and chemotherapy (Singh et al.,2004). Due to
their high invasiveness, tumor heterogeneity, the inability of treatments to effectively reach all
tumor cells, the limited drug delivery across the blood-brain barrier and the high likelihood of
relapse most of the patients die within two years (Koritzer et al.,2013). The genetics and
molecular pathology of GBM has been highly studied, leading to new therapeutic targets like
VEGF (Vascular endothelial growth factor) and EGFR (Endothelial growth factor receptor)
(Van Meir et al.,2010), but the undergone clinical trials did not confirm the promising results

pinpointed from preclinical sets (Van Meir et al., 2010).

Thus far, temozolomide (TMZ), an oral alkylating chemotherapeutic is considered the
first line drug in GBM treatment. TMZ is absorbed and converted to an alkylating
methyldiazonium cation that damage DNA thereby leading to DNA double strand breaks
(Villano et al., 2009). However GBM may mitigate TMZ efficacy by overexpressing the
enzime O6-methylguanine- DNA methyltransferase (MGMT), which removes methyl groups
from O6 position of guanine leading to resistant phenotypes (Kokkinakis et al., 2003).
Another chemotherapeutic that has been used is the liposome encapsulated doxorubicin
(DOX), which is an anthracycline antibiotic commonly used in cancer chemotherapy.
However, these lipid-encapsulated anthracyclines have limited clinical utility being primarily
used in the treatment of breast cancer, AIDS-related Kaposi sarcoma and multiple myeloma
(Malam et al., 2009). Noteworthy, in an early study, liposome encapsulated DOX failed to

overcome multidrug resistance phenotype in glioma cells (Hu et al., 1995). On the other hand,
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novel superparamagnetic iron oxide DOX nanoparticles formulations have been shown to be

effective in overcome multidrug resistance in C6 rat glioma cells (Kievit et al., 2011).

Aberrant activation of Signal Transducer and Activator of Transcription (STAT3) has
been identified in GBM as well as in a number of others humans cancers (Dasgupta et al.,
2009; Yu and Jove.,2004). STAT3 is a member of the Stat family of cytoplasmic transcription
factors that are activated by many cytokine and growth factor receptors and downstream
substrates (Bromberg and Darnell Jr.,1999). The activation of STAT3 is regulated by
phosphorylation of tyrosine 705 by receptor and nonreceptor protein tyrosine kinase, and the
main agent that phosphorylate STAT3 is Janus activated kinase (JAK) 1 and 2 ( Migone et
al.,1995). The phosphorylation of STAT3 in the cytoplasm leads to its dimerization,
translocation into the nucleus, and DNA binding; as a result it activates the expression of
genes that regulate cell proliferation, differentiation, and apoptosis (Brantley and Benveniste.,
2008). Persistent activation of STAT3 is correlate with the malignancy of tumor (Lo et al.,
2008) and more recently the constitutive activation of STAT3 was associated with resistance
to chemotherapeutics in T98G and U87 GBM cell lines (Kohsaka et al.,2012; Vlachostergios
et al., 2013). STAT3 has been considered an potential target for therapeutic intervention in
various neoplasms (Yu and Jove, 2009). Its suitability as a therapeutic target is further
supported by the fact that STAT3 does not seem to be essential for the survival of
untransformed cells, but it is indispensable for many different tumor cells (Schlessinger and
Levy., 2005). These evidences showed the importance of STAT3 in the control of survival
and proliferation mechanisms of different tumor cells and that its inhibition can lead to

promising new adjuvant therapies in GBM.

Based on the aforementioned, the aim of this study is to investigate if C6 rat glioma cells

resistant to the chemotherapeutics DOX and/or TMZ have increased phosphorylated STAT3
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(p-STAT3), and if the STAT3 pathway inhibition can restore cell sensitivity to

chemotherapies.
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2. MATERIALS AND METHODS

2.1 Reagents

tyrphostin AG490, doxorubicin-HCI, temozolomide, Hepes, EDTA, trypsin, 3-(4,5-dimethyl)-
2,5- diphenyltetrazolium bromide (MTT), Nonidet -P40, spermin tetrahydrochloride, RNAse
A from Sigma Chemical Co. (St. Louis, MO, USA). Phospho-Stat3 (Tyr705) and Stat3
antibodies were from Cell Signaling Technology (Boston, MA, USA). Immunoblot reagents
were from Bio-Rad Laboratories (Hercules, CA, USA).

2.2 Cell cultures

The rat (C6) malignant GBM cell line was obtained from American Type Culture Collection
(Rockville, MD, USA). The cells were grown and maintained in low-glucose Dulbecco's
modified Eagle's medium (DMEM; Gibco BRL, Carlsbad, CA, USA) containing 0.1%
Fungizone and 100 U/L gentamicin and supplemented with 10% fetal bovine serum (FBS).
Cells were kept at 37°C in a humidified atmosphere with 5% CO2. The C6 control cells were

used at low passages to keep the GBM phenotype.

2.3 Drug resistant cell line selection

Rat glioma C6 cells were exposed to different drug concentrations for extended periods to
develop the resistance. Dox resistant C6 cells (C6-DR) were developed by exposing C6 cells
to increasing doses of DOX (0.235, 0.470, 0.940, 1.88, 3.76, 7.52 uM) for 72 hours, followed
by 3-5 days of recovery before exposing to the next concentration. TMZ resistant C6 cells
(C6-TR) were exposed to increasing doses of TMZ (62.5, 125, 250, 500, 1000 and 2000 pM)

for 72 hours, followed by 4-5 days of recovery before exposing to the next concentration.

2.4 MTT cell viability assay and cell morphology
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Dehydrogenase-dependent MTT reduction (MTT assay) was used as an estimate of cell
viability (Zanotto-Filho et al., 2010). Cells were plated in 96-well plates (10*/well) and treated
at 50% —60% confluences. The time of incubation in all treatments was 72 hours. At the end
of incubation MTT assay was performed. Cell morphology was evaluated by light microscopy
(Nikon Eclipse TE 300). The 1C50 was calculated and plotted using Graph Prism Software,

San Diego, CA, USA.

2.5 Western blotting

Proteins (60 pg) were separated by sodium dodecyl sulfate polyacrylamide gel electrophoresis
on 10% (wt/vol) acrylamide and 0.275% (wt/vol) bisacryl amide gels and electrotransferred
onto nitrocellulose membranes. Membranes were incubated in TBS-T [20 mmol/L Tris — HCI,
pH 7.5, 137 mmol/L NaCl, 0.05% (vol/vol) Tween 20] containing 1% (wt/vol) nonfat milk
powder for 1 h at room temperature. Subsequently, the membranes were incubated for 12 h
with the appropriate primary antibody (dilution range 1:500 —1:1000), rinsed with TBS-T and
exposed to horseradish-peroxidase-linked anti-IgG antibodies for 2 h at room temperature.
Chemoluminescent bands were detected using X-ray films, and densitometry analyses were

performed using Image-J software.

2.6 Cell cycle analysis

For cell cycle analysis, cells were trypsinized, centrifuged and resuspended in a lysis buffer
containing 3.5 mmol/L trisodium citrate, 0.1% vol /vol Nonidet P-40, 0.5 mmol/L Tris-HCI,
1.2 mg/mL spermine tetrahydrochloride, 5 p g/mL RNAse, 5 mmol/L EDTA and 1pg/mL PI,
pH 7.6. Afterward, cells were incubated for at least 10 min on ice for cell lysis, and DNA

content was determined by flow cytometry. Ten thousand events were counted per sample.
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FACS analyses were performed using the CellQuest Pro Software (BD Biosciences, CA,

USA)

2.7 Statistical analysis

The statistical significance was assessed by one-way analysis of variance (ANOVA) followed
by Tukey's test. All analysis was performed using the GraphPad Prism (GraphPad Software
Inc, San Diego, CA, USA, version 5.0) software. The results are expressed as means +
standard deviation (S.D.) of 3 individual experiments (n=3) unless otherwise indicated; p

values were considered significant when p<0.05.
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3. RESULTS

3.1 Validation of chemoresistance protocol in glioma C6 line

To evaluate if the cell lines becomes resistant to the selected chemotherapeutics we performed
the MTT cell viability assay (see methods). C6, C6-TR, C6-DR were treated with crescent
doses of their respective chemotherapeutic for 72h. The doses of TMZ used were: 125, 250,

500, 1000 and 2000 uM. The doses of DOX were: 0.470, 0.940, 1.88, 3.76, and 7.52 uM

Both cell lines displayed resistance to their respective chemotherapeutics when compared to
the control group. As expected C6-DR showed an IC50 of 12.43 uM which is a 33-fold
increase when compared to parental C6, IC50 of 0.376 uM (Figure 1A). C6-TR presented an

IC50 of 1710 uM, 11-fold higher than the control group, 151.8 uM (Figure 1B).

At the microscope, all lineages looked morphologically very similar (Figure 1C). The only
highlighted difference is that C6-TR have a slightly elongated morphology, slower

proliferation, and tended to grow in clusters, instead of spreading out the plate surface.

3.2 p-STAT3/STAT3 immunocontent is higher in resistant cells, and AG490 reduced the p-

STAT3 immunocontent

Aiming to determine whether the immunocontent of p-STAT3 is increased in chemoresistant
cells, we performe western blot experiment to detect Tyr 705 phosphorylated residue of
STATS3. Also, we treated cells with IL-6 10 ng/ml, the classical STAT3 activator for 24 hours
as a positive control for STAT3 activation (Zhong et al., 1994; Kohsaka et al., 2012). We
performed a C6 full combination of DOX 0.470 uM + TMZ 250 uM + IL-6 10 ng-ml in an
attempt to see synergetic effects on STATS3 activation and the concentrations of

chemotherapeutics used are to see if the chemotherapeutics are STAT3 activators by
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themselves. In fact, all resistant lineages presented an increased immunocontent of p-STAT3
when compared with C6 alone or the positive control (Figure 2). When the resistant lineages
were treated with JAK2/STATS3 inhibitor AG490, both showed a significant decrement in p-

STAT3 immunocontent, with their immunocontent coming nearly as C6 levels.

3.3 Resistant cells showed multidrug cross-resistance

In order to determine if the acquired resistance to the alkylating agent TMZ could be
associated with cross-resistance to the antibiotic DOX (and vice versa), we performed a
viability assay with 3 doses of DOX in C6-TR and TMZ in C6-DR lineages to evaluate their
aproximate 1C50. This approach could reveal a possible multidrug resistance across these
chemotherapeutics, since both lineages presents p-STAT3 increased when compared to the C6
parental lineage. C6-TR showed an 1C50 for DOX of 1.20 uM (Figure 3), 3,2-fold higher than
the 1C50 value of 0.376 already estimated for C6 in figure 1. C6-DR presented an IC50 of 673

uM for TMZ, which is 4-fold higher than the previously reported C6 IC50 of 171.8 uM.

3.4 p-STAT3 inhibition re-sensitize resistant cells to their respective chemotherapeutics

Taking into account the increased activation of STAT3 in chemoresistant cell lines, we sought
to investigate if inhibiting p-STAT3 activation with the JAK2/STAT3 inhibitor AG490 could
re-sensitize the resistant lineages. Then we incubate the cells with their respective treatments
and after 72h MTT assay were carried out. AG490 significantly decreased the viability of all
3 cells lineages in a dose dependent manner (Figure 4). However, the level AG490 toxicity
was similar across the cell lines, regardless their chemoresistance phenotype. We chose doses
of the chemotherapeutics below the 1C50 of the resistant cells, to evaluate if AG490 presents
a synergetic effect with low doses of the chemotherapeutics. Notewhorty when we combined

AG490 treatments with doses below 1C50 values of selected drugs in resistant lineages (TMZ
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500 and 750 uM; DOX 0.940, 1.88 uM) we clearly observed that STAT3 pathway inhibition
could re-sensitize both C6-TR and C6-DR to their respective chemotherapeutic agent (Figure

4).

3.5 AG 490 leads to G2 arrest in cell cycle

Taken into account that STAT3 plays an important role in cell cycle, we decided to analyze
the cell cycle distribution by flow cytometry (See Material and Methods). C6, C6-TR and C6-
DOX didn’t differ in their cell cycles, but surprisingly treatment with AG 490 50 uM caused
an arrest in G2 phase in all cell lineages after 72h of treatment (Figure 5), suggesting that
arrest in cell cycle could be a mechanism involved in the loss of viability/proliferation when

resistant cells are treated with the STATS3 inhibitor AG 490.
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4. DISCUSSION

Recently, several studies have shown that the inhibition of STAT3 phosphorylation
could lead to an overcome of chemotherapy-induced resistance, in diverse tumor cell lines
(Bhagwat et al., 2014; Tang et al., 2010; Wang et al., 2013). Kohsaka et al. (2012) also
demonstrated that STAT3 phosphorylation was enhanced in 8 out of 14 samples from patients
with recurrent GBM following TMZ treatment compared to matched samples from the same
patients before treatment. In fact, our study showed that p-STAT3 is upregulated in two
chemotherapeutic-resistant induced C6 lineages, C6-TR which shows resistance to TMZ and

C6-DR which shows resistance to DOX.

Our lineages showed a higher IC50 for the respective drugs after the resistance
induction protocol, and a cross-resistance was observed, suggesting STAT3 activation as a
pleiotropic response to DNA damaging agents. This is in agreement with the current
literature, which shows elevated 1C50 for similar protocols in the same cell lineage, Kievit et
al. (2011), found an 1C50 over 20-fold higher in their C6 Dox resistant lineage, while Sun et
al. (2012) reached out a 6-fold higher IC50 for TMZ when compared with parental U87
glioma cells. The evidence found in these papers led us to believe that we achieve a resistant
lineage in agreement with the current available evidences, confirming the effectiveness of our
protocol. Morphologically, we found no difference between C6 and C6-DR which is in
agreement with the data found by Kievit et al. (2011), who found virtually none
morphological difference in their C6 DOX resistant lineage and their parental surrogates. The
tendency to grow in cluster and the slower proliferation that we observed in the C6-TMZ
lineage was already observed in lineages of breast cancer resistant to paclitaxel ( Chen et al.,

2013 Lu et al., 2009), and bufalin in hepatocellular carcinoma (Gu et al., 2014.). Curiously,
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STAT3 phosphorylated was found upregulated in paclitaxel-resistant cell lines, thus

corroborating with our findings. ( Duan et al., 2009).

We investigated if p-STAT3 is upregulated in our C6-TR, or C6-DR, since the
immunocontent of p-STAT3 was found increased in other tumor cell lineages resistant to
chemotherapy or radiotherapy, like colon cancer ( Cross-Knorr et al., 2013), lung cancer (You
et al., 2013) and prostate cancer ( Liu et all., 2014). Even in GBM p-STAT3 was found highly
increased in U87MG and T98G human lineages (Kohsaka et all., 2012). In this present work
we used the C6 rat glioma lineage in a protocol of acquired-resistance which reproduce better
the development of resistant phenotypes or selection of cells subpopulations in the course of
chemotherapy. The C6 cell lineage is an established in vitro model with an extensive
characterization and genetic analysis (Grobben et al., 2002) and has been used as an in vivo

model of syngeneic GBM in rats (Zanotto-Filho et al., 2011).

Both resistant lineages presented an increase in p-STAT3 immunocontent when
compared to C6 parental lineage, possibly due to an up regulation of upstream regulators. The
reason why p-STAT3 is elevated in both drug resistance cell lines is unclear, but we believe
that these cells could have developed an autocrine IL-6 secretion that leads the cell to major
p-STATS3 activation, constituting a positive feedback whit IL-6 secretion and a resistant
phenotype. Although we have not measured IL-6 secretion, this mechanism is already
described in adecarcinomas by Grivennikov and Karin.(2008), where they found that cancer
cells carrying EGFR mutation were found to produce high amounts of IL-6, which is an
activator of JAK, that leads to STAT3 activation, in addition Rahaman et al. (2002) already
described that U251 GBM cells are capable of IL-6 autocrine secretion. Since we found that
exogenous IL-6 is capable to increase p-STAT3 immunocontent in C6 cells and the

continuous exposure to chemotherapies could lead these cells to an EGFR mutation, this
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theory could be the explanation for our results. Despite being an acceptable theory, more

experiments must be made to really confirm this hypothesis.

We observed that the increase in STAT3 immunocontent is associated with the
resistance that these lineages showed to DOX and/or TMZ, since the cells showed increased
p-STATS3, but mainly because they are re-sensitized by treatment with STAT3 inhibitor
AG490. These suggests that STAT3 up-regulation is not only correlating with resistance but
also playing a key role in this phenomenon. Another interesting result that we found is that
C6-TR showed a higher IC50 for DOX, and C6-DR showed a higher 1C50 for TMZ when
they are compared with parental C6 cells. Recently, Zhang and Wang (2013) showed that
vincristine-resistant SGC7901 gastric cancer cell lineage displayed cross-resistance to
adryamicin, etoposide, 5-fluorouracil and cisplatin, suggesting a multidrug resistant
phenotype (Zhang and Wang., 2013). Agreeing with our data, the cell lineage also presented
p-STAT upregulated when compared to parental cells. To best of our knowledge, we found no
studies showing that GBM resistant to a determined antitumoral could also be resistant to
another chemotherapeutic, even more from different classes and mechanisms of action, as in
this case of DOX and TMZ. Since the lineages presented p-STAT3 upregulated and are
sensitized by STAT3 inhibition one could assume that p-STAT3 play an important role in

GBM multidrug resistance.

The inhibition of p-STAT3 was the main objective of studies aiming to decrease
cancer cells viability (Amit-Vanzina et al.,2005; Kim et al., 2007;Nielsen et al., 1997), and
STATS3 inhibitors were already tested in GBM cell lines, with great success in vitro ( Senft et
al. 2011; Vlachostergios et al., 2013). Different studies have shown that the inhibition of
constitutive activated STAT3 has led GBM cells to decreased proliferation and growth

(Michaud-Levesque et al., 2012), apoptosis (Swiatek-Machado et al., 2012) and autophagy (
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Siegelin et al., 2010). Our results showed that JAK2/STAT3 inhibitor AG490 reduced the
cellular viability of C6, C6-DR and C6-TR, in addition re-sensitized the resistant lineages to
doses much lowers to their respective 1C50. This result suggest that STAT3 inhibitors are
promising for combined therapy in GBM cells that became resistant to the chemotherapy. In
addition, there is also interesting to note that, AG490 could reduce cellular viability in cells
lines resistant to two different drugs (TMZ and DOX). It suggests that its effectiveness may
not be restricted to a specific drug-resistance, if STAT3 activation is proven to be a more
general chemoresistant event. Mechanistically, Rahaman et al. (2002) found that U251 GBM
cells treated with AG490 50 uM for 72h, inhibited STATS3 activation, with concomitant
reduction in steady-state levels of antiapoptotics Bcl-XI, Bcl-2 and Mcl-1 proteins, and
induced apoptosis in the U251 cell lineage, as revealed by Poly (ADP-ribose) polymerase
cleavage. Here we add the information that AG490 promotes alteration in the cell cycle

progression of chemoresistant gliomas.

STAT3 is a well-known regulator of cell cycle in multiple cell types, especially in
cancer cells. STAT3 has been shown as an inductor in the expression of cyclin D1 (Masuda et
al.,2012), and a suppressor of p21(Bellindo et al. 1998). Cyclin D1 promotes G1/S transition
through activation of cyclin-dependent kinases (CDKSs) while p21 mediates cell cycle arrest
by inhibiting CDKs and binding to proliferating cell nuclear antigen (PCNA) to inhibit DNA
synthesis (Hunter and Pines, 1994). Prior studies demonstrated that constitutively activated
STAT3 orchestrates G1/S transition by promoting cyclin D1 gene transcription and down-
regulating p21 (Fukada et all.,1998). STAT3 was also described as a down-regulator of TP53
gene expression (Yu and Jove, 2004). We found none significant difference between parental
C6 and C6-DR or C6-TR cell cycle distribution, suggesting that chemoresistance is not
associated with increased proliferation but potentially with DNA repair or drug detoxification

mechanisms. Inhibition of STAT3 with AG490 caused an arrest in G2/M phase of the three
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lineages concerned in this work. Taken into account that C6 cells, and other GBMs, exhibit
alterations in controllers of G1/GO arrest cell cycle, as p16 mutations in C6 and p53 mutations
in a high percentage of gliomas, it is likely that our cells are arresting in G2/M due to an
intrinsic absence of efficient G1/S checkpoints. This G2/M phase arrest was already shown in
GBM treated with drugs that inhibit transcription factors relevant for cell survival. Zanotto-
Filho et al, 2012 described that the proteasome inhibitor MG-132 caused a G2/M arrest in C6

and U138MG with increased level of p21"VA™ at the early steps of apoptosis.

In summary, we demonstrated that C6 cell lines resistant to DOX or TMZ have an
increased immunocontent of p-STAT3. Studies using the specific pharmacological inhibitor
AG490 confirmed the functional association between STAT3 activity and the resistant
phenotypes, our study showed that the treatment with AG490 reduced p-STATS3 protein as
well as synergized with DOX and TMZ toward re-sensitization of the resistant lineages to
these chemotherapeutics. The inhibition of p-STAT3 also led cells to a cell cycle arrest in the
G2/M phase, which can be a possible prelude of apoptosis or mitotic catastrophe. The
resistance was not limited to one chemotherapeutic since the two resistant lineages showed a
higher IC50 for both drugs when compared to the parental C6. These findings suggest that the
inhibition of aberrant p-STAT3 can be an object of study for future therapies aiming to re-

sensitize GBM to chemotherapeutics.

33



5. ACKNOWLEDGEMENTS

We acknowledge the Brazilian funds CNPq, CAPES, FAPERGS and

PROPESQ/UFRGS for the financial support. All authors declare no conflict of interest.

34



6. REFERENCES

Amit-Vazina, M; Shishodia, S; Harris, D; Van, Q; Wang, M; Weber, D; Alexanian, R;
Talpaz, M; Aggarwal, BB; Estrov, Z. Atiprimod blocks STAT3 phosphorylation and induces

apoptosis in multiple myeloma cells. Br J Cancer. 93(1):70-80, 2005.

Bellido, T; O'Brien, CA; Roberson, PK; Manolagas, SC. Transcriptional activation of the
p21(WAF1,CIP1,SDI1) gene by interleukin-6 type cytokines. A prerequisite for their pro-
differentiating and anti-apoptotic effects on human osteoblastic cells. J Biol Chem

273(33):21137-21144, 1998.

Bhagwat, N; Koppikar, P; Keller, M; Marubayashi, S; Shank, K; Rampal, R; Qi, J; Kleppe,
M; Patel, HJ; Shah, SK; Taldone, T; Bradner, JE; Chiosis, G; Levine RL. Improved targeting
of JAK2 leads to increased therapeutic efficacy in myeloproliferative neoplasms. Blood.

27(Epub), 2014.

Brantley, EC; Benveniste, EN. Signal transducer and activator of transcription-3: a molecular

hub for signaling pathways in gliomas. Mol Cancer Res. 6(5): 675-684, 2008.

Bromberg JF, Darnell JE Jr. Potential roles of Statl and Stat3 in cellular transformation. Cold

Spring Harb Symp Quant Biol. 64:425-428, 1999.

Chen, SY; Hu, SS; Dong, Q; Cai, JX; Zhang, WP; Sun, JY; Wang, TT; Xie, J; He, HR; Xing,
JF; Lu, J; Dong, YL. Establishment of paclitaxel-resistant breast cancer cell line and nude
mice models, and underlying multidrug resistance mechanisms in vitro and in vivo. Asian Pac

J Cancer Prev. 14(10):6135-6140, 2013.

Cross-Knorr, S; Lu, S; Perez, K; Guevara, S; Brilliant, K; Pisano, C; Quesenberry, PJ;
Resnick, MB; Chatterjee, D. RKIP phosphorylation and STAT3 activation is inhibited by
oxaliplatin and camptothecin and are associated with poor prognosis in stage Il colon cancer

patients. BMC Cancer. 13:463, 2013.

35



Dasgupta, A; Raychaudhuri, B; Haqqi, T; Prayson, R; Van Meir, EG; Vogelbaum, M; Haque,
SJ. Stat3 activation is required for the growth of U87 cell-derived tumours in mice. Eur J

Cancer. 45(4):677-684, 2009.

Duan, Z; Ames, RY; Ryan, M; Hornicek, FJ; Mankin, H; Seiden MV. CDDO-Me, a synthetic
triterpenoid, inhibits expression of IL-6 and Stat3 phosphorylation in multi-drug resistant
ovarian cancer cells. Cancer Chemother Pharmacol. 63(4):681-689, 2009.

Fukada, T; Ohtani, T; Yoshida, Y; Shirogane, T; Nishida, K; Nakajima, K; Hibi, M; Hirano,
T. STAT3 orchestrates contradictory signals in cytokine-induced G1 to S cell-cycle transition.

EMBO J. 17(22):6670-6677, 1998.

Grivennikov, S; Karin, M. Autocrine IL-6 Signaling: A Key Event in Tumorigenesis?. Cancer

Cell. 13(1):7-9, 2008,

Gu, W; Liu, L; Fang, FF; Huang, F; Cheng, BB; Li, B. Reversal effect of bufalin on multidrug
resistance in human hepatocellular carcinoma BEL-7402/5-FU cells. Oncol Rep. 31(1):216-

222, 2014.

Hu, YP; Henry-Toulmé, N; Robert J. Failure of liposomal encapsulation of doxorubicin to
circumvent multidrug resistance in an in vitro model of rat glioblastoma cells. Eur J Cancer.

31A(3):389-394, 1995.

Hunter, T; Pines, J. Cyclins and cancer. II: Cyclin D and CDK inhibitors come of age. Cell.

79(4):573-582, 1994.

Kievit, FM; Wang, FY; Fang, C; Mok, H; Wang, K; Silber, JR; Ellenbogen, RG; Zhang, M.
Doxorubicin loaded iron oxide nanoparticles overcome multidrug resistance in cancer in vitro.

J Control Release. 152(1):76-83, 2011.

36



Kim, NH; Lee, MY Park, SJ; Choi, JS; Oh, MK; Kim, IS. Auranofin blocks interleukin-6
signalling by inhibiting phosphorylation of JAK1 and STAT3. Immunology. 122(4):607-614,

2007.

Kohsaka, S; Wang, L; Yachi, K; Mahabir, R; Narita, T; Itoh, T; Tanino, M; Kimura, T;
Nishihara, H; Tanaka, S. STAT3 inhibition overcomes temozolomide resistance in

glioblastoma by downregulating MGMT expression. Mol Cancer Ther. 11:1289-1299, 2012.

Kokkinakis, DM; Ahmed, MM; Chendil, D; Moschel, RC; Pegg AE. Sensitization of
pancreatic tumor xenografts to carmustine and temozolomide by inactivation of their O6-
Methylguanine-DNA methyltransferase with O6-benzylguanine or O6-benzyl-2'-
deoxyguanosine. Clin Cancer Res. 9(10):3801-3807, 2003.

Koritzer, J; Boxhammer, V; Schéfer, A; Shimizu, T; Klampfl, TG; Li, YF; Welz, C;
Schwenk-Zieger, S; Morfill, GE; Zimmermann, JL; Schlegel, J. Restoration of sensitivity in

chemo-resistant glioma cells by cold atmospheric plasma. PloS One. 8(5): 64498, 2013.

Liu, C; Zhu, Y; Lou, W; Cui, Y; Evans, CP; Gao, AC. Inhibition of constitutively active Stat3
reverses enzalutamide resistance in LNCaP derivative prostate cancer cells. Prostate.

74(2):201-209, 2014.

Lo, HW; Cao, X; Zhu, H; Ali-Osman, F. Constitutively activated STAT3 frequently
coexpresses with epidermal growth factor receptor in high-grade gliomas and targeting

STATS3 sensitizes them to Iressa and alkylators. Clin Cancer Res.14(19):6042-6054 , 2008.

Lu, J; Tan, M; Huang, WC,; Li, P; Guo, H; Tseng, LM; Su, XH; Yang, WT,;
Treekitkarnmongkol, W; Andreeff, M; Symmans, F; Yu, D. Mitotic deregulation by survivin
in ErbB2-overexpressing breast cancer cells contributes to Taxol resistance. Clin Cancer Res.

15(4):1326-1334, 2009.

37



Malam, Y; Loizidou, M; Seifalian, AM. Liposomes and nanoparticles: nanosized vehicles for

drug delivery in cancer. Trends Pharmacol Sci. 30(11): 592-599, 20009.

Masuda, M; Suzui, M; Yasumatu, R; Nakashima, T; Kuratomi, Y; Azuma, K; Tomita, K;
Komiyama, S; Weinstein, I1B. Constitutive Activation of Signal Transducers and Activators of
Transcription 3 Correlates with Cyclin D1 Overexpression and May Provide a
NovelPrognostic Marker in Head and Neck Squamous Cell Carcinoma. Cancer Res.

62(12):3351-3355, 2002.

Michaud-Levesque, J; Bousquet-Gagnon, N; Béliveau, R. Quercetin abrogates IL-6/STAT3
signaling and inhibits glioblastoma cell line growth and migration. Exp Cell Res. 318(8):925-

935, 2012.
Migone, TS; Lin, JX; Cereseto, A; Mulloy, JC; O'Shea, JJ; Franchini, G; Leonard, WJ.
Constitutively activated Jak-STAT pathway in T cells transformed with HTLV-I. Science.

269(5220): 79-81, 1995.

Nielsen, M; Kaltoft, K; Nordahl, M; Ropke, C; Geisler, C; Mustelin, T; Dobson, P; Svejgaard,
A; Odum, N. Constitutive activation of a slowly migrating isoform of Stat3 in mycosis fun-
goides: tyrphostin AG490 inhibits Stat3 activation and growth of mycosis fungoides tumor

cell lines. Proc Natl Acad Sci USA. 94(13):6764-6769, 1997.

Rahaman, SO; Harbor, PC; Chernova, O; Barnett, GH; Vogelbaum, MA; Haque, SJ.
Inhibition of constitutively active Stat3 suppresses proliferation and induces apoptosis in

glioblastoma multiforme cells. Oncogene. 21(55):8404-8413, 2002.

Schlessinger, K; Levy, DE. Malignant transformation but not normal cell growth depends on

signal transducer and activator of transcription 3. Cancer Res. 65(13):5828-5834, 2005.

38



Senft, C; Priester, M; Polacin, M; Schrdder, K; Seifert, V; Kogel, D; Weissenberger, J.
Inhibition of the JAK-2/STAT3 signaling pathway impedes the migratory and invasive

potential of human glioblastoma cells. J Neurooncol. 101(3):393-403, 2011.

Siegelin, MD; Raskett, CM; Gilbert, CA; Ross, AH; Altieri, DC. Sorafenib exerts anti-glioma

activity in vitro and in vivo. Neurosci Lett. 478(3):165-170, 2010.

Singh, SK; Clarke, ID; Hide T; Dirks PB. Cancer stem cells in nervous system tumors.
Oncogene. 23(43): 7267-7273, 2004.

Sun, S; Lee, D; Lee, NP; Pu, JK; Wong, ST; Lui, WM; Fung, CF; Leung, GK. Hyperoxia
resensitizes chemoresistant human glioblastoma cells to temozolomide. J Neurooncol.

109(3):467-475, 2012.

Swiatek-Machado, K; Mieczkowski, J; Ellert-Miklaszewska, A; Swierk, P; Fokt, I;
Szymanski, S; Skora, S; Szeja, W; Grynkiewicz, G; Lesyng, B; Priebe, W; Kaminska, B.
Novel small molecular inhibitors disrupt the JAK/STAT3 and FAK signaling pathways and

exhibit a potent antitumor activity in glioma cells. Cancer Biol Ther. 13(8):657-670, 2012.

Tang, C; Xue HL; Huang HB; Wang, XG. Tanshinone IlA inhibits constitutive STAT3
activation, suppresses proliferation,and induces apoptosis in rat C6 glioma cells. Neurosci

Lett. 470(2):126-129, 2010.

Van Meir, EG; Hadjipanayis, CG; Norden, AD; Shu, HK; Wen, PY; Olson, JJ. Exciting new
advances in neuro-oncology: the avenue to a cure for malignant glioma. CA Cancer J Clin.

60(3):166-193, 2010.

Villano, JL; Seery, TE; Bressler, LR. Temozolomide in malignant gliomas:

current use and future targets. Cancer Chemother Pharmacol. 64(4):647-655, 20009.

39



Vlachostergios, PJ; Hatzidaki, E; Befani, CD; Liakos, P; Papandreou, CN. Bortezomib
overcomes MGMT -related resistance of glioblastoma cell lines to temozolomide in a

schedule-dependent manner. Invest New Drugs. 31(5):1169-1181, 2013.

Wang, G; Wang, JJ; Chen, XL; Du, SM; Li, DS; Pei, ZJ; Lan, H; Wu, LB. The JAK2/STAT3
and mitochondrial pathways are essential for quercetin nanoliposome-induced C6 glioma cell

death. Cell Death Dis. 4:1-12, 2013.

You, S; Li, R; Dongkyoo, P; Xie, M; Sica, GL; Cao, Y; Xiao, ZQ; Deng, X. Disruption of
STATS3 by niclosamide reverses radioresistance of human lung cancer. Mol Cancer Ther.

Epub, 2013.

Yu, H; Jove, R. The STATSs of cancer--new molecular targets come of age. Nat Rev Cancer.

4(2):97-105, 2004.

Yu, H; Pardoll, D; Jove, R. STATSs in cancer inflammation and immunity: a leading role for

STATS3. Nat Rev Cancer. 9(11):798-809, 2009.

Zanotto-Filho, A; Braganhol, E; Battastini, AM; Moreira, JC. Proteasome inhibitor MG132
induces selective apoptosis in glioblastoma cells through inhibition of PI3K/Akt and
NFkappaB pathways, mitochondrial dysfunction, and activation of p38-JNK1/2 signaling.

Invest New Drugs. 30(6):2252-2262, 2012.

Zanotto-Filho, A; Braganhol, E; Edelweiss, MI; Behr, GA; Zanin, R; Schroder, R; Simdes-
Pires, A; Battastini, AM; Moreira, JC. The curry spice curcumin selectively inhibits cancer
cells growth in vitro and in preclinical model of glioblastoma. J Nutr Biochem. 23(6):591-

601, 2012.

Zhang, Y; Wang, Q. Sunitinib Reverse Multidrug Resistance in Gastric Cancer Cells by

Modulating Stat3 and Inhibiting P-gp Function. Cell Biochem Biophys. 67(2):575-581, 2013.

40



Zhong, Z; Wen, Z; Darnell, JE Jr. Stat3: a STAT family member activated by tyrosine
phosphorylation in response to epidermal growth factor and interleukin-6. Science.

264(5155):95-98, 1994.

41



% Viability

Figure 1

B
-~ C6 (IC50 = 0.376 uM)
100 -= C6-DR( IC50 = 12.43 uM) - C6 (IC50 = 151.8 M)
100 - C6-TR (IC50 = 1710 pM)

>
E

50- 5
S 504
N

c T Ll T 1
0 2 4 6 8 0 . . . . .
DOX (uM) 0 500 1000 1500 2000 2500
TMZ (uM)
¢

10X

C6-DR C6-TR

Fig. 1: Comparison between C6 parental and resistant lineages. A C6 and C6-DR were treated with the
respective concentrations of DOX uM for 72 hours and MTT assay were carried out. B C6 and C6-TR were
treated with the respective concentrations of TMZ pM and MTT assay were carried out. C Cell morphology

of all lineages analyzed by phase contrast microscopy (10x magnification), n=3.
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Figure 2

FIG. 2: Immunocontent of STAT3 and p-
1.0- i STAT3 in C6, C6-DR and C_G-TR cells.
Cells were treated for 72h with the
I respective treatments and total cellular
extract was collected for the analysis. The
graph shows the p-STAT3/STATS ratio.
C6 full combination is C6 + DOX 0.450
uM + TMZ 250 uM + IL-6 10 ng/ml.  *
Different from C6 (p<0.05). ** Different
from C6 and IL-6 10 ng/ml (p<0.05).
# Different from their respective resistant
lineage (p<0.05), n=3.
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Figure 3
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FIG 3: Multidrug resistance in ¢6-DR and C6-TR. C6-DR and C6-TR were treated with the respective concentrations of
DOX uM or TMZ uM for 72 hours and MTT assay were carried out. The IC50 that C6-DR presented for TMZ was 673
uM and C6-TR presented an 1C50 of 1.20 uM for DOX. * Different from untreated control (p<0.05), n=3.
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Figure 4
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FIG. 4: Treatment with AG490 re-sensitize resistant cells to their chemotherapeutics. MTT assay showing C6,
C6-DR and C6-TR treated with DOX, TMZ, AG490 and combinations for 72h. Legends: AG 25: AG490 25
uM; AG50: AG490 50 uM; DOX 0.940: Doxorubicin 0.940 uM; DOX 1.88: Doxorubicin 1.88 uM; DOX 3.76:
Doxorubicin 3.76 uM; TMZ 250: Temozolomide 250 uM; TMZ 500: Temozolomide 500 pM; TMZ 750:
Temozolomide 750 uM. * Different from the untreated (p<0.05). # Different from the monotreatment with the
respective dose of chemotherapeutic and the monotreatment with the respective dose of AG490 (p<0.05), n=3.
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Figure 5
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Fig. 5: AG490 induce G2/M cell cycle arrest. Flow cytometry for determination of
cell cycle distribution in untreated and treated with AG490 50 uM cells for 72 h.
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4. DISCUSSAO

Durante os ultimos anos, uma ampla gama de estudos tem demonstrado que
a inibicdo do fator de transcricdo STAT3 poderia levar a uma quebra da resisténcia a
guimioterapicos presente em muitos pacientes, sendo que 0s resultados positivos
tém sido observados em diversas linhagens (Bhagwat et al., 2014; Tang et al., 2010;
Wang et al.,, 2013). Também j& foi demonstrado em um estudo realizado com
pacientes portadores de GBM que obtiveram uma recorréncia deste GBM apdés a
guimioterapia com TMZ, que em 8 das 14 amostras analizadas o conteudo de p-
STAT3 estava elevado quando comparado com o de pacientes com GBM que nao
passaram pela quimioterapia (Kohsaka et al., 2012). O nosso trabalho demonstrou
gue o imunoconteudo de p-STAT3 se apresentou elevado em duas linhagens que
induzimos resisténcia a quimioterapia, a linhagem C6-DR que apresentou resisténcia
a DOX e a linhagem C6-TR que apresentou resisténcia a TMZ.

Ambas as linhagens apresentaram um IC50 elevado, quando comparado com
a linhagem C6 paterna, para seus respectivos farmacos apds o nosso protocolo de
inducdo de resisténcia. Nossos dados concordam com o que esta disponivel na
literatura atualmente, podendo citar um estudo com a mesma linhagem que
utilizamos onde o autor encontrou um IC50 para Dox mais de vinte vezes maior do
gue o IC50 apresentado pela linhagem C6 paterna (Kievit et al., 2011). O IC50 que
nossa linhagem apresentou € cerca de trinta e trés vezes maior do que o da
linhagem paterna. Ja a nossa linhagem resistente a TMZ apresentou um IC50 onze
vezes maior que a linhagem controle, que também vai de encontro com os dados de
outro autor que se utilizou da linhagem de GBM humano U87, desenvolveu o seu

protocolo de resisténcia e encontrou um IC50 seis vezes maior quando comparado
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com a linhagem paterna (Sun et al., 2012). Morfologicamente, n0s ndo encontramos
nenhuma diferenca notavel entre as linhagens C6 e C6-DR, concordando
novamente com Kievit et al. (2011). Porém na nossa linhagem C6-TR nés
observamos uma tendéncia de crescimento em “ilhas”, e uma proliferacéo
significantemente mais lenta quando comparada com a da linhagem C6. Essas
caracteristicas ja foram previamente observadas por outros autores em diferentes
linhagens, como linhagens de cancer de mama resistentes a paclitaxel (Chen et al.,
2013; Lu et al., 2009); e linhagens de hepatoma resistentes a bufalina (Gu et al.,
2014). Curiosamente, algumas linhagens resistentes a paclitaxel também
apresentaram uma maior fosforilagdo de STAT3 (Duan et al., 2009).

Depois de estabelecida a resisténcia, nosso proximo objetivo foi investigar se
o imunoconteudo de p-STAT3 estaria elevado nas nossas linhagens C6-DR e C6-
TR, jA que outros trabalhos foram capazes de demonstrar que p-STAT3 se
apresenta elevado em diversas linhagens de células tumorais resistentes a
guimioterapia ou a radioterapia, como linhagens de cancer de colon (Cross-Knorr et
al., 2013), cancer de pulmédo (You et al., 2013) e cancer de proéstata (Liu et al.,
2014). Até mesmo em GBM ja foi encontrado um aumento do conteido de STAT3
nas linhagens de humanos U87MG e T98G (Kohsaka et al., 2012). Nossas duas
linhagens resistentes apresentaram um imunoconteudo elevado de p-STAT3 quando
comparadas com a linhagem paterna. Esse dado sugere que o aumento do
imunoconteudo de p-STAT3 pode estar relacionado com a resisténcia a DOX ou
TMZ que estas células apresentaram. O imunoconteudo destas linhagens é maior
inclusive do que o imunoconteudo apresentado pela C6 tratada com IL-6 exdgeno,
gue é um conhecido ativador de STAT3 (Zhong et al.,, 1994). O porqué deste

imunocontetudo estar elevado nestas duas linhagens ainda ndo esta claro, porém
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nods acreditamos que possa ser devido a um aumento do mecanismo secretor de IL-
6 destas células, que levou consequentemente a uma maior ativacdo de STATS3, e
gue por sequencia criou um feedback positivo com a secrecédo de IL-6 e leva a um
fendétipo de resisténcia destas células. Este mecanismo ja foi previamente descrito
por Grivennikov e Karin em 2008, onde os autores mostraram que ceélulas de
tumores que possuiam mutacdes em EGFR produziam maiores quantidades de IL-6,
que é um ativador de JAK, levando assim a uma maior ativagdo de STAT3. Além
disto, Rahaman ja demonstrou em 2002 que algumas linhagens de GBM possuem
uma secrecao natural de IL-6. Ja que demonstramos no nosso trabalho que IL-6
exdgena € capaz de aumentar o imunoconteudo de p-STAT3 da linhagem C6
paterna, a continua exposicédo das células aos quimioterapicos durante o protocolo
de resisténcia pode ter levado a uma mutacdo de EGFR, explicando assim 0 nosso
resultado. Apesar de ser uma teoria plausivel, por enquanto ela € s6é uma
especulacdo e teremos que realizar estudos adicionais para avaliar se as nossas
linhagens resistentes possuem uma maior secrecdo de IL-6, para que assim
possamos confirmar esta hipotese que levantamos.

Um resultado que particularmente despertou nosso interesse foi o resultado
de viabilidade celular, que mostrou que a linhagem C6-TR obteve um maior IC50
para DOX e a linhagem C6-DR obteve um maior IC50 para TMZ quando
comparadas com a linhagem C6 paterna. Esse resultado se assemelha a outro
estudo, onde os autores induzem resisténcia a vincristina na linhagem de cancer
gastrico SGC7901, e observaram que a sua linhagem resistente, além de exibir a
resisténcia a vincristina que ja seria esperada também exibiu resisténcia a
adriamicina, 5-fluoracil e cisplatina (Zhang e Wang., 2013). Curiosamente, a

linhagem resistente dos autores também apresentou um imunoconteudo elevado de
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p-STAT3 quando comparada com a linhagem controle. Ndo encontramos nenhum
estudo que demonstrasse que linhagens de GBM aonde fosse induzida a resisténcia
a um quimioterapico especifico também apresentassem resisténcia a outros
quimioterapicos a que a linhagem nédo tenha sido previamenta exposta. O nosso
trabalho demonstra que ambas as linhagens resistentes apresentam resisténcia aos
dois quimioterapicos utilizados, mesmo ndo sendo previamente expostas a um
deles. Como estas linhagens apresentaram um aumento no contetdo de p-STATS3,
nossos dados sugerem que STAT3 deve possuir um papel importante no fenétipo de
resisténcia a multiplas drogas, muitas vezes observado em GBM.

A inibicdo de STAT3 tem sido o alvo de muitos estudos envolvendo a busca
por reducédo na viabilidade de tumores (Amit-Vanzana et al., 2005; Kim et al., 2007,
Nielsen et al., 1997), e os inibidores farmacologicos de STAT3 tém sido usados em
linhages de GBM com uma taxa consideravel de sucesso (Senft et al.,, 2011;
Vlachostergios et al., 2013). Diferentes estudos ja demonstraram que a inibicdo de
STAT3 que esta constitutivamente ativa em GBM leva a um decréscimo na
proliferacdo e crescimento destas células (Michaud-Levesque, Bousquet-Gagnon e
Béliveau, 2012), inducdo de apoptose (Swiatek-Machado et al., 2012) e autofagia
(Siegelin et al., 2010). O nosso estudo demonstrou que o inibidor farmacolégico de
JAK2/STAT3 AG490 reduziu a viabilidade celular das linhagens C6, C6-TR e C6-DR
bem como ressensibilizou as linhagens resistentes a quimioterapia ao seu
guimioterapico em doses significativamente menores do que as doses apresentadas
por seus IC50. Este resultado nos sugere fortemente que a inibicdo de p-STAT3
pode ser uma terapia auxiliar que deve ser avaliada em pacientes que possuem
GBM resistentes a quimioterapia, ja que o AG490 conseguiu reduzir a viabilidade de

duas linhagens resistentes a diferentes quimioterapicos, demonstrando que além de
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ser efetivo, 0 AG490 né&o tem seu efeito restrito a apenas um tipo de resisténcia.
Rahaman et al, j& demonstrou, em 2002, que células de GBM humanos U251
tratadas com AG490 na dose de 50 pM por 72h, que foi 0 mesmo tratamento que
utilizamos, tiveram a ativacdo de STAT3 significantemente reduzida, além de
apresentarem uma concomitante reducao no contetdo das proteinas antiapoptéticas
Bcl-XI, Bcl-1 e Mcl-1. Isto levou estas células a entrarem em apoptose, que foi
observado através do contetdo da enzima poli ADP-ribose polimerase na forma
clivada. Apesar do nosso trabalho ndo apresentar nenhum experimento que possa
confirmar a morte celular, ou possiveis mecanismos da mesma, a perda da
viabilidade celular e o efeito sinérgico que AG490 na dose de 50 uM apresentou
guando administrado em conjunto com TMZ e/ou DOX, nos leva a acreditar que a
inibicho da ativacdo de STAT3, via JAK2, é eficiente na ressensibilizacdo a
guimioterapia na linhagem C6, e deve ser explorada em estudos futuros para
comprovar a sua efetividade como terapia adjuvante em pacientes com GBM.

O fator de transcricdo STAT3 também tem sido associado como um
importante regulador do ciclo celular, em diversos tipos de células e especialmente
em células tumorais. Sua funcdo como indutor da expresséo da proteina ciclina D1,
por exemplo, contribui em muito para o seu papel de regulador do ciclo celular de
células cancerigenas (Masuda et al., 2002). A regulacdo negativa de p21 por STAT3
também € um evento de suma importancia no ciclo celular (Bellindo et al., 1998). A
ciclina D1 tem o papel de promover a continuidade do ciclo celular através da
transicdo da fase G1/S para G2 através da ativacdo de cinases dependentes de
ciclina (CDKs). Ja a funcdo de p21 € promover uma parada no ciclo celular caso
haja algum dano significativo a DNA detectado na célula, através da inibicdo das

CDKs e ligacdo do mesmo ao antigeno nuclear de proliferacdo celular (PCNA),
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inibindo assim a sintese de DNA (Hunter e Pines., 1994). Como ja foi citado
anteriormente, estudos demonstram que a ativacdo constitutiva de STAT3 é
responsavel por promover a continuidade do ciclo celular, promovendo a transicdo
da fase G1/S devido ao aumento da transcricdo do gene responsavel pela
expressao de ciclina D1 e também inibindo a expressao de p21, fazendo com que o
ciclo celular ndo possa ser interrompido (Fukada et al., 1998). Isso faz com que
células que possuem o DNA mutado, como células tumorais, possam continuar
proliferando. Também ja foi descrito que a ativacao continua de STAT3 pode regular
negativamente a expressado do gene TP53 (Yu e Jove., 2004) e se considerarmos
gue p53 é um conhecido, e amplamente encontrado em diversos tipos celulares,
inibidor de proliferacdo e indutor de apoptose (Yu e Jove., 2004), o fator de
transcricdo STAT3 novamente aparece como uma peca chave da regulagéo do ciclo
célular em células tumorais. Considerando todas estas evidéncias apresentadas,
nos decidimos investigar se haveria alguma diferenca no ciclo celular das trés
linhagens e se o tratamento com AG490 poderia alterar o ciclo celular destas
linhagens de alguma forma.

N&o identificamos nenhuma diferenca significativa entre o ciclo celular das
trés linhagens utilizadas, porém observamos que o tratamento com AG490 na dose
de 50 yM se mostrou capaz de induzir uma parada no ciclo na fase G2/M em todas
as linhagens utilizadas neste estudo. Esta parada no ciclo em G2/M ja foi
demonstrada em outros trabalhos envolvendo GBM e inibidores de fatores de
transcricdo, inclusive por colegas de laboratério. No trabalho realizado por Zanotto-
Filho et al. em 2012, foi demostrado que o inibidor de proteassomo MG-132,
utilizado para inibir a ativacdo do fator de transcricdo nuclear kappa b (NF-Kb)

também causou uma parada no ciclo na fase G2/M das linhagens C6 e U138MG.
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Além da parada relatada, o inibidor foi capaz de aumentar o imunoconteudo de
p21"VAF que é caracteristica dos estagios iniciais de uma célula que entra em
apoptose. Nés encontramos esta mesma parada em G2/M, e a perda de viabilidade
das células submetidas ao tratamento com AG490, sugere que este mesmo

mecanismo pode estar ocorrendo nas linhagens resistentes a quimioterapicos.
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5. CONCLUSAO

5.1. Conclusdes Gerais

Conseguimos demostrar ao longo deste estudo que linhagens de GBM C6
portadoras de resisténcia aos quimioterapicos TMZ e DOX possuem um elevado
imunoconteudo de p-STAT3 quando comparado com a linhagem paterna. A
resisténcia que estas linhagens apresentaram ndo foi somente a um tipo de
quimioterapico, demonstrado uma resisténcia multipla. Demonstramos também que
o farmaco inibidor de STAT3 AG490 foi capaz de diminuir este imunoconteudo de p-
STAT3 e ressensibilizar ambas as linhagens a quimioterapia. A inibicdo de STAT3
também levou a uma parada do ciclo celular na fase G2/M, que pode ser um
preludio de apoptose. Portando nossos dados sugerem que células de GBM
resistentes a quimioterapia possuem STAT3 superexpressa € que a inibicdo deste
fator pode ser uma terapia adjuvante a ser explorada em pacientes resisténtes a
guimioterapia.

5.2. Conclusdes Especificas

e Obtivemos sucesso na criacdo de linhagens de células C6 resistentes tanto a
DOX quanto a TMZ, que pode ser evidenciado pelos elevados IC50

encontrados nestas duas linhagens.

e O imunocontetudo de p-STAT3 se encontrou significativamente elevado em
ambas as linhagens resistentes quando comparadas com a linhagem C6
paterna, demonstrando uma relacdo entre resisténcia a quimioterapia e

ativacdo de STAT3.
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e A inibichio de STAT3 pelo farmaco AG490 se mostrou efetiva na
ressensibilizacdo das linhagens de GBM aos quimioterapicos utilizados neste

estudo.
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6. PERSPECTIVAS

Como perspectivas do estudo, temos a intencdo de avaliar o conteudo de
STAT3 em linhagens de GBM humano, além da eficacia de outros inibidores
farmacolbégicos de STAT3 para a ressenssibilizacdo a quimioterapicos. Também
podem ser apontadas como perspectivas a caracterizacao dos tipos de morte celular
gue estao ocorrendo nestas células, bem como a quantificacdo de secrecdo de IL-6
pelas mesmas. Além disso, desenvolver um modelo in vivo de implante das nossas
células C6 resistentes C6-TR e C6-DR para que possamos avaliar a eficacia da
inibicdo de STAT3 in vivo e a influéncia do ambiente fisioldgico do tumor na eficacia

do nosso tratamento.
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Increased discoverability of research and high quality peer review are ensured by online links to the sources cited.
In order to allow us to create links to abstracting and indexing services, such as Scopus, CrossRef and PubMed,
please ensure that data provided in the references are correct. Please note that incorrect surnames, journal/book
titles, publication year and pagination may prevent link creation. When copying references, please be careful as
they may already contain errors. Use of the DOI is encouraged.

Reference management software

This journal has standard templates available in key reference management packages EndNote
(http://www.endnote.com/support/enstyles.asp) and Reference Manager
(http://refman.com/support/rmstyles.asp). Using plug-ins to wordprocessing packages, authors only need to select
the appropriate journal template when preparing their article and the list of references and citations to these will
be formatted according to the journal style which is described below.

Reference formatting

There are no strict requirements on reference formatting at submission. References can be in any style or format
as long as the style is consistent. Where applicable, author(s) name(s), journal title/book title, chapter title/article
title, year of publication, volume number/book chapter and the pagination must be present. Use of DOI is highly
encouraged. The reference style used by the journal will be applied to the accepted article by Elsevier at the proof
stage. Note that missing data will be highlighted at proof stage for the author to correct. If you do wish to format
the references yourself they should be arranged according to the following examples:

Reference style
Text: All citations in the text should refer to:
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1. Single author: the author's name (without initials, unless there is ambiguity) and the year of publication;

2. Two authors: both authors' names and the year of publication;

3. Three or more authors: first author's name followed by ‘et al." and the year of publication.

Citations may be made directly (or parenthetically). Groups of references should be listed first alphabetically, then
chronologically.

Examples: ‘as demonstrated (Allan, 2000a, 2000b, 1999; Allan and Jones, 1999). Kramer et al. (2010) have
recently shown ...."

List: References should be arranged first alphabetically and then further sorted chronologically if necessary. More
than one reference from the same author(s) in the same year must be identified by the letters ‘a’, 'b', 'c', etc.,
placed after the year of publication.

Examples:

Reference to a journal publication:

Van der Geer, J., Hanraads, J.A.J., Lupton, R.A., 2010. The art of writing a scientific article. J. Sci. Commun. 163,
51-59.

Reference to a book:

Strunk Jr., W., White, E.B., 2000. The Elements of Style, fourth ed. Longman, New York.

Reference to a chapter in an edited book:

Mettam, G.R., Adams, L.B., 2009. How to prepare an electronic version of your article, in: Jones, B.S., Smith,
R.Z. (Eds.), Introduction to the Electronic Age. E-Publishing Inc., New York, pp. 281-304.

Video data

Elsevier accepts video material and animation sequences to support and enhance your scientific research.
Authors who have video or animation files that they wish to submit with their article are strongly encouraged to
include links to these within the body of the article. This can be done in the same way as a figure or table by
referring to the video or animation content and noting in the body text where it should be placed. All submitted
files should be properly labeled so that they directly relate to the video file's content. In order to ensure that your
video or animation material is directly usable, please provide the files in one of our recommended file formats with
a preferred maximum size of 50 MB. Video and animation files supplied will be published online in the electronic
version of your article in Elsevier Web products, including ScienceDirect: http://www.sciencedirect.com. Please
supply 'stills" with your files: you can choose any frame from the video or animation or make a separate image.
These will be used instead of standard icons and will personalize the link to your video data. For more detailed
instructions please visit our video instruction pages at http://www.elsevier.com/artworkinstructions. Note: since
video and animation cannot be embedded in the print version of the journal, please provide text for both the
electronic and the print version for the portions of the article that refer to this content.

AudioSlides

The journal encourages authors to create an AudioSlides presentation with their published article. AudioSlides are
brief, webinar-style presentations that are shown next to the online article on ScienceDirect. This gives authors
the opportunity to summarize their research in their own words and to help readers understand what the paper is
about. More information and examples are available at http://www.elsevier.com/audioslides. Authors of this
journal will automatically receive an invitation e-mail to create an AudioSlides presentation after acceptance of
their paper.

Supplementary data

Elsevier accepts electronic supplementary material to support and enhance your scientific research.
Supplementary files offer the author additional possibilities to publish supporting applications, high-resolution
images, background datasets, sound clips and more. Supplementary files supplied will be published online
alongside the electronic version of your article in Elsevier Web products, including
ScienceDirect:http://www.sciencedirect.com. In order to ensure that your submitted material is directly usable,
please provide the data in one of our recommended file formats. Authors should submit the material in electronic
format together with the article and supply a concise and descriptive caption for each file. For more detailed
instructions please visit our artwork instruction pages at http://www.elsevier.com/artworkinstructions.

72


http://www.sciencedirect.com/
http://www.elsevier.com/artworkinstructions
http://www.elsevier.com/audioslides
http://www.sciencedirect.com/
http://www.elsevier.com/artworkinstructions

