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RESUMO

GODOQY, P. R. D. V. Efeitos do silenciamento de E2F1 e HEB, fatores de
transcrigao preditos in silico, em células de glioblastoma irradiadas com raios
gama. 2013, 189 f, Tese de doutorado — Faculdade de Medicina de Ribeirdo Preto,

Universidade de Sao Paulo, Ribeirdo Preto, 2013.

O glioblastoma multiforme (GBM) é um dos tumores mais letais e a radioterapia
permanece como um dos principais tratamentos. Novas estratégias sdo necessarias para
coibir a resisténcia ao tratamento, como o silenciamento de fatores de transcrigdo (FTs).
Nossa hipotese é a de que FTs associados a listas de genes diferencialmente expressos, os
quais foram selecionados para linhagens de GBM irradiadas, ou comparando amostras de
GBM a amostras de tecido cerebral, possam fornecer alvos moleculares que aumentariam a
morte das células tumorais, quando silenciados. Foram analisadas a proliferacdo, morte e
ciclo celular, além da formacéao e diferenciacdo de neuroesferas, utilizando, em quase todas
as etapas, a citometria de fluxo. Os FTs HEB e E2F1, cujas fungbes principais estao
relacionadas a neurogénese e proliferacao celular, foram selecionados a partir das analises
in silico de GBM irradiados ou n&o, ou de GBMs comparados a amostras de cérebro normal,
respectivamente. Esses FTs encontram-se expressos em linhagens U87, astrécitos
primarios e neuroesferas provenientes das mesmas, analisadas por Western blot. O
silenciamento de HEB e E2F1 na linhagem U87, de forma geral, reduziu a proliferagéo,
induziu morte celular e diminuiu a porcentagem de células em G0/ G1, em pelo menos um
dos tempos analisados (24, 48 e 72h) em relagao ao grupo transfectado com a sequéncia
scrambled. O silenciamento de HEB e E2F1 reduziu o numero de neuroesferas quando
comparadas as células transfectadas com a sequéncia scrambled. Possivelmente, a
capacidade anti-proliferativa do silenciamento dos FTs HEB e E2F1 observada no cultivo em
monocamada da U87, possam atuar na capacidade de formacao de neuroesferas e,
consequentemente, podem ter um papel na manutencdo das células tronco do GBM. O
silenciamento nao alterou a radiorresisténcia da U87 cultivada em monocamada, com
excegao dos efeitos do silenciamento de E2F1 em 24 h, em que houve radioprotecdo. A
irradiagéo nao reduziu o numero de neuroesferas silenciadas para HEB em comparagéo ao
grupo néo irradiado, mas reduziu o numero de células presentes nas neuroesferas,
indicando uma possivel atuagao de HEB na resposta a irradiagdo em neuroesferas, fato este
nunca antes descrito. O silenciamento de E2F1 nao interferiu na resposta das neuroesferas
a radiagdo. A expressdo de CD133 avaliada oito dias apds a dissociagdo das células

silenciadas para E2F1 e HEB, cultivadas em meio de diferenciacao, foram superiores ao do



grupo scrambled, indicando uma possivel diminuicdo na diferenciacdo celular. O
silenciamento dos dois FTs ndo atuou na selecédo positiva de CD133+ apds a irradiacéo,
como observado no grupo das neuroesferas transfectadas com a sequéncia scrambled e
irradiadas, comparado as n&o irradiadas. Assim, E2F1 e HEB mostraram-se alvos
interessantes no sentido de reduzir a proliferacdo, tanto em células U87 cultivadas em

monocamada quanto em neuroesferas.

Palavras-chave: glioblastoma, siRNA, radiagbes gamma, neuroesferas, fatores de
transcricao, HEB e E2F1



ABSTRACT

GODOY, P. R. D. V. Effects of E2F1 and HEB (transcription factors predicted by
in silico analysis) silencing in glioblastoma cells irradiated with gamma-rays.
2013, 189 f, Tese de doutorado — Faculdade de Medicina de Ribeirdao Preto,

Universidade de Sao Paulo, Ribeirdo Preto, 2013.

Glioblastoma multiforme (GBM) is one of the most lethal tumors, and radiation
therapy remains one of the main treatments. New strategies are needed to suppress
typical GBM treatment resistance and transcription factors (TFs) silencing seems to
be a promising strategy. Our hypothesis is that TFs associated with lists of
differentially expressed genes which were selected for irradiated compared to sham-
irradiated GBM cell lines, or GBM samples compared to brain tissue samples, could
provide molecular targets that are supposed to increase tumor cell death when they
are silenced. We analyzed proliferation, cell death and cell cycle progression,
besides the formation and differentiation of neurospheres, using several analyses by
flow cytometry. The TFs HEB and E2F1, whose primary functions are related to
neurogenesis and cell proliferation, were selected from in silico analysis of GBM
irradiated or sham-irradiated GBMs and GBM samples compared with normal brain
samples, respectively. These TFs were found expressed in U87 GBM cell line, and
primary astrocytes, as well as in neurospheres derivated from both, as analyzed by
Western blot. Silencing of E2F1 and HEB in U87 cells, reduced proliferation, induced
cell death and decreased the percentage of cells at GO/G1 (24, 48 or 72h) compared
to the scrambled sequence transfected group. HEB and E2F1 silencing reduced the
number of neurospheres when compared to cells transfected with scrambled
sequence. Possibly, the anti-proliferative ability of silencing of HEB and E2F1 TFs
observed in monolayer culture of U87, may act in neurospheres forming capacity and
therefore may play a role in the maintenance of GBM stem cells. In our experiments,
gene silencing did not alter the radio-resistance of U87 grown in monolayer.
Irradiation did not reduce the number of neurospheres silenced for HEB compared to
non-irradiated group, but reduced the number of cells present in neurospheres,
indicating a possible role of HEB in response to ionizing irradiation in neurospheres,

a fact that was not described yet. The silencing of E2F1 in neurospheres did not



affect the response to irradiation. The expression of CD133, as assessed at eight
days after the dissociation of cells silenced for E2F1 and HEB (cultured in
differentiation culture media), was superior compared with the scrambled group,
indicating a possible decrease in cell differentiation. The silencing of both TFs did not
influence the positive selection of CD133 after irradiation, as observed in the group of
neurospheres transfected with scrambled sequence, and irradiated compared to non-
irradiated. Thus, E2F1 and HEB proved to be interesting targets for decreasing

proliferation in both U87 cells grown as monolayer or neurospheres.

Keywords: glioblastoma, siRNA, gamma radiation, neurospheres, transcription
factors, E2F1, HEB.
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1. INTRODUGAO

1.1. Incidéncia, caracterizagao e tratamento padrao de Glioblastoma (GBM)

Os tumores cerebrais primarios, com exce¢ao dos meningiomas, constituem
aproximadamente 2% de todos os tumores primarios (Reifenberger e Collins, 2004),
sendo que a incidéncia desses no mundo é de aproximadamente 7 a cada 100.000
individuos por ano (Furnari et al., 2007); a mortalidade mundial anual € de cerca de
128.000 pessoas (Parkin et al., 2001), sendo a quarta causa de morte relacionada
ao cancer em pessoas de faixa etaria entre 40-60 anos (Rainov et al., 1997). Os
tumores em geral sao classificados na escala WHO de | a IV, de acordo com o seu
grau de malignidade, altera¢des histologicas e alteragdes genéticas. Nos tumores de
classe IV esta incluido o glioblastoma (GBM) (Louis et al., 2007). Este pode se
desenvolver de novo (GBM primario), ou pela progressdo de um astrocitoma
anaplasico (GBM secundario). Tais subtipos sdo tumores distintos, afetam pacientes
de diferentes idades e se desenvolvem pelo acumulo de diferentes alteragbes
genéticas (Kleihues e Ohgaki, 2000).

Nas ultimas décadas, estudos citogenéticos e moleculares identificaram um
grande numero de anormalidades cromossdmicas e alteragdes genéticas em
gliomas malignos, particularmente em GBM (Chen et al., 2012). Foi descrito que o
GBM geralmente apresenta combinag¢des das seguintes alteragdes genéticas: perda
de heterozigozidade do 10q, amplificacao de EGFR, mutagdes em TP53, delecao de
p16™¢4e e mutagdes em PTEN (Ohgaki, 2005).

Novos estudos gendmicos integrativos evidenciaram de forma abrangente o
complexo panorama gendmico do GBM, revelando um conjunto de vias de
sinalizagdo comumente ativados nesse tipo de tumor, envolvendo TP53, RB e RTK
(receptor de tirosina quinase) (Parsons et al., 2008). A maioria dos GBM apresenta

alteracdes genéticas em todas essas trés vias, o que estimula a proliferacao e
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aumenta a sobrevivéncia celular além da evasado dos checkpoints do ciclo celular,
senescéncia e apoptose. Esta abordagem também identificou alteragbes nunca
antes descritas nos genes IDH1/2, NF1, ERBB2, e NFKBIA (Chen et al., 2012).

O tratamento do GBM demanda uma conduta agressiva para os pacientes,
incluindo a cirurgia, quimioterapia adjuvante (temozolomida), e radioterapia (Stupp et
al., 2005). Entretanto, os pacientes portadores de GBM apresentam um péssimo
prognéstico e uma média de sobrevivéncia de 14,6 meses a partir do diagndstico
(Ohka et al., 2012). Embora a radioterapia prolongue significativamente as taxas de
sobrevivéncia dos pacientes com GBM, a radiorresisténcia € uma caracteristica

tipica desse tipo de tumor (Stupp et al., 2007).

1.2. Mecanismos de indugao de danos no DNA pelas radiagées ionizantes (RI)

O principio da radioterapia reside no facto de que as radiacbes induzem
lesdes no DNA de forma direta e indireta (Hall, 2000). O efeito direto é causado
quando ocorre a interacao fisico-quimica das Rl com o DNA produzindo uma
variedade de lesbes primarias, tais como quebras de fita simples (single-strand
breaks, SSBs), quebras de fita dupla (double-strand breaks, DSBs), ligagdes DNA-
DNA e DNA-proteina, além de alteragdes nas bases do DNA (Natarajan et al., 1993;
Kruszewski et al., 1998; Chaubey et al., 2001). Por outro lado, o efeito indireto da RI
envolve a radidlise, principalmente da molécula de agua, e a subsequente reagcédo do
DNA com os radicais livres formados alterando bases e agucares, gerando sitios
apurinicos ou apirimidinicos, quebras de fita e cross-links entre DNA-proteina
(Dizdaroglu et al., 2002).

O reparo por recombinagdo homodloga (homologous recombinational repair,
HRR) e pela ligagado de extremidades ndao homodlogas (non homologous end-joining,
NHEJ) sdo os responsaveis pelo reparo de quebras (Pastink et al., 2001; Bartek e
Lukas, 2007), que, se persistentes, podem levar a morte celular. A letalidade

geralmente ocorre gragas a producdo de alteragdes cromossOmicas grosseiras,
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como fragmentos dicéntricos e acéntricos, que levam a grandes perdas de material
genético, na tentativa da divisao célular (Prise et al., 2005). O reparo de SSBs e
DSBs desempenha um papel critico na sobrevivéncia e proliferagdo do tumor (Belli
et al., 2002). Ja o reparo por excisdo de base (base excision repair, BER) é
considerado o sistema de reparo mais importante na remogao das bases alteradas
(Bohr, 2002), embora outros tipos de reparo possam ocorrer, como O reparo por
excisao de nucleotideos (nucleotide excision repair, NER), o reparo por pareamento
incorreto (mismatch repair, MMR:), além de HRR e NHEJ (Slupphaug et al., 2003).

As RI também atuam nos checkpoints em G1/S, intra-S e G2/M, poucas horas
ap6s a exposicao (Kuerbitz et al., 1992; Han et al., 1995; Bartek et al., 2004;
Sakamoto-Hojo et al., 2005). A ativacdo desses checkpoints atrasa transitoriamente
a progressao no ciclo de células danificadas pela radiagcédo. O bloqueio em G2 facilita
0 reparo coordenado dos danos no DNA por vias como BER, NHEJ e HRR,
promovendo a sobrevivéncia das células e a sua progressdo pelo ciclo celular
(Murray e McEwan, 2007). O gene TP53 apresenta uma importante fungcdo no
controle do checkpoint G1/S. Quando o status do gene TP53 é selvagem as células
sofrem um bloqueio no ciclo na fase G1, enquanto que as células portadoras do

gene TP53 mutado sofrem um bloqueio nas fases S e G2 (Eastman, 2004).

Em resposta as RIs, ocorre ativagdo da TP53, a qual € capaz de regular
genes alvos envolvidos no bloqueio do ciclo celular, apoptose, senescéncia, reparo
do DNA, ou de mudangas no metabolismo (Toledo e Wahl, 2006; Vousden e Lane,
2007). O gene TP53 atua como um repressor tumoral principalmente ligando-se a
genes alvos, regulando sua expressao (Zhao e Piwnica Worms, 2001). Muitos alvos
da TP53 foram descritos (el-Deiry, 1998; Laptenko e Prives, 2006; Horn e Vousden,
2007; Sbisa et al., 2007), enquanto outros foram computacionalmente preditos pela
analise de seus sitios de ligacao (Hoh et al., 2002; Smeenk et al., 2008; Veprintsev e
Fersht, 2008).

Entre inumeras alteragdes cromossémicas e génicas, foi relatado que os
GBMs primarios apresentam mutag¢des no TP53 em 31% dos casos (Ohgaki, 2005).
O status do TP53 também influencia os perfis transcricionais de linhagens de GBM,
tanto em células nao tratadas (Godoy et al.,, 2011, Anexo 2), quanto células
irradiadas (Otomo et al., 2004; Godoy et al., 2013b, Anexo 4) . Os dados
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relacionados ao prognostico de pacientes com GBM apresentando mutagdes no
gene TP53 sdo contraditorios. Enquanto alguns estudos ndo apresentaram nenhuma
relacédo entre o status do TP53 e a evolugao dos pacientes com GBM (Newcomb et
al., 1998; Simmons et al., 2001; Batchelor et al., 2004), varios trabalhos mostraram
que o gene TP53 mutado € um fator prognostico favoravel (Smith et al., 2001;
Ohgaki, 2005; Milinkovic et al., 2012).

Além da TP53, a proteina ATM é um componente central da sinalizacdo em
resposta as DSBs induzidas pela RIl, sendo essencial na ativacdo de diversas
respostas moleculares que envolvem regulagdo transcricional, bloqueio no ciclo
celular e modulagao do reparo de DNA (Li et al., 2001; lliakis et al., 2003). Apos a
indugao por RI, a proteina ATM é ativada e fosforila muitas proteinas alvo, inclusive
TP53, H2AX, CHK2, RPA e BRCA1 (lliakis et al., 2003; Shiloh, 2003; Riballo et al.,
2004). Em linhagens primarias de GBM, a expressdo de ATM promove a

radiorresisténcia das mesmas (Tribius et al., 2001).

Uma das consequéncias da irradiagao € a inducido de morte celular. Baixas
doses de RI resultam em uma diminuigdo na capacidade clonogénica em alguns
tipos celulares, o que pode causar a indugao de apoptose, enquanto que altas doses
tendem a causar necrose (Lennon et al., 1991; DeNardo et al., 2002), embora em
outros casos essa resposta seja bloqueada. Por exemplo, alguns tumores soélidos
mostram resisténcia a apoptose apds exposigdo a Rl (Furnari et al., 2007; Suzuki e
Boothman, 2008). A apoptose é em geral induzida em tumores derivados de células
hematopoiéticas, linféides e germinativas. A inducdo de apoptose, em contraste a
necrose, nao leva a lise celular e nem tampouco a resposta inflamatéria durante a
terapia anticancer. Quando a reagdo inflamatéria intensa € contida, varias

complicagbes sdo evitadas, como o edema encefalico (Lin et al., 2008).

Além dos processos de necrose e apoptose, outros tipos de morte celular
podem ocorrer em decorréncia do tratamento anticancer: senescéncia induzida
(morte clonogénica) e catastrofe mitética. A contribuicdo da senescéncia para a
radioterapia em tumores humanos ainda nao € bem elucidada (Suzuki e Boothman,
2008). As células senescentes com danos no DNA, originadas a partir de teldbmeros
disfuncionais, pela exposi¢cao a agentes anticancer, podem perder permanentemente

sua fungao proliferativa, levando a uma morte celular alternativa, apresentando uma
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funcao importante na supressédo tumoral. A catastrofe mitética, por sua vez, € uma
morte celular resultante de uma mitose anormal que leva a formacédo de células
grandes com multiplos micronucleos e cromatina descondensada (Roninson et al.,
2001).

1.3. Novas abordagens no tratamento do glioblastoma

Os atuais estudos em escala genémica bem como a caracterizagdo molecular
do GBM permitiram a identificacdo de potenciais novos alvos terapéuticos em face
ao desenvolvimento de novas moléculas e anticorpos monoclonais, incentivando o
inicio de ensaios clinicos (Sathornsumetee et al., 2007; Ohka et al., 2012; Perry et
al., 2012; Polivka et al., 2012). As novas terapias sao direcionadas contra algumas
caracteristicas do GBM, como as vias metabdlicas e de sinalizacdo alteradas,
formacdo de vasos sanguineos tumorais e microambiente tumoral, sendo estas
consideradas e examinadas em triagens clinicas. Novas abordagens envolvendo
imunoterapia e vacinas também estdo em processo de triagem clinica. No entanto,
existe uma grande diversidade e heterogeneidade molecular associada com as vias
de sinalizagdo aberrantes no GBM, culminando com a relativa falta de sucesso
dessas novas abordagens (Polivka et al., 2012), o que requer estudos em maior

profundidade e a busca de novos alvos moleculares.

1.3.1. Maquinaria da transcrigdo como possivel alvo terapéutico

Considerando-se que a maioria dos protocolos de tratamento ainda é ineficaz,
novas abordagens sao necessarias para o tratamento do GBM. A maquinaria da
transcricdo, assim como o0s seus elementos reguladores também s&o alvos
razoaveis para a aplicacdo de terapias moleculares. O processo de transcricao
depende da interacdo espacial e temporal coordenada entre a maquinaria

transcricional envolvendo RNA polimerase |l, fatores de transcricdo (FT) e
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componentes reguladores transcricionais (elementos promotores, acentuadores
(enhancers), silenciadores e regides controladoras de locus) (Maston et al., 2006;
Thomas e Chiang, 2006). O baixo nivel de transcricdo dirigido pelos fatores de
transcricdo (FTs) genéricos associados ao nucleo da enzima RNA polimerase é
conhecido como transcricdo basal (Hampsey, 1998). No entanto, existem FTs
dependentes de condigbes especificas, que se ligam ao DNA e sdo capazes de
regular positiva ou negativamente o processo de transcricdo, dependendo de seus
locais de ligagao, de suas interagdes proteicas e de outras influéncias ambientais

(Gaston e Jayaraman, 2003).

A analise pdés-gendmica das principais familias de FTs, tanto em células
normais quanto em células cancerosas, tem desencadeado discussdes sobre a
funcdo dos mesmos. Os mecanismos pelos quais os FTs atuam no cancer exibem
menor plasticidade de fun¢des em relagéo as células normais (Battaglia et al., 2010).
A evolugdo de um transcriptoma restrito as células malignas pode ser visto
claramente na superfamilia de receptores nucleares, como também nas vias
envolvendo MYC e AP-1 (Thorne et al., 2009). A rigidez na transcricdo desregulada
reflete a desregulagdo simultdnea dos loci alvo, de tal forma que os sinais de
proliferagdo e sobrevivéncia sdo reforcados e sinais antimitéticos sao limitados ou
perdidos. Proteinas co-repressoras contribuem significativamente para a ruptura
desses processos (Battaglia et al., 2010). Portanto, os mecanismos envolvidos na
compreensao da regulagcado génica e da rede transcricional pode levar a um melhor
entendimento sobre as funcbes cruciais dos FTs, fornecendo informacbes para
explorar as possibilidades de sua aplicacdo como alvos moleculares na terapia
anticancer. Novas técnicas para inibicdo dos FTS tém sido utilizadas, com o
emprego de shRNA (short hairpin RNA), siRNA (small interfering RNA), ribozimas,

nucleotideos anti-senso e pequenas moléculas inibidoras (Mees et al., 2009).

1.3.1.1. Principios da inibicdo molecular por siRNA
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A RNA interferente (RNAIi) consiste em uma via regulatéria endégena que
pode levar ao silenciamento de genes. Esta via é conservada evolutivamente,
primeiramente descrita em plantas (Hamilton e Baulcombe, 1999) e organismos
inferiores (Fire et al., 1998) e, posteriormente, em células de mamiferos (Zamore et
al.,, 2000). De forma semelhante, essa via pode ser induzida ao introduzir, em
células de mamiferos, sequéncias sintéticas de siRNA ou shRNA que,
subsequentemente , sdo processados em siRNAs pela maquinaria celular (Leung e
Whittaker, 2005). As siRNAs sao, inicialmente, uma molécula de RNA de dupla fita
(double-stranded RNA, dsRNA), a qual € processada pela endonuclease Dicer em
sequéncias curtas e ativas de ~21-25 nucleotideos (Jinek e Doudna, 2009). Estas
sequéncias, conhecidas como siRNA sdo acopladas ao complexo de silenciamento
induzido por RNA (RNA-Induced Silencing Complex, RISC) no qual as fitas séo
separadas, sendo que uma delas, a fita guia, acoplada a proteina Argonauta liga-se
ao mRNA alvo, baseado na homologia das sequéncias entre 0 mMRNA e a siRNA,

clivando-o (Zamore et al., 2000).

Teoricamente, a siRNA pode ser desenhada para a inibicao de qualquer gene
de interesse baseado apenas na sequéncia do mRNA. Devido a capacidade de
reciclagem do siRNA resultando em varios ciclos de clivagem de mRNA, a partir de
uma unica molécula de siRNA guia, a técnica de interferéncia de RNA (RNAI) pode
alcancgar grande eficiéncia no silenciamento. A maior barreira para a técnica de RNAI
€ a dificuldade na entrega das moléculas efetoras, como as siRNA, in vivo. Uma
estratégia eficiente para a transfecgdo com siRNA deve superar problemas como
baixa estabilidade e biodistribuicdo inespecifica além de evitar o estimulo de uma
resposta imune (Gavrilov e Saltzman, 2012). A estabilidade do silenciamento
depende basicamente da estabilidade da proteina a ser silenciada e de alguns
fatores, tais como taxa de divisdo celular e taxa de degradagédo do siRNA. Assim, o

periodo de inibigdo maxima pode variar consideravelmente (Hoffmann et al., 2013).

O RNAIi como ferramenta de estudo de genes relacionados a doengas tem
sido amplamente utilizado em células de mamiferos (Dykxhoorn et al., 2003; Dillon
et al., 2005). Além disso, outras abordagens que incluem a aplicagdo de RNAI estéo
em evidéncia, como no estudo do cancer e de doencas infecciosas e respiratorias
(Leung e Whittaker, 2005).
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1.3.2 Células-tronco de céancer (CTC) e resisténcia ao tratamento

Algumas células tumorais apresentam potencial para a proliferacéo
continuada, apesar da frequéncia de fendtipos diferenciados presentes na maioria
delas. A etiologia desses tumores sugere a existéncia de uma populacédo de células
que retém a capacidade de auto-renovacao enquanto ainda apresentam a
capacidade de gerar células que se diferenciam. Isto leva a hipdtese de que a
existéncia de células-tronco de cancer (CTC) nos tumores € responsavel pela
tumorigénese (Eyler e Rich, 2008), assim como pela manutengao da massa tumoral.
A identificacdo de uma subpopulacdo de células de tumor cerebral com grande
potencial tumorigénico confere suporte a hipétese da existéncia de CTCs em
tumores sdlidos (Bao et al., 2006). As CTCs também foram identificadas em
linhagens estabelecidas de células tumorais (Fang et al., 2005; Ho et al., 2007,
Mitsutake et al., 2007; Rappa et al., 2008).

Foi demonstrado um aumento na expressdo de marcadores de superficie
celular associados com o fendtipo de células tronco e de oncogenes em linhagens
celulares de GBM, carcinoma mamario e melanoma, cultivadas como esferas, em
relagdo as células aderentes. Além disso, as células formadoras de esferas
apresentaram um aumento na tumorigénese e no padrdao de quimio-sensibilidade,
indicando que as células cultivadas como esferas representam uma importante
ferramenta no estudo das CTCs (Rappa et al., 2008). As células de GBM que

formam esferas sdo denominadas de neuroesferas.

Em tumores cerebrais, as CTCs representam 1-25% da massa de células
tumorais e sao caracterizadas pela expressao de CD133, uma proteina considerado
como um marcador de célula tronco (Singh et al., 2003; Singh et al., 2004). As CTCs
tém sido isoladas com sucesso gragas a seleg¢ao celular por esse marcador, sendo
que células CD133+ estdo presentes em varios tipos de tumores do sistema

nervoso, prostata e tumores colorretais. Singh et al., (2003) isolaram a populagao
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CD133+ de gliomas, evidenciando suas propriedades caracteristicas de CTCs
descritas in vitro; tais pesquisadores também induziram a formagao de tumores in

vivo, a partir das células CD133+.

A CD133 (Prominina-1) € uma glicoproteina transmembrana e um homdlogo
humano do PROM1, originalmente isolada de camundongo, seletivamente localizada
na superficie apical das células-tronco neuroepiteliais de murinos (Weigmann et al.,
1997) e células tronco fetais de figado, medula 6ssea e corddo umbilical de
humanos (Yin et al., 1997)

Postula-se que a longevidade das células-tronco cancerosas e a sua
capacidade de resisténcia a terapias auxilia na regeneragcdo do tumor, o que

proporciona uma explicagao plausivel para a recorréncia de GBM (Liu et al., 2009).

Além disso, as células-tronco CD133+ tém uma maior expressao de BCRP1 e
MGMT (genes de resisténcia a drogas) assim como a presenga de proteinas anti-
apoptaticas e inibidoras de apoptose, o que explica a resisténcia destas células a

quimioterapia (Liu et al., 2006).

Existem evidéncias de que as CTCs também atuam na radiorresisténcia dos
tumores. Bao et al, (2006) avaliaram varios parametros relacionados a
radiorresisténcia das CTCs de GBM, sendo demonstrado que em células de GBM
primarias e modelos xenograficos, foi observado um enriquecimento do numero de
CTCs CD133+ apos a irradiacao, além de um aumento na capacidade proliferativa
destas relativamente as células ndo CTC. Segundo Bao et al. (2006), tal
enriquecimento parece ter sido consequéncia da apoptose seletiva de células
CD133-, ao invés da inducdo de CD133+ em células que anteriormente seriam
CD133-. As células sobreviventes apés a irradiagdo apresentaram capacidade de
diferenciagdo multipla e de formagado de tumores secundarios. Resultados de
sobrevivéncia clonogénica indicaram que as células CD133+ foram mais
radiorresistentes do que as CD133-. Recentemente, uma estratégia alternativa
envolve o tratamento especifico para as CTCs presentes no GBM. Contudo, quase
todos os inibidores de pequenas moléculas concebidas para atingir essas células
ndo demonstraram eficiéncia semelhante a terapia convencional (Natsume et al.,
2011).
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Apesar do recente avancgo no estudo das CTCs e sua resisténcia a quimio- e
radioterapia, os resultados sao ainda incipientes e muito pouco tem sido aplicado a
pratica clinica, sendo que ainda, os pacientes com cancer recorrente metastatico
tém sido tratados pelo método convencional intensivo. Portanto, parece plausivel
que a combinacdo de quimio- e radioterapia com agentes sensibilizadores possa
oferecer expectativas mais promissoras no tratamento racional de tumores sdlidos.
Além disso, a proposta de uma terapia anti-CTC deve levar em consideragdo que
esta deva alvejar preferencialmente, entre as CTCs, somente as moléculas e vias
que nao sao cruciais para as ceélulas-tronco normais, o que constitui um grande

desafio cientifico.

1.4. O emprego dos microarranjos de DNA e ferramentas de bioinformatica na

busca de novos alvos terapéuticos

A técnica de microarranjos de DNA é uma ferramenta importante no estudo
da maquinaria transcricional (Kel et al., 2006) e quantifica a expressao simultanea de
milhares de genes para identificar alteracdes nos perfis de expressao transcricional
em diferentes condigbes biologicas, permitindo a comparagdo de varios tipos
celulares sob diversos tipos de tratamentos (Turenne et al., 2001; Sakamoto-Hojo et
al., 2003; Fachin et al., 2007; Fachin et al., 2009; Carminati et al., 2010).

Embora a quantidade de alvos fornecida por essa metodologia seja muito
grande, as ferramentas de analise bioinformatica podem reduzir grandes listas de
genes a um pequeno numero de FTs que regulam esses genes, fornecendo
potenciais alvos mais significativos para a inibicdo molecular. Recentemente, o
conhecimento sobre a regulagao da expressédo génica também pode ser utilizado no
contexto dos testes de enriquecimento funcional; nesse sentido, diferentes bases de
dados que contém informagdes sobre os locais de ligagdo dos FTs no DNA e outras
regides reguladoras estdo disponiveis, permitindo buscar regides promotoras dos

genes e detectar a presenga de sequéncias alvos (Al-Shahrour et al., 2007). Essa
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informacgao permite determinar se um conjunto de genes pré-selecionados esta sob

controle de um determinado FT.

A ferramenta online FatiGOplus (Al-Shahrour et al., 2005) é capaz de associar
FTs que sdao comuns a um conjunto de genes utilizados como parametros. Essa
ferramenta tem sido utilizada em alguns trabalhos de nosso grupo de pesquisa.
Varios FTs foram preditos a partir de listas de genes que foram modulados em
células GBM tratadas com inibidor de DNA-PK e tratadas com cisplatina (Carminati
et al., 2013). Em outro trabalho, essa técnica de predigéo foi aplicada a um conjunto
de dados obtidos a partir de repositorios publicos de experimentos de microarranjos,
envolvendo varias amostras de GBM e de amostras de cérebro; nesse trabalho, a
inducdo de dois FTs preditos, E2F1 e E2F4, foram validados em varias linhagens
celulares de GBM por PCR em tempo real (Donaires et al., 2013). Finalmente,
também foi realizada a predicdo de FTs a partir de listas de genes diferencialmente
expressos (microarranjos) em linhagens GBM, fornecendo varios alvos para

silenciamento (Godoy et al., 2013a, Anexo 2) .

Assim, a hipotese do presente trabalho se baseia na proposta de que os FTs
associados a listas de genes diferencialmente expressos, os quais foram
selecionados para linhagens de GBM irradiadas, ou comparadas a amostras de
tecido cerebral, possam fornecer alvos moleculares que supostamente aumentariam
a morte das células tumorais, quando silenciados. Além disso, baseado no fato de
que os FTs possuem um papel regulatério crucial em varios processos bioldgicos,
torna-se plausivel a suposicdo de que o silenciamento de FTs importantes na
resposta a irradiagdo possa alterar a formacado de neuroesferas, assim como sua

resposta as radiagdes ionizantes.



Objetivos 31

OBJETIVOS
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2. OBJETIVOS

Selecionar fatores de transcricdo preditos por analises in silico a partir de
dados de microarranjos (GBM irradiadas vs GBM n&o irradiadas; GBM vs amostras
de cérebro normais) para posterior avaliagdo do efeito de seu silenciamento na
radiorresisténcia, por meio da realizagdo de varios ensaios: analise de proliferacao,

morte e ciclo celular, além de ensaios de formacao e diferenciacdo de neuroesferas.

2.1. Objetivos especificos

1) Identificar FTs alvo a partir da predig¢ao in silico utilizando como base de dados
os genes diferencialmente expressos apos a irradiacéo (8 Gy) de linhagens de GBM
(T98G, U343MG-a, U251 e US7TMG).

2) Confirmar a expressao de alguns FTs por imunocitoquimica (U87MG e ACBRI
371), gPCR em tempo real (U87MG) e Western blot nas linhagens U87MG, ACBRI
371 e em suas respectivas neuroesferas.

3) Validar a expressao protéica de E2F1 (FT predito por meio de analise in silico
realizada anteriormente para um conjunto de dados obtidos a partir de repositérios
publicos de experimentos de microarranjos envolvendo varias amostras de GBM
comparadas a amostras de tecido cerebral de epiléticos) em linhagens U87MG e
ACBRI 371, bem como em suas respectivas neuroesferas.

4) \Verificar se a inibicdo dos fatores de transcricio HEB e E2F1 altera a
capacidade proliferativa, cinética do ciclo celular e morte celular em experimentos
com a linhagem U87MG.

5) Avaliar se o silenciamento de HEB e E2F1 altera a formac&o de neuroesferas e
também a porcentagem de células CD133 positivas nas células da linhagem
U87MG, irradiadas ou néo.
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MATERIAIS E METODOS
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3. MATERIAL E METODOS

3.1. Cultivo celular e irradiagao

No presente trabalho, foram utilizadas as linhagens celulares de glioblastoma
multiforme, U87MG (The European Collection of Cell Cultures/ Sigma-Aldrich, St.
Louis, EUA) e linhagem primaria de astrécitos cerebrais, ACBRI 371 (Cell Systems
Corporation, Kirkland, WA, EUA). Essas células foram utilizadas para os
experimentos de validacdo dos FTs, inibicdo por siRNA e formacao de neuroesferas.
As linhagens de GBM T98G, U251MG, U343MG-a e U87 MG foram utilizadas nos
experimentos de microarranjos realizados previamente, cujo resultado serviu de
base para a predicdo dos FTS deste trabalho (Godoy et al., 2013a, Anexo 2). As
linhagens T98G e U251 apresentam mutagcdes nos genes TP53, p16, p14ARF e
PTEN, enquanto que U343 e U87 apresentam mutagbes para os trés genes

analisados, mas € selvagem para TP53 (Ishii et al., 1999).

As células previamente mantidas congeladas em nitrogénio liquido foram
cultivadas em monocamada, em meio DMEM + HAM-F10 (Sigma-Aldrich) e 10% de
soro bovino fetal (Cultilab, Campinas, Brasil) a 5% de CO, e a 37°C até atingirem o
estado de semiconfluéncia quando foram subcultivadas e preparadas para os

experimentos.

As culturas foram submetidas ao protocolo de irradiagdo (radiacao-y, fonte
®0Co, taxa de dose de 0,5 Gy/min, aparelho Gammatron S-80, Siemens, 1,25MeV,
do HC-FMRP/USP) com a dose de 4 Gy, sendo analisadas em tempos variaveis de
acordo com os protocolos de cada ensaio, descritos a seguir. Nos experimentos de
microarranjos a partir das células GBM irradiadas, foi utilizada a mesma fonte, mas

com a taxa de dose de 2 Gy/min.
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3.2. Cultivo de neuroesferas, modificado a partir de varios protocolos (Singh et

al., 2003; Rappa et al., 2008; Ajeawung e Deepak Kamnasaran, 2010)

Para a cultura de neuroesferas foram utilizadas células provenientes das
linhagens U87MG e ACBRI 371. Inicialmente cultivadas em monocamada, como
descrito anteriormente, essas células foram individualizadas e semeadas em meio
de cultivo de neuroesferas. A soltura das células foi realizada com o auxilio de
solugdo proteolitica e colagenolitica de accutase (Merck Millipore, Billerica, MA,
EUA) visto que a tripsina pode clivar a proteina CD133 e consequentemente afetar a
formacao de neuroesferas. Esta enzima também foi utilizada no momento de

dissociacao das neuroesferas.

O meio de formacao de neuroesferas consiste em DMEM/F12 (Invitrogen), 20
ng/mL de fator de crescimento basico de fibroblastos (bFGF, PeproTech EC Ltd.,
Londres, Reino Unido), 20 ng/mL de fator de crescimento epidermal (EGF,
Peprotech), 10 ng/mL de fator de inibicdo de leucemia (Merk Millipore) e 20 pL/mL
de suplemento B27 (1:50, Life Technologies Corporation). As culturas foram
mantidas em estufa (6% CO;) a 37°C por tempo variado, de acordo com o

experimento, sendo o meio de cultivo trocado a cada dois dias.

As neuroesferas derivadas da linhagem ACBRI 371 foram utilizadas nos
experimentos de Western blot, enquanto que as derivadas da U87 foram utilizadas

em Western blot € no ensaio de limite de diluigao.

3.3. Analise bioinformatica para selecao de fatores de transcri¢cdo associados a

genes diferencialmente expressos em experimentos de microarranjos

A analise dos FTs relacionados aos genes diferencialmente expressos (SAM)
foi realizado pela ferramenta online FatiGOplus (Al-Shahrour et al., 2005), utilizando-
se os dados obtidos previamente em experimentos de microarranjos de DNA em
linhagens de GBM irradiadas (Godoy et al., 2013b, Anexo 4). Este programa utiliza
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a base de dados de FTs TRANSFAC (Wingender et al., 2000) e CisRed (Robertson
et al., 2006), incluindo seus respectivos sitios de ligacdo e genes regulados. O
FatiGOplus busca por enriquecimentos significativos comparando a porcentagem de
genes da lista de genes (fornecidos pelo SAM) regulados por um FT, a porcentagem
de genes presentes na lista de referéncias completa reguladas pelo mesmo (FT Al-
Sharour et al., 2007); no presente trabalho, essa lista compreende 4300 clones que

foram depositadas sobre a lamina de microarranjo.

Os valores-p obtidos na analise de elementos de regulacdo foram
estabelecidos pelo programa, utilizando o teste exato de Fisher para comparagdes
multiplas (valor-p ndo ajustado). O indice de Enriquecimento (IE) é calculado para
cada FT e corresponde ao incremento obtido quanto ao numero de genes (%)
estatisticamente modulados (SAM) e que estao associados a um FT especifico (Lista
n °1) dividido pelo numero total de genes (%) presentes no microarranjos que foram

associados ao mesmo FT (Lista n ° 2):

IE = % Lista de genes #1/ % lista de genes #2

Os FTs com valor-p ndo ajustados <0,05 foram selecionados. Os genes foram
submetidos ao FatiGOplus v3.2, usando como identificador o simbolo do gene e a
distancia génica (estabelecida como 10 kb). Depois de selecionar os FTs associadas
aos genes modulados (SAM), foi realizada uma pesquisa no PubMed
(http://www.ncbi.nlm.nih.gov/sites/entrez/) a procura de fung¢des bioldgicas desses
FTs.

3.4. Avaliagcao da expressao génica por qRT-PCR

Foi analisada a expressao de HEB, um FT predito (por analise in silico) que
foi associado a 57,7% dos genes modulados em células U87, 30 min. apds a
irradiagdo. O cDNA foi produzido por transcricdo reversa utilizando as mesmas



Materiais e Métodos 37

amostras de RNA utilizadas nos microarranjos, com o auxilio da Superscript Il
Reverse Transcriptase kit (Invitrogen), de acordo com as instru¢des do fabricante. A
integridade das amostras de cDNA foi avaliada pela amplificagdo do gene enddégeno
B2M e visualizagdo em gel de agarose submetido a eletroforese. A qRT-PCR foi
realizada utilizando SYBR green master mix (Applied Biosystems, Foster City, EUA)
e os niveis de expressao foram calculados pela ferramenta Relative Expression
Software (REST) (Pfaffl et al., 2002), utilizando 10,000 interagbes como paréametro
de configuragdo. Todos os iniciadores (Integrated DNA Technologies, Coralville,
EUA) foram desenhados com o auxilio do software Primer3 (Untergasser et al.,
2012) e em exons diferentes, visando evitar a amplificagdo de DNA gendmico
residual (Tabela 1). As reagdes foram realizadas no equipamento Applied
Biosystems 7500 Real-Time PCR System (Applied Biosystems), utilizando conjuntos
de iniciadores com uma temperatura de anelamento de cerca de 60 °C e amplicon
de 100-120 pb. O ciclo de PCR foi o seguinte: Pré-aquecimento a 50 ° C durante 2
min, 10 min. a 95 ° C (passo de desnaturacao), seguido por 40 ciclos a 95 ° C
durante 15 s, e a 60 ° C durante 60 s. As curvas de dissociagao foram estabelecidas

como se segue: 95 ° C durante 15 s, 60 ° C durante 20 s € 95 ° C durante 15 s.

Tabela 1: Lista de iniciadores utilizados nas reagdes de qRT-PCR. Os iniciadores do gene
B2M também foram utilizados na PCR convencional para a confirmag¢ao da integridade do
cDNA produzido por RT-PCR.

Iniciadores Sequéncia Amplicon (pb)

B2M - forward 5- AGGCTATCCAGCGTACTCCA - 3%
112
B2M — reverse 5 - TCAATGTCGGATGGATGAAA - 3

HEB — forward 5 - CCGCTTGAGTTATCCTCCAC - 3
116
HEB — reverse 5 - GTGAGGCAGCAACGTAAGGT - &
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3.5. Western blot

Esta técnica foi utilizada para a validagao da expressao dos FTs HEB e E2F1 nas
linhagens U87MG, ACBR 371 e também nas neuroesferas provenientes das
mesmas. Além disso, esta também foi utilizada para detectar a redugdo na
expressao desses mesmos FTs apos a utilizagdo da técnica de siRNA. Para as
linhagens, foram semeadas um milhdao de células e estas foram colhidas 24 h apds a
semeadura. As neuroesferas foram inicialmente semeadas a partir de um milhdo de
células U87 em meio de crescimento de neuroesferas, onde as mesmas cresceram
por 3 dias e depois foram colhidas, enquanto que as neuroesferas provenientes da

linhagem ACBRI foram cultivadas por 2 semanas antes de serem colhidas.

3.5.1. Extracao de proteinas

As células foram brevemente tripsinizadas (no caso das células aderentes) e
lavadas uma vez com PBS gelado. Posteriormente, foi adicionada a solugao de lise
ProteoJT™ Mammalian Cell Lysis Reagent (Thermo Fisher Scientific, Inc., Waltham,
MA, EUA) gelada (100-200 pL/10° células) com 1% de inibidores de proteases
Halt™Protease Inhibitor Cocktail Kit (Thermo Fisher Scientific, Inc). As células foram
ressuspendidas em vortex e permaneceram por 10 minutos no shaker (1200 rpm).
Logo apds, o lisado celular foi centrifugada a 18.000 rpm por 15 minutos a 4°C e o
sobrenadante foi transferido para um tubo novo e estocado a -80°C. As proteinas
foram entdo quantificadas em um espectrofotdmetro, pela comparagdo com uma
curva-padrao obtida a partir de uma proteina conhecida (por exemplo: soro albumina

bovina) utilizando-se o kit BSA (Thermo Fisher Scientific, Inc).
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3.5.2. Eletroforese de proteinas

O perfil das proteinas foi analisado utilizando-se géis de Bis-Tris com
dimensdes 8 x 8 x 0,1cm (Invitrogen). As amostras foram preparadas com 30 ug de
proteina, tampdo NUPAGE Sample Buffer (Invitrogen) e agente redutor NUPAGE
(Invitrogen). Estas foram desnaturadas a 70° C por 10 minutos e posteriormente
aplicadas ao gel. Os marcadores de peso molecular empregados foram:
MagicMark™ XP Western Protein Standard e SeeBlue® Plus2 Pre-Stained
Standard, ambos da Invitrogen. A eletroforese foi realizada em cuba
(XCellSureLock™Mini-Cell/Invitrogen) contendo tampdo SDS (Invitrogen), sendo

aplicados 200V por 50 minutos.

3.5.3. Transferéncia eletroforética

ApOs a eletroforose, as proteinas foram transferidas do gel para membranas
Invitrolon PVDF (Invitrogen, USA) utilizando-se o sistema XCell 1I™Blot Module
(Invitrogen). Os componentes da transferéncia foram previamente imersos em
tampéo de transferéncia antes de serem colocados na cuba. A voltagem aplicada foi
de 30V por cerca de 90 minutos, sendo que esse tempo foi variavel dependendo do
peso molecular da proteina estudada. Para a confirmacdo da transferéncia das
proteinas, as membranas foram coradas por 5 minutos com o corante
SimplyBlue™SafeStain (Invitrogen). Posteriormente, as mesmas foram lavadas e

submetidas a imunodetecc¢ao.
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3.5.4. Imunodeteccgao e visualizagao das proteinas

A imunodetecgdo e a visualizagdo das proteinas foram realizadas com o
auxilio do kit “Western Breeze Chromogenic” (Invitrogen). A membrana foi imersa em
10 mL de solugcdo bloqueadora e incubada durante 30 minutos em um shaker
rotatério. Em seguida, a mesma foi enxaguada com 20 mL de agua deionizada
durante 5 minutos e incubada com 10 mL da solugdo de anticorpo primario
overnight. Apos esse passo, foram realizadas 4 lavagens de 5 minutos com 20 mL
de solugao de lavagem para anticorpos (Invitrogen). A membrana entao foi incubada
em 10 mL da solu¢do de anticorpo secundario por 30 minutos, sendo em seguida,
novamente lavada quatro vezes por 5 minutos com solugdo de lavagem para
anticorpos. Posteriormente, foram realizados trés enxagues com 20 mL de agua por
2 minutos. Apés este ultimo, a membrana foi incubada com 5 mL de substrato
cromogénico até o aparecimento de bandas roxas em sua superficie. Finalmente, as
membranas foram lavadas 3 vezes em agua deionizada, sendo posteriormente
secadas em papel de filtro. Os anticorpos empregados neste trabalho foram os
seguintes: anti-HEB, anti-Actina B (ambos da Santa Cruz Biotechnology Inc., Santa
Cruz, CA, EUA) e anti-E2F1 (Cell Signaling Technologies, Danvers, MA, EUA).
Foram realizadas padronizagdes para otimizagcdo tanto da concentragdo de
anticorpos quanto para a quantidade de proteinas que seriam utilizadas para os
ensaios. Os anticorpos foram utilizados na concentracdo de 1/1000. A analise
densitométrica das bandas de WB foi realizada pelo programa Gel Pro Analyzer 4,0
(MediaCybernetics, Rockville, EUA) e a expressao relativa de HEB e de E2F1 foi

calculada relativamente a ACTB.

3.6. Imunocitoquimica

Esta técnica foi utilizada para a verificacao da expressao de HEB nas células

U87 e ACBRI. Foram semeadas 50.000 células em placas de 6 pogos contendo uma
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laminula/ pogo. Apds 24h os pogos foram lavados com PBS e em seguida fixados
por 10 min. em uma solucdo de PBS com 3% paraformaldeido e 2 % sucrose
(Sigma-Aldrich) a temperatura ambiente. Em seguida, as células foram
permeabilizadas com Triton 0,5% X-100 (Merck, Darmstadt, Alemanha) em PBS
durante 10 min. a temperatura ambiente. Posteriormente, as células foram
incubadas com o anticorpo anti-HEB, diluido na proporcdo 1:100 em PBS
suplementado com 2% de albumina sérica bovina fracdo V (BSA, Sigma-Aldrich)
durante 30 min a 37 °C. O anticorpo secundario (anti-lgG de coelho, Alexa-Fluor
488, Life Technologies Corporation, Carlsbad, CA, EUA) foi diluido 1:100 em BSA a
2% e aplicada as células durante 30 min. a 37 °C. Os nucleos foram contra-corados
com DAPI (90 yM em PBS, Sigma-Aldrich) durante 10 min. As laminas foram
montadas usando Vectashield (Vector Laboratories, Burlingame, CA, EUA), seladas
e armazenadas na ausencia de luz a 4 °C até a analise. Posteriormente, as laminas
foram analisadas em microscopio de fluorescéncia (Carl Zeiss Inc., Hallbergmoos,

BA, Alemanha) equipado com filtro triplo para DAPI, FITC e Rodamina.

3.7. Ensaio de inibigdo da expressao génica por siRNA

As células foram semeadas em frasco de cultivo de 25 cm2, 1x10° células em 3 mL
de meio de cultura (DMEM + HAM F10, Sigma-Aldrich), suplementado com 10% de
SBF (Cultilab) sem antibidticos. Em seguida, as células foram incubadas até

atingirem 60-80% de confluéncia (periodo de 18 a 24 h).

Para o silenciamento dos FTs HEB e E2F1 foram utilizados os oligbmeros HEB
(A20) siRNA (sc-357 - Santa Cruz Biotechnology Inc.) e E2F1 siRNA (sc-29297,
Santa Cruz Biotechnology Inc) que apresentam trés sequéncias de 20-25
nucleotideos para os mesmos genes. O oligbmero foi transfectado na linhagem
U87MG utilizando a Lipofectamina 2000 (Invitrogen). Inicialmente, o oligbmero foi
centrifugado e ressuspendido em agua livre de nuclease a uma concentragéo de 10
MM. Para a transfeccdo, 15 uL de Lipofectamina (Invitrogen) foram diluidas em 100

ML do meio Opti-MEM (Life Technologies Corporation) pré-aquecido a 37°C e
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incubado por 5 minutos a temperatura ambiente. A seguir, o oligdmero foi diluido em
100 pyL do meio Opti-MEM (Life Technologies Corporation) para atingir uma
concentracao final de 25 nM ou 50 nM, quando adicionado as células. Apds os 5
minutos de incubacgado, a Lipofectamina (Invitrogen) diluida foi combinada com o
oligbmero diluido e incubada por 20 minutos em temperatura ambiente. Em seguida,
o complexo oligbmero-Lipofectamina foi adicionado a 2,8 mL de meio de cultura sem
antibiéticos produzindo um volume final de 3 mL. A transfec¢ao ocorreu por 6 h,
quando as células foram lavadas e um novo meio foi adicionado. Apds esse
procedimento, as células transfectadas foram incubadas por 24 a 96 horas a 37°C. A
eficiéncia da transfecgao foi monitorada por qPCR em temp real e Western blot.
Como controle desta, foi utilizada a sequéncia scrambled (sc-37007, Santa Cruz
Biotechnology Inc.) na mesma concentragéo que o siRNA. Apos a padronizagao, foi

escolhida a concentracao de siRNA de 25 nM.

3.8. Ensaios de proliferagcao e viabilidade celular

Foram semeadas 1x10° células em frascos de cultivo, incubando-as por 24h.
Decorrido esse tempo, procedeu-se a inibicdo por si RNA, sendo as células
incubadas por por 24 h. Em seguida, as culturas foram irradiadas com 4 Gy, sendo
colhidas nos tempos de 24, 48 e 72h apds a irradiagdo. No momento da colheita o
meio foi removido e guardado, enquanto as células foram lavadas com PBS,
individualizadas com accutase (Merck Millipore) e coletadas com o meio previamente
guardado. 20 pL da solucédo de células foram adicionadas a 380 pL do Kit Guava
ViaCount (Merck Millipore), e armazenadas a temperatura ambiente por 5 minutos,
seguida pela leitura no citdmetro. Este kit ajuda na detecgédo de células viaveis e
passou a ser utilizado em todas as etapas de contagem e semeadura de
experimentos. Para os experimentos de proliferacao foram quantificadas as células
viaveis em cada ponto experimental; a contagem do numero de células inicialmente

semeadas possibilita estimar a proliferacdo celular e assim, os resultados podem ser
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representados como indices de duplicacdo celular. Além disso, € possivel

determinar a porcentagem de células mortas por apoptose e necrose.

As amostras foram analisadas utilizando o citbmetro Guava EasyCyte Mini
System (Merck Millipore) e o Software GuavaCytoSoft 4.2.1 (Merck Millipore), onde
pelo menos 1000 eventos foram analisados para cada amostra. No teste de
proliferacéo, foi utilizado um indice de divisao celular baseado no numero de células
colhidas/ pelo numero de células semeadas. Também foi possivel quantificar o

numero de células presentes em neuroesferas, 7 dias apos o término do tratamento.

3.9. Andlise da cinética do ciclo celular por citometria de fluxo

As mesmas amostras utilizadas nos experimentos de proliferagdo celular
foram utilizadas para a analise de ciclo celular (exceto os experimentos envolvendo
neuroesferas), ja que no ensaio de proliferacdo, apenas uma pequena aliquota (20
ML) de cada amostra é utilizada. No momento da colheita, apds a retirada de uma
aliquota para o experimento de proliferacao, as células foram centrifugadas a 1000
rom por 5 minutos. Neste momento o sobrenadante (meio de cultura) foi removido e
o “pellet” foi lavado com PBS. As células foram novamente centrifugadas (1000 rpm
por 5 minutos) e, apos a centrifugacdo, o PBS foi removido e o “pellet’
ressuspendido em 2 mL de etanol 70% gelado e mantido a -20° C até o momento da

leitura no citbmetro de fluxo.

Antes de se proceder a leitura das amostras, o material armazenado a -20° C
foi centrifugado (1000 rpm por 5 minutos) e o etanol 70% foi removido. O “pellet” foi
ressuspendido em 3 mL de PBS gelado e novamente centrifugado na mesma
velocidade e tempo citados anteriormente. Apos a centrifugagdo, o PBS foi
removido e o “pellet” ressuspendido em 200 yL da solugédo do Guava Cell Cycle
Reagent (Merck Millipore). Ap6s 30 minutos de incubagao o material foi analisado no
citbmetro. As amostras foram analisadas utilizando o citdbmetro Guava EasyCyte Mini
System (Merck Millipore) e o Software GuavaCytoSoft 4.2.1 (Merck Millipore), sendo

que pelo menos 5000 eventos foram analisados para cada amostra.
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3.10. Ensaio de limite de diluicao e determinagdao do numero de células por

neuroesfera.

A partir de células U87 nao transfectadas (Co) ou transfectadas com a
sequéncia scrambled (SCR), HEB ou E2F1 siRNA, foram semeadas 500, 250, 125,
100, 50, 25 e 10 células/pogo em ftriplicata, em 200 uL de meio para neuroesferas,
em placas de 96 pocos, 24h apds a transfecgcdo. 24 horas apds a semeadura, as
células foram irradiadas, sendo entdo mantidas em estufa (5% CO;) a 37 C°. Apds 6
dias, realizou-se a contagem das neuroesferas com mais de 60 um, utilizando um
microscopio invertido Nikon TS100 em aumento de 100x. No dia seguinte, as
neuroesferas foram dissociadas com accutase para proceder a determinagcédo da

concentracao de suas células utilizando o kit Guava Via Count (Merck Millipore).

3.11. Ensaio de Imunofluorescéncia para a detec¢cao de CD133

O restante das células dissociadas a partir das neuroesferas provenientes do
ensaio de limite de diluicdo, 6 dias apdés a semeadura, foi semeado em placas de 6
pocos em meio para diferenciagdo celular, composto de DEM/F12, 10% de SBF
(Cultilab) e 1% de penicilina (10.000U)/streptomicina (10 mg) (Sigma-Aldrich). Oito
dias apdés a semeadura, as células que estavam aderidas foram individualizadas
(Accutase, Merck Millipore) e preparadas para marcagao por imunofluorescéncia. As
células foram lavadas em PBS e centrifugadas por 5 min. a 1000 rpm e fixadas em 4
% paraformaldeido (Merck Millipore) por 15 min. a temperatura ambiente. Apds
lavagem em PBS, as células permanecram 10 minutos em tampao de incubagao
(0,5% BSA em PBS) para a realizagédo do bloqueio (com o objetivo de diminuir a
ocorréncia de marcagao inespecifica), seguido da centrifugagdo por 5 min a 1000
rom. Foi realizada a incubacdo com o anticorpo anti CD133 (C24B9, Cell Signaling)
na proporgao de 1:100 por 1h a 37°C. Apds a mesma, as células foram lavadas com
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o tampéo de incubagéo, centrifugadas e incubadas com o anticorpo secundario (anti-
IgG de coelho, Alexa-Fluor 488, Life Technologies Corporation) por 30 minutos a
temperatura ambiente. Apos lavagem em PBS, procedeu-se a leitura no citdmetro,
visando quantificar as células marcadas com o anticorpo anti-CD133. Como controle
negativo, as células foram semeadas apenas com o anticorpo secundario. As
amostras foram analisadas utilizando o citdmetro Guava EasyCyte Mini System
(Merck Millipore) e o Software GuavaCytoSoft 4.2.1 (Merck Millipore), sendo que

pelo menos 2500 eventos foram analisados para cada amostra.

3.12. Anadlise estatistica

Foram realizados no minimo 4 experimentos independentes em quase todos
0S ensaios, exceto para a realizacdo da imuno-marcacao e Western blot para
validacédo de FT, para os quais dois experimentos foram conduzidos. Os resultados
foram analisados pelo teste-t de Student e o valor p<0.05 foi considerado como
significativo. Os testes estatisticos foram realizados utilizando o programa SigmaStat
for Windows Version 3.5 (Jandel Scientific Software), enquanto que as construgdes
de graficos e tabelas foram realizadas com o auxilio do software Microsoft Excel,
pertencente ao conjunto de programas do Microsoft Office Professional Plus 2010
(Microsoft Corporation). Os resultados mostrados nos graficos foram realizados a

partir das médias dos experimentos e a as barras correspondem ao desvio padrio.
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RESULTADOS
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4. RESULTADOS

4.1. Predicao de FTs a partir de dados de expressao génica por microarranjos

obtidos em linhagens de GBM irradiadas

Os dados para andlise de FTs foram obtidos em experimentos de
microarranjos com amostras de RNA de células GBM (T98G, U251MG, U343MG-a e
U87MG) irradiadas (8 Gy) ou ndo, colhidas 30 min. e 6 h apds irradiagdo. Os
exerimentos de expressao génica por microarranjos foram conduzidos num estudo
anterior, utilizando-se a plataforma Amersham Il (Array Spotter, Automatic Slide
Processor e Laser Scanner) com =4300 clones de cDNA (em duplicatas). Nesse
trabalho, os resultados de expressao transcricional foram submetidos ao SAM
(Significance Analysis of Microarray) (Tusher et al., 2001), comparando os dados
obtidos para as linhagens T98G, U251MG, U343MG-a e U87MG irradiadas (8 Gy)
versus nao irradiadas (controles) independentemente, considerando-se dois pontos
coleta nos tempos de 30 min. e 6 h, separadamente (Godoy et al., 2013b, Anexo 4)
. Desta forma, obteve-se a lista de genes diferencialmente expressos em células

irradiadas, comparadas as nao irradiadas.

Os genes diferencialmente modulados (SAM) foram entdo submetidos a
andlise pelo FatiGOplus, com o objetivo de buscar FTs significativamente
associados aos genes induzidos e reprimidos para valores de p ndo ajustados (p <
0.05) (Tabela 2).

Um diagrama de Venn foi construido com base nos FTs preditos a partir dos
dados da anadlise de expressao génica transcricional por microarranjos de DNA
obtidos para cada linhagem celular (Figura 1). Os FTs preditos no tempo de 30 min.
e 6 h foram agrupados conjuntamente. Cada linhagem celular apresentou FTs
exclusivos e também comuns as outras linhagens estudadas. Entre 18 FTs
exclusivos para a linhagem U87, PEBP (p = 0,008), Bach2 (p = 0,007), Freac-4 (p =
0,003), HLV (p = 0,006), Evi-1 (p = 0,009) apresentaram baixos valores-p, enquanto
que PPARG e SEF-1 apresentaram um IE elevado (31,3). A U343 apresentou 9 FTs
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exclusivos; Altos valores de |IE foram encontrados para MAF (33,1), E2F:DP-1 (22,0),
PR (45,5) e STAT3 (38,5), e ARP-1 foi o FT que apresentou o menor valor-p (0,009).
A linhagem T98 apresentou 6 FTs exclusivos: EBF, Pax, Pbx1b, C/EBP, Poly A
downstream element e Pax-9; dois deles, EBF e PolyA apresentaram baixos valores-
p, 0,005 e 0,007, respectivamente. Considerando as células U251, 13 FTs foram

preditos e apenas APOLYA apresentou um alto valor de |IE. (Tabela 2).

Tabela 2 Fatores de transcrigdo associados a genes significativamente expressos (SAM,
FDR < 5 %), predito pelo FATIGOplus v3.2., para as linhagens U343, U87, T98 e U251 (30
min. e 6 h apds a irradiacéo). Foram utilizadas listas de genes com padrao de represséao (|)
e indugdo (1) em células irradiadas comparadas as células n&o irradiadas. O indice de
Enriquecimento (IE) calculado para cada TF corresponde ao incremento no numero de
genes (%) significativamente modulados (SAM) que se apresentaram associados a um
determinado FT (Lista 1) dividido pelo numero total de genes (%) presentes nos
microarranjos, os quais sdo alvos do mesmo FT (Lista 2). A distancia génica de 10 kb foi
escolhida para a analise.

U343MG-a
s % de genes % de genes Valor-
Tempo de coleta Fator de transcrigéo . . IE
(Lista 1) (Lista 2) p
ARP-1 14,8 6,7 2,2 0,009
TEF 37,5 253 1,5 0,013
VBP 19,3 10,4 1,9 0,013
Imperfect
2,3 0,2 14,2 0,016
. Hogness/Goldberg BOX
30 min. ()
Muscle initiator 20.5 122 17 0.031
sequence-20
Elk-1 443 33,1 1,3 0,038
Sox-5 4,6 1,5 3,1 0,048
ACAAT 12,5 6,7 1,9 0,049
6h(1) MAF 50,0 1,5 33,1 0,031
E2F-4:DP-1 50,0 2,3 22,0 0,046
ICSBP 40,0 3,7 10,9 0,013
6h (l) PR 20,0 0,4 45,5 0,024
STAT3 20,0 0,5 38,5 0,028
ARP-1 40,0 6,7 6,0 0,040
us7 MG
% de genes % de genes Valor-
Tempo de coleta Fator de transcrigao IE

(Lista 1) (Lista 2) p
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C/EBPgamma 85,0 64,4 1,3 0,007
AP-1 80,0 61,1 1,3 0,014
HEB 57,5 38,5 1,5 0,021
30 min. (1) SREBP-1 97,5 845 12 0024
FOXP3 87,5 72,0 1,2 0,032
PPARG 2,5 0,1 31,3 0,046
SEF-1 2,5 0,1 31,3 0,046
Bach2 63,5 43,9 1,4 0,007
PEBP 28,9 14,4 2,0 0,008
30 min. ({) COUP-TF:HNF-4 1.5 3.7 31 0,014
MEF-3 5,8 1,2 5,0 0,026
FOX 78,9 64,8 1,2 0,039
6h (1) DEC 45,6 31,9 1,4 0,032
STAT3 3,5 0,5 6,8 0,042
Freac-4 10,5 1,6 6,8 0,003
HLF 50,0 28,2 1,8 0,006
Evi-1 97,4 81,6 1,2 0,009
VBP 23,7 10,4 23 0,015
6h() TCF4 553 37.2 15 0,028
AP-1 79,0 61,1 1,3 0,028
Gfi-1 10,5 3,1 3,4 0,031
CRE-BP1 15,8 6,6 24 0,039
HNF-4alpha 29,0 16,4 1,8 0,047
T98G
% de genes % de genes Valor-
Tempo de coleta Fator de transcrigao IE
(Lista 1) (Lista 2) p
EBF 29,6 10,5 2,8 0,005
30 min. (1) ATF4 22.2 84 26 0023
Pax 92,6 75,3 1,2 0,041
6 h(1) Pbx1b 14,3 1,8 8,2 0,026
C/EBP 100,0 20,0 5,0 0,002
6h (l) Poly A downstream 75,0 12,6 6,0 0,007
Pax-9 75,0 23,8 3,2 0,045
U251MG
% de genes % de genes Valor-
Tempo de coleta Fator de transcrigao IE
(Lista 1) (Lista 2) p
SMAD-4 40,0 10,4 3,9 0,015
30 min. (1) PTF1-beta 20,0 2,7 74 0,030
APOLYA 10,0 0,4 27,8 0,039
VBP 21,7 10,4 21 0,025
HNF-6 6,5 1,4 4,7 0,030
30 min. () EoF 52,2 36,0 T4 0,030
TEF 39,1 25,3 1,5 0,040

TTF1 23,9 13,3 1,8 0,047
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CDP CR1 54,4 39,7 14 0,049
FOUTFT 544 397 T4 0049

MAF 5.4 5 102 0017

CREB 46,2 7.8 26 0018

6h (1) ATFA 308 84 37 0020
MEISTB:HOXAS 5.4 o 82 0025

ClEBPgamma 923 644 T4 0041

HEST 455 5.6 29 0019

6h() Lmo2 complex 27.3 6.0 45 0026
ATATA 18,2 2.9 62 0,041

Interessantemente, o FT STAT3 foi comum as linhagens proficientes para
TP53; entretanto, esse TF mostrou-se associado a genes induzidos na U87 e
reprimidos na U343. Apenas o FT VBP foi comum a trés linhagens (U87, U343 e
U251), sendo associado a genes induzidos (30 min. e 6 h). Entre as linhagens
mutantes para TP53, ATF4 foi o FT comum, associado a genes induzidos (30 min. e
6 h). Dois FTs foram comuns para U343 e U251: TEF (associado aos genes
reprimidos em 30 min.) e MAF, (associados aos induzidos em 6 h). Finalmente,
C/EBPGamma foi predito para U87 (30 min.) e U251 (6 h) (Figura 1).

Nossos resultados mostraram que a maioria dos FTs preditos foi exclusiva
para cada linhagem celular, indicando que a resposta transcricional a radiagao
ionizante €& particular a cada linhagem, muito provavelmente devido a

heterogeneidade genética das células de GBM.
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Figura 1. Diagrama de Venn ilustrando os FTs obtidos na analise de cada linhagem
separadamente, ou em cada possivel intersecc¢ao. Os FTs foram preditos a partir dos genes
diferencialmente expressos (resultados da analise dos perfis de expressdo génica por
microarranjo) selecionadas para quatro linhagens de GBM, comparando células irradiadas e
nao irradiadas, coletadas nos tempos de 30 min. e 6 h apds a irradiagdo. Para a predicao foi
utilizada a ferramenta FatiGO+ v3.2.

4.2 Expressdao de HEB avaliada por qPCR em tempo real, Western blot e

Imunocitoquimica

O FT escolhido para testar a eficiéncia do método de predi¢ao foi o HEB, cujo
papel ainda € pouco conhecido, principalmente relacionado com a manutencao do
estado indiferenciado das células tronco (Uittenbogaard e Chiaramello, 2002). Foi
testada a hipétese de que um possivel silenciamento poderia contribuir para as

células se diferenciarem, ou tornar o tumor mais susceptivel a irradiagao.

Antes da realizacdo dos experimentos de expressdao génica por PCR
quantitativa em tempo real foram testadas a eficiéncia de amplificagcdo (B2M e HEB)

e a concentragao de iniciadores (HEB) necessarios para aperfeigoar os resultados.

Foi escolhida a concentragao de iniciadores (forward e reverse) de 200/ 200
nM, sendo esta combinacéao eficiente na amplificacdo do fragmento, sem a formacao
de dimeros sob a mesma temperatura de melting (= 80° C), o que pode ser

observado pela presenca de somente um pico de fluorescéncia. A eficiéncia de
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amplificagdo dos iniciadores (HEB e B2M) também foram testadas, utilizando
diluicdes seriadas de um pool de cDNA (1, 1/10, 1/100, 1/1000). O préprio programa
REST forneceu a eficiéncia dos iniciadores de B2M (0,9615) e HEB (0,9652).

ApOs a padronizagao da reagao foi possivel validar o FT HEB. A analise pelo
software REST 2009 mostrou que HEB sofreu uma indugéo transcricional (Fold
Change = +2,6) quando as células U87 irradiadas foram comparadas as né&o

irradiadas (Figura 2A).

A expressdao de HEB também foi demonstrada por Western blot. Foram
utilizados anticorpos para ACTB e HEB para as células U87 irradiadas e nao
irradiadas, 30 minutos apoés a irradiacéo (Fig.2B). A expresséo relativa foi calculada
por analise densitométrica e constatou-se uma expressao 1,7 vezes maior nas

células irradiadas (8 Gy), relativamente ao grupo controle (Fig. 2C).

[N}

Expression Ratio

-

[+]

o
Expressao relativa (ACTB)

|
' d

HEB

Co 8 Gy

Figura 2 Niveis de expressdao de HEB obtido pelo método de qPCR (A). Este FT foi
associado aos genes regulados em células U87, 30 min. apés a irradiacdo. A caixa
representa o intervalo interquartil e a linha tracejada na caixa representa o valor da mediana.
B) Expressao proteica por Western blot utilizando anticorpos para HEB (Santa Cruz) e
ACTB (Cell Signaling) como controle endégeno, obtidos para células n&o-irradiadas (Co) e
irradiadas com 8 Gy. C) Analise densitométrica das bandas de Western Blot, utilizando o

software Gel Pro Analyzer 4.0, os valores representam a expressao de HEB relativamente a
ACTB.

Além disso, foi analisada a expressao da proteina HEB nas linhagens U87MG
e ACBRI 371, bem como em suas respectivas neuroesferas, na auséncia de
tratamento (Figura 3 A e B).

Os dados da Figura 3 A e B foram quantificados por analise densitométrica
das bandas utilizando software Gel Pro Analyzer softwlare 4.0, (Figura 3 C). A

linhagem U87 apresentou uma expressao relativa de 1,35 + 0,16 e suas respectivas
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neuroesferas apresentaram o valor de 1,31 + 0,01, enquanto que a linhagem de
astrocitos (ACBRI 371) apresentou uma expressao relativa de 1,14 £ 0,24 e suas
neuroesferas de 0,76 + 0,11. Nao houve diferengas estatisticamente significativas

quando comparadas cada uma das linhagens com suas respectivas neuroesferas.

Embora a linhagem U87 tenha apresentado uma maior expressao de HEB em
relagdo aos astrocitos, a diferenga entre os resultados n&o foi significativa.
Entretanto, diferengas estatisticamente significativas (p=0,001) foram observadas ao
comparar os resultados obtidos entre as neuroesferas de U87 e ACBR. Estes
resultados indicaram que a proteina HEB € um alvo interessante para ser utilizado
quanto a aplicagao da estratégia de inibigao, principalmente nas neuroesferas, visto
que a expressao de HEB nas neuroesferas oriundas da U87 foi maior do que

aquelas provenientes da ACBR (Figura 3).
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Figura 3: Expressdo de HEB nas linhagens U87MG (U87) e suas respectivas neuroesferas
(U87 N) (A) e na linhagem astrocitica ACBRI 371 e suas respectivas neuroesferas (AN) (B).
Expressao relativa calculada para analise densitométrica das bandas de Western blot para
HEB relativamente a ACTB (C). Foram utilizados os dados de 3 experimentos
independentes. O colchete indica diferencga significativa (p<0,05) entre as amostras U87 N e
ACBRI N. Foram utilizados anticorpos para HEB (Santa Cruz) e ACTB (Cell Signaling),
como controle enddégeno, na proporgéo de 1:1000.
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A aplicagdo do método de imunocitoquimica possibilitou observar a
localizagdo da proteina HEB nas células U87 e ACBRI 371. Observou-se uma
localizac&o nuclear de HEB, indicando que esta proteina provavelmente atua como

um fator de transcricao (Figura 4).

Figura 4: Expressao da proteina HEB visualizada por imunocitoquimica nas linhagens U87
(A-C) e ACBRI 371 (D-F). As imagens foram capturadas em filtro DAPI (A e D), que torna
possivel a observagédo dos nucleos e FITC (B e E), evidenciando a marcagédo da proteina
HEB. As imagens capturadas nos dois filtros sao visualizadas em C e F.

4.3. Anadlise de Expressao de E2F1 por Western blot

Em um estudo anterior realizado no presente laboratério, os dados dos
microarranjos de 81 amostras de GBM e de 23 amostras de tecido cerebral de
epiléticos foram transferidos a partir do banco de dados publicos Gene Expression
Omnibus (GEO) do NCBI (Barrett et al., 2005; Barrett et al., 2011), cujo numero de
acesso é GSE4290 (Donaires et al.,2013); os genes superexpressos obtidos na
andlise estatistica foram submetidos a duas analises de associagdo a FTs. A

interseccdo dos resultados obtidos nas duas analises de FTs interessantemente
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apontou E2F1 e E2F4 como significativamente associados a lista inicial de genes. A
predicdo dos FTs E2F1 e E2F4 foi confirmada por qPCR em tempo real em 7
linhagens de glioblastoma comparadas a um pool de RNA de tecido cerebral de

varios doadores (Donaires et al., 2013).

No presente trabalho, em continuidade ao estudo anterior, verificou-se a
expressao proteica de E2F1 nas linhagens U87 e ACBRI 371 (astrocitos) e suas
respectivas neuroesferas (Figura 5 A e B). Para testar se houve diferenga
significativa na expressado de E2F1 nessas linhagens, foi feita uma quantificacdo das
bandas, por analise densitométrica descrita anteriormente (Figura 5 C). O valor de
expressao relativa E2F1/ACTB variou de 0,22 a 0,30. A unica diferenca significativa
(p=0,027) foi observada na comparagao entre a linhagem U87 (0,23 * 0,02) e suas
neuroesferas (0,30 *= 0,03). Além disso, apesar de nao haver diferenca
estatisticamente significativa, o valor de expressao relativa das neuroesferas da
linhagem U87 (0,30 + 0,03) foi maior do que o observado para a linhagem astrocitica
(0,22 + 0,05).

Ainda que a expressao relativa de E2F1 por Western blot ndo tenha
correspondido ao resultado obtido por qPCR em tempo real, a diferenca de
expressao verificada entre as neuroesferas das células U87 e ACBRI 371 encorajou

o presente estudo com relagao ao silenciamento do gene E2F1.
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Figura 5: Expressao de E2F1 nas linhagens U87MG (U87) e suas respectivas neuroesferas
(U87 N) (A) e na linhagem astrocitica ACBRI 371 e suas respectivas neuroesferas (AN) (B).
Expressao relativa calculada para analise densitométrica das bandas de Western blot para
E2F1 relativamente a ACTB (C). Foram utilizados os dados de 3 experimentos
independentes. O colchete indica diferengas significativas (p<0,05) entre as amostras U87 N
e U87 N. Foram utilizados anticorpos para E2F1 (Cell Signaling) e ACTB (Cell Signaling),
como controle enddgeno, na proporgéo de 1:1000.



Resultados 58

4.4. Expressao da proteina HEB apds o silenciamento por siRNA

A eficacia do silenciamento de HEB por siRNA foi verificada por Western blot

para as amostras coletadas no tempo de 72 h apéds a transfecgdo com o HEB
siRNA.

A inibicdo da expressao de HEB foi evidente, conforme visualizada no tempo

de 72h para ambas as concentragdes (25 e 50 nM) de HEB siRNA (Figura 7A).
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Figura 6: A) Expressdao de HEB em células da linhagem U87MG transcfectada com a
sequéncia de RNA Scrambled (SCR), HEB siRNA (HEB), comparados ao controle (Co) nas
concentragcdes de 25 e 50 nM, 72 h apds a inibicdo. Expressao relativa obtida por
densitometria das bandas de Western blot nas concentracdes de siRNA de 25 (B) e 50 nM
(C), 72 h apods a inibigao. Foi utilizando o software Gel Pro Analyzer 4.0.

O calculo do valor quantitativo correspondente ao silenciamento parcial de
HEB foi realizado por densitometria; o valor relativo foi calculado pela divisdo entre o

valor obtido para a proteina HEB e o observado para ACTB, sendo que os valores
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quantitativos foram utilizados para a comparagao entre os tratamentos (Figura 6 B e
C).

A inibicdo da expressao relativa de HEB em relacao as células transfectadas
com a sequéncia scrambled foi 97,8 e 70% para as concentracédo de 25 nM e 50nM,
respectivamente. Assim, a concentracdo de 25 nM foi escolhida para os

experimentos subsequentes.

4.5. Expressao da proteina E2F1 apds o silenciamento por siRNA

A diminuicdo na expressao de E2F1 apds o silenciamento do gene foi
comprovada por Western blot. Foram analisadas duas concentragbes de siRNA (25

nM e 50 nM), 48 e 72 h apds o silenciamento (Figura 7 A e B).

Relativamente as células transfectadas com a sequéncia scrambled, o silenciamento
foi de 76 e 84,8% para os tempos de 48 e 72 h, respectivamente, usando-se siRNA

na concentragao de 25 nM. Para 50 nM, a inibigao foi minima em 48h (3%).

4.6. Proliferagao celular

O teste de proliferacdo em células irradiadas e silenciadas por siRNA foi
realizado com o emprego do kit Guava Via Count. A partir de um numero conhecido
de células viaveis foi possivel estimar o quanto as células duplicaram dias apés a
semeadura. Foi contabilizado o numero de células nos tempos de 24, 48 e 72 h apds
o a irradiagdo. As células foram irradiadas 48 h apds a transfecgao por HEB siRNA,
ou E2F1 siRNA ou SCR (Figura 8).
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Figura 7: Analise da expressao de E2F1 em células da linhagem U87MG transfectada com
a sequéncia de RNA Scrambled RNA (SCR), E2F1 siRNA (E2F1), comparadas ao controle
(Co) nas concentragdes de 25 (A) e 50 nM (B), 48 e 72 h apods a inibigao. Expressao relativa
obtida por densitometria das bandas de Western blot nas concentragées de siRNA de 25 e
50 nM, 72 h apds a inibi¢cao (C). Foi utilizando o software Gel Pro Analyzer 4.0
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Figura 8: Curvas de proliferacao celular baseadas no niumero de duplicagao de células U87
transfectadas com a sequéncia scrambled (SCR), HEB siRNA ou E2F1 siRNA e grupo
controle, irradiadas ou ndo com a dose de 4 Gy e colhidas 24, 48 e 72 h apds a irradiagao.
Foi utilizado o kit Guava Via Count para determinagao da concentragao/ viabilidade celular e
a leitura feita no citdbmetro Easycyte Mini System (Merck Millipore). O tempo zero é
considerado o momento da irradiagao, portanto o valor da duplicagdo também é zero.

Para facilitar a descricdo, separamos os resultados em grupos: células nao
irradiadas (Figura 9), silenciadas por HEB siRNA (Figura 10) ou E2F1 siRNA
(Figura 11). O grupo controle sem qualquer tratamento foi utilizado para verificar se
a introducdo de um oligbmero aleatério (sequéncia scrambled) interfere na
viabilidade celular, assim como em sua proliferacao e ciclo. Neste experimento foi
possivel observar que, na concentracdao de siRNA utilizada (25 nM) nao houve
interferéncia na proliferacdo celular, visto que as curvas de sobrevivéncia foram
muito semelhantes, ndo havendo diferengas estatisticamente significativas entre o
grupo transfectado com a sequéncia SCR e o grupo controle em todos os pontos
testados. Para verificar se a inibigdo dos genes E2F1 e HEB por si s6 altera a
proliferacdo, comparamos os resultados das células transfectadas com a sequéncia
scrambled (Figura 10). As curvas de proliferacdo mostram claramente que a inibicao

de E2F1 e HEB diminui a proliferacdo em todos os tempos, comparados ao grupo
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SCR. Entretanto, s6 foram observadas diferengas significativas quando comparados
o grupo silenciado por E2F1 e SCR em 24 h (p=0,032),48 h (p = 0,049)e 72 h (p =
0,021), assim como na comparacgao entre HEB siRNA e SCR no tempo de 72 h (p =
0,043).
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Figura 9: Curvas de proliferacdo celular baseadas na taxa de duplicacdo de células U87
transfectadas com a sequéncia scrambled (SCR), HEB ou E2F1 siRNA e grupo controle. Foi
utilizado o kit Guava Via Count para determinagdo do numero de células viaveis por meio da
analise por citometria (citbmetro Easycyte Mini System - Merck Millipore).

As curvas de proliferacao para as células silenciadas por siRNA para HEB
(Figura 11 A) e E2F1 (Figura 11 B) mostram pequenas diferengas entre os grupos
irradiados e seus respectivos controles em 24 e 48 h. Contudo, em 72h foram
detectadas diferengas significativas em todas as comparagdes (p<0,05) entre os
irradiados e seus controles. Para comparar os grupos irradiados, foi calculada a
porcentagem de células viaveis irradiadas em relagcdo ao grupo nao irradiado, os
quais foram usados para a construgao de curvas de sobrevivéncia (Figura 12). Desta
maneira, observa-se que em 24 h, o silenciamento de E2F1 reduziu a porcentagem
relativa de células viaveis irradiadas em menor escala quando comparado ao grupo
SCR irradiado (p= 0,029). Nos tempos de 48 e 72h, nao foram detectadas diferencas
significativas entre os grupos. Os resultados demonstram que o silenciamento de
HEB ou E2F1 ndo promoveu a radiossensibilizacdo das células, conforme esperado,
mas apenas uma radiorresisténcia temporaria em 24 h, pelo menos para E2F1
(Figura 12).
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Figura 10: Curvas de proliferacdo celular baseadas na taxa de duplicagdo de células U87
transfectadas com a sequéncia scrambled (SCR), HEB (A) ou E2F1 siRNA (B) colhidas no
tempos de 24, 48 e 72 h apds a irradiacdao com 4 Gy. Foi utilizado o kit Guava Via Count
para determinacao do numero de células viaveis e leitura no citbmetro Easycyte Mini System
(Merck Millipore).
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Figura 11: Curvas de sobrevivéncia baseadas na porcentagem de células viaveis irradiadas
em relagdo as nao irradiadas. Foram utilizados os grupos nao transfectados (controle) e
transfectados com E2F1, HEB e SCR; irradiados (IR) ou nao (NI), analisados nos tempos de
24,48 e 72 h apds o tratamento.
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4.7. Analise de viabilidade e morte celular

A viabilidade celular avaliada para a linhagem U87 nao transfectada ou
transfectada com SCR, E2F1 ou HEB siRNA, irradiadas ou ndo sofreu pequenas
variagbes nao significativas, de 87,4 a 92,3% (Figura 12). A unica diferenga
estatisticamente significativa foi detectada entre o grupo SCR e SCR 4 Gy, 48 h
ap6s a irradiagao (p= 0,024).

Foram também calculadas as porcentagens de células apoptoticas e
necroticas, 24, 48 e 72 h apds a irradiacdo (Figura 13). Observou-se que a
transfecgdo com a sequéncia SCR nao alterou significativamente a indugéo de morte
celular (apoptose e necrose) e consequentemente a viabilidade, em comparagao ao
grupo controle, indicando que a metodologia do silenciamento foi bem sucedida;
assim os efeitos biolégicos observados foram decorrentes da inibicdo do gene em
questao e nao do processo de transfeccao. Os indices de células apoptdticas foram
baixos, com pico de indugédo de 7,9% no grupo de células transfectadas com E2F1
siRNA e irradiadas (analisadas apés 72 h), ndo sendo detectadas diferencas

estatisticamente significativas para outras comparacgdes.

Os indices de indugcado de morte celular por necrose foram pouco maiores do
que os de apoptose, com um pico de indugdo de 10,3% (SCR 4 Gy, 48 h). E notavel
um aumento da indugdo de necrose nos grupos irradiados em relagdo aos nao
irradiados. Foram observadas diferencas significativas entre o grupo de células
transfectadas com a sequéncia SCR e analisadas nos tempos de 24 h (p=0,013), 48
h (p =0,007) e 72 h (p = 0,026), bem como para as células silenciadas para E2F1 (p
= 0,019) e para HEB siRNA (p = 0,005), ambas em 48 h e, em todos os casos, na
comparagao do grupo irradiado versus nao-irradiado. Foram também encontradas
diferengas estatisticamente significativas na comparagdo entre o grupo de células
transfectadas com SCR e transfectadas com E2F1 siRNA no tempo de 72 h (p =
0,041).
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Figura 12: Viabilidade de células U87 nao transfectadas (Co) ou transfectadas com a
sequéncia scrambled (SCR), HEB ou E2F1 siRNA, irradiadas ou ndo com a dose de 4 Gy,
colhidas 24, 48 e 72 h apés a irradiacdo. Foi utilizado o kit Guava Via Count para
determinagéo da viabilidade celular e leitura no citbmetro Easycyte Mini System (Merck
Millipore).
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Figura 13: Frequéncias de apoptose e necrose em células U87MG ndo transfectadas
(Controle) ou transfectadas com a sequéncia scrambled (SCR), HEB ou E2F1 siRNA,
irradiadas ou ndo com a dose de 4 Gy, colhidas nos tempos de 24 (A), 48 (B) e 72 h (C)
apos a irradiacao.
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4.8. Analise da cinética do ciclo celular

Para a deteccao de células em diferentes estagios do ciclo celular, utilizou-se
o kit Guava cell cycle, sendo possivel distinguir células em G0/G1, S, e G2, além da
deteccdo de morte celular pela quantificagdo de células em sub-G1. As culturas de
células U87MG foram irradiadas 48 h apds a transfeccao com SCR, E2F1 ou HEB si
RNA, sendo analisadas nos tempos de 24, 48 e 72 h apdés a irradiagao (Figura 14).
O grupo controle, sem silenciamento, foi utilizado com o intuito de avaliar se a
transfecgdo em si gera alteragbes na cinética do ciclo. A unica diferenga
estatisticamente detectavel entre os grupos foi na comparagdo entre o grupo
controle e o SCR no tempo de 24 h, na fase sub-G1 (p = 0,010).

De maneira geral, o grupo transfectado com E2F1 siRNA apresentou uma
diminuicdo significativa na proporgdo de células em GO/G1 em relagdo ao grupo
SCR em 24 h (p = 0,037), além de um aumento significativo de sub-G1 (p = 0,002)
em 24 h, e em 72 h (p = 0,011). Para a comparacédo HEB siRNA versus SCR,
observou-se uma diminuicdo na propor¢ao GO0/G1 (p=0,029) e um aumento
significativo de sub-G1 (p=0,040) em 24 h.

O grupo transfectado com E2F1 siRNA e irradiado apresentou uma
diminuicao significativa de GO/G1 em 48 h em relagdo ao E2F1 ndo irradiado (p =
0,020), enquanto que o grupo transfectado com HEB siRNA e irradiado apresentou
diminuicdo de G1 comparado ao HEB n&o irradiado (p=0,003), além de aumento
significativo de sub-G1 (p= 0,023) em 72 h. Finalmente, o grupo SCR irradiado
apresentou, em relacdo ao SCR nao irradiado, diminuicdo estatisticamente
significativa de células em G0/G1 em 24 h (p=0,036) e 72 h (p=0,042).

Assim, observou-se que nas células silenciadas com E2F1 e HEB siRNA e
irradiadas, houve uma certa radioprotecéo no tempo de 24 h apds o tratamento, nao
sendo observada qualquer diferenga significativa nas proporgbes de células nas
diferentes fases do ciclo celular. Por outro lado, foi observada uma diminuigao
significativa de G0/G1 para o grupo transfectado com a sequéncia SCR (células
irradiadas), o que pode se correlacionar com os resultados de proliferagéo, visto que
em 24 h as células silenciadas para E2F1 sofreram uma queda menos acentuada no

indice de duplicagcao celular. Com relagdo as diferengas relativas aos efeitos da
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radiacao, estas ocorreram principalmente apds 24 h, isto €, 48 h para E2F1 siRNA e
72 h para HEB siRNA; enquanto que, os efeitos somente do silenciamento foram
observados significativamente em 24 h, havendo diminuicdo de GO/ G1 e aumento

de sub-G1 em ambos os casos.
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Figura 14: Distribuicdo das células em diferentes fases do ciclo celular: U87MG néo
transfectadas (Controle) ou transfectadas com a sequéncia scrambled (SCR), HEB ou E2F1
siRNA, irradiadas ou ndo com a dose de 4 Gy, colhidas 24 (A), 48 (B) e 72 h (C) apds a
irradiagao. Foi utilizado o kit Guava Cell Cycle reagent e a leitura foi feita no citbmetro
Easycyte Mini System.
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4.9. Ensaio de limite de diluicao na formacao de neuroesferas

A partir de células U87 nao transfectadas (Co) ou transfectadas com a
sequéncia scrambled (SCR), HEB ou E2F1 siRNA, foram semeadas 10 a 500
células/poco, 24h apds a transfeccdo. 24 horas apds a semeadura, as células foram
irradiadas e, 6 dias apos a irradiagdo, foi realizada a contagem das neuroesferas

com mais de 60 um (Figura 15).
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Figura 15: Neuroesferas formadas 6 dias apds semeadura de células em meio especifico
para o seu crescimento em placas de 96 pogos. Fotografias obtidas pelo sistema de captura
acoplado ao microscoépio invertido Nikon TS100 em aumento de 100x. Foram consideradas
as neuroesferas com mais de 60 pm de didmetro. A barra de escala corresponde a 200 pm.

Foi possivel estabelecer uma relagdo linear entre o numero de células
semeadas e o numero de neuroesferas formadas para cada tratamento (Figura 16 e
Tabela 3).

A eficiéncia de clonagem dessas neuroesferas foi calculada a partir da
férmula: Eficiéncia de Clonagem = numero de neuroesferas formadas/ numero de

células semeadas (Tabela 3).

Nos experimentos em que foram semeadas 500 células por poco/ tratamento
foi observada uma maximizagcdo do numero de neuroesferas formadas (Figura 16).
Esses dados sao apresentados com detalhe para os diferentes tratamentos na
Figura 17 A. Além disso, para comparar os efeitos da irradiagao entre os diferentes

silenciamento, foi calculada a porcentagem do numero de neuroesferas irradiadas
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em relagdo ao grupo nao irradiado para cada grupo, controle, SCR, E2F1 e HEB
(Figura 17 B).
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Figura 16: Correlacao linear entre o numero de células semeadas/ nimero de neuroesferas.
As esferas foram contabilizadas 6 dias apds a radiacao. As neuroesferas foram formadas a
partir de células U87MG néo transfectadas (Controle) ou transfectadas com a sequéncia
scrambled (SCR), HEB ou E2F1 siRNA, e irradiadas 48 h apds o processo de transfecgao.
As células foram semeadas em ftriplicatas e em quantidades gradativas de 10-500 por pogo
em placas de 96 pocos.

Tabela 3: Dados da analise de regresséo linear (equagdo da reta e coeficientes de
regressao R?) a partir do numero inicial de células semeadas (x) em relagdo ao numero
observado de neuroesferas (y) nos diferentes tratamentos, bem como os resultados de
eficiéncia de clonagem para cada tratamento.

Eficiéncia de

Tratamento Equacao da reta R? clonagem
Controle y =0,1583x + 3,4354 0,9915 16,08
4 Gy y =0,0947x + 1,4332 0,9946 9,51
SCR y =0,1275x + 0,3082 0,9982 12,66

SCR 4 Gy y = 0,0643x + 0,208 0,9937 6,50
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Si E2F1e y =0,0587x - 1,4534 0,9857 3,58
Si E2F1 4 Gy y =0,0371x + 0,1683 0,9753 1,76
Si HEB y =0,0587x - 1,4534 0,9857 5,66
Si HEB 4 Gy y = 0,0503x - 1,2808 0,986 4,76

Foram também calculadas as porcentagens relativas de neuroesferas
formadas nos grupos de células irradiadas versus nao-irradiadas; os dados mostram
os efeitos da irradiacdo no sentido de reduzir na formacao de neuroesferas (Figura
17 B).

Nao foram detectadas diferencas significativas entre o grupo Co e
transfectado com a sequéncia SCR. Ainda considerando os grupos néo irradiados,
foram observadas diminuigdes significativas na formagao de neuroesferas entre o
grupo SCR e E2F1 (p = 0,001) e SCR e HEB (p = 0,005). A radiacao ionizante
também reduziu o numero de neuroesferas entre no grupo SCR irradiados em
relagcdo ao SCR né&o irradiado (p = 0,007) e e E2F1 siRNA irradiados versus E2F1
nao irradiado (p= 0,013). Entretanto, os grupos HEB si RNA e HEB irradiados

apresentaram valores semelhantes.

Ao analisar os efeitos da irradiagdo entre os diferentes grupos transfectados
(E2F1, HEB e SCR), foi detectada uma diferenca estatisticamente significativa (p =
0,024) quando comparados os valores relativos entre os grupos irradiados SCR e
HEB, demonstrando que a inibicdo deste gene confere uma radiorresisténcia

aumentada em relagéo ao grupo SCR.
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Figura 17: (A) Numero de neuroesferas formadas a partir de 500 células de U87MG néo
transfectadas (Controle) ou transfectadas com a sequéncia scrambled (SCR), HEB ou E2F1
siRNA, irradiadas 48 h apds a transfeccao, e colhidas 6 dias apds a irradiagcdo. As linhas
continuas representam diferengas significativas entre grupos irradiados (IR) e nao irradiados
(IR), enquanto que a linha tracejada indica a diferenga entre os grupos silenciados com o
controle Scrambled (B) Porcentagem do numero de neuroesferas formadas nos grupos
celulares irradiados (IR) em relacdo as neuroesferas formadas nos grupos celulares nao
irradiados (NI). Diferencas significativas (p<0,05) entre as amostras séo indicadas pelos
colchetes.

4.10. Avaliacao do numero de células presentes nas neuroesferas

ApoOs 24 h da contagem das neuroesferas, as mesmas foram dissociadas
para avaliacdo da concentracdo celular em cada uma. Assim, foi possivel calcular a
quantidade de células viaveis em cada neuroesfera, dividindo-se a quantidade de
células pelo numero de neuroesferas contabilizadas (Figura 18). De maneira geral,
nao houve diferencas significativas entre o grupo SCR e Controle e entre os
silenciados por E2F1 ou HEB siRNA em relagdo ao grupo SCR. Apesar de né&o
haver diferenga significativa, observou-se que o processo de transfecgao reduziu o
nuamero de células ao comparar o grupo controle e SCR. Por outro lado, ao
comparar o grupo HEB irradiado com o nao irradiado verificou-se um efeito da

irradiagao, visto que a diferenca foi significativa (p = 0,005), indicada pelo colchete.
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Figura 18: Numero de células presentes em cada neuroesfera, que foram contabilizadas
apo6s semeadura de 500 células de U87MG néo transfectadas (Controle) ou transfectadas
com a sequéncia scrambled (SCR), HEB ou E2F1 siRNA, irradiadas 48 h apds a
transfecgéo, e colhidas 7 dias apods a irradiacdo. Diferencas significativas (p<0,05) s&o
indicadas por um colchete, analisadas pelo teste-t.
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Figura 19: Porcentagem de células marcadas positivamente para CD133 8 dias apds a
dissociagdo das neuroesferas formadas a partir das células U87MG nao transfectadas
(Controle) ou transfectadas com a sequéncia scrambled (SCR), HEB ou E2F1 siRNA,
irradiadas 48 h ap6s a transfeccdo e analisadas por citometria de fluxo. Foram realizados
dois experimentos independentes. O grupo NE, considerado como controle positivo,
consistiu em neuroesferas cultivadas em meio especifico para as mesma. Todas as outras
células foram semeadas em meio de diferenciagdo. Os colchetes indicam diferencas
estatisticamente significativas (p<0,05) obtidas pelo teste-t.
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4.11. Avaliacdo das células marcadas com o anticorpo CD133 por

imunofluorescéncia

A partir das neuroesferas dissociadas 7 dias apos o tratamento, as células
foram reincubadas em meio de diferenciag¢ao celular, sendo colhidas apds 8 dias e
submetidas a marcagdo de CD133 por imunofluorescéncia (Figura 19). Com
excecdo do grupo de neuroesferas, todos os outros tratamentos apresentaram
células aderidas as placas de cultivo. A presenca da proteina CD133 é caracteristica
de alguns tipos de células-tronco tumorais, sendo relacionada com a capacidade de
diferenciacdo destas. Assim, nosso controle positivo consistiu em neuroesferas
cultivadas por 8 dias em meio de cultivo apropriado, diferentemente do meio de
diferenciacdo no qual as células provenientes de outros tratamentos foram
semeadas. Estas apresentaram os maiores indices de células marcadas para
CD133 (44,07 £ 5,75).

Apos um periodo de 8 dias a contar da dissociagdo das neuroesferas
formadas pela linhagem U87MG foram detectadas diferencas significativas quanto a
diminuicdo do numero de células positivas para CD133, comparando-se 0s grupos
NE versus controle (p=0,018) e NE versus SCR (p=0,043). Esses resultados indicam
que o meio de diferenciacao reduziu a quantidade de células positivas para CD133,
0 que pode estar diretamente correlacionado com o aumento na diferenciagao

dessas células-tronco.

Tanto o grupo SCR e o controle apresentaram quantidades semelhantes de
células marcadas e também um acréscimo na marcagcdo quando as mesmas foram
irradiadas, apesar deste nao ter sido estatisticamente significativo. Também foi
notéria a acentuada marcagdo de CD133 nas células silenciadas para E2F1 e a
reducdo na marcacdo das mesmas quando irradiadas, embora as diferencas entre
esses dois grupos nao tenham sido significativas. Em contraste, o grupo silenciado
para HEB apresentou uma quantidade de marcagcdo consideravel nas células nao
irradiadas (22,24 + 4,34), mas manteve uma porcentagem semelhante de células

CD133 positivas nas células silenciadas e irradiadas.
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DISCUSSAO
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5. DISCUSSAO

5.1. Predicao de FTs a partir de dados de expressao génica por microarranjos

obtidos em linhagens de GBM irradiadas

Recentemente, tecnologias gendmicas, como o0s microarranjos de DNA,
fornecem uma quantidade enorme de informagdes sobre a expressao génica, mas

exigem analises adicionais de bioinformatica para interpretacdo dos dados.

A fim de reduzir as assinaturas complexas para um pequeno numero de
elementos de transcricdo ativados, novas ferramentas de bioinformatica tém sido
desenvolvidas. As regides de ligagdo de FTs em todo genoma foram identificadas
utilizando uma variedade de métodos indiretos e conjuntos de dados, revelando
abundantes sitios de ligagdo para FTs diferentes em células de mamiferos (Cawley
et al., 2004; Bieda et al., 2006; Birney et al., 2007; Ferretti et al., 2007).

A utilizacdo de listas de genes diferencialmente expressos geradas por
experimentos de microarranjos possibilita a previsdo de FTs que potencialmente
possam se ligar a sitios de ligagdo comuns a um conjunto de genes. No atual
estudo, foi realizada uma analise in silico (Fatigo + v3.2.) para identificar FTs a partir
de listas de genes diferencialmente expressos selecionados para linhagens de GBM

irradiadas em experimentos de microarranjos (dados obtidos anteriormente).

Apenas poucos FTs preditos foram comuns as linhagens de GBM, enquanto
varios FTs foram exclusivos de cada linhagem, indicando que a resposta
transcricional em resposta a radiagdo ionizante foi peculiar a cada linhagem
examinada neste estudo de microarranjos. Além disso, esses dados mostram
também o alto grau de heterogeneidade entre as linhagens estudadas (Godoy et al.,
2011, Anexo2).

Os FTs mais relevantes, baseados em valores p menores que 0,01 e IE
maiores do que 20 s&o discutidos a seguir. Foram encontrados poucos FTs preditos
para mais de uma linhagem celular: MAF (U343 e U251), TEF (U343 e U251), ATF4



Discusséo 76

(U251 e T98G), STAT3 (U87 e U343), VBP (U87, U343 e U251) e C/EBPGamma
(U87 e U251). O STAT3 atua na transcricao de genes envolvidos nos processos de
proliferagdo celular, supressdo de apoptose e angiogénese (Bowman et al., 2001;
Brennan et al.,, 2009). Os TFs MAF e TEF também estdo relacionados com a
apoptose (Benito et al., 2006), enquanto que ATF4 atua nas respostas ao estresse
de reticulo endoplasmatico (RE) (Tian et al.,, 2011) (Blais et al., 2004) e
CEBPGamma participa do reparo por excisdo de nucleotideos (Crawford et al.,
2007) (O'Donovan et al., 1994). Alguns desses FTs ja foram associados ao cancer,
como o STAT3, o qual se mostrou superexpresso em GBM (Lo et al., 2008), e MAF,
o qual foi associado a varios tipos de cancer (Natkunam et al., 2009; Asting et al.,
2011).

Tais FTs preditos por analise in silico representam uma resposta global das
células de GBM a irradiacdo, uma vez que eles foram preditos para mais de uma
linhagem e, como mencionado acima, as suas fungdes sao diretamente associadas
a respostas ao estresse, envolvendo a apoptose, reparo no DNA e estresse de RE.
Assim, alguns FTs preditos sdo alvos potenciais a serem investigados e validados
no tratamento do cancer, como por exemplo, a inibicdo de STAT3, que ja esta em

processo de triagem clinica (Sen et al., 2012).

Os FTs exclusivamente previstos para as linhagens analisadas também foram
analisados. Apenas dois FTs foram preditos para T98G: EBF e C/EBP. Ambos
atuam na expressao de genes envolvidos no bloqueio da proliferacéo celular (Zhao
et al., 2006) (Wang et al., 2001). A inativacdo de EBF e C/EBP (também conhecido
como CEBPA) contribui no processo de tumorigénese (Liao, 2009) (Pabst et al.,
2001). O FT CEBPA também é importante na resposta aos danos no DNA
dependente de TP53, tal como observado em queratindcitos (Yoon e Smart, 2004).
O unico FT selecionado de acordo com o critério de selegéo (alto IE ou baixo valor

p) foi o APOLYA, cuja fungéo ainda n&o € bem conhecida.

A linhagem U343 apresentou poucos FTs preditos associados
significativamente aos genes modulados, os quais foram exclusivos para essa
linhagem celular irradiada: PR, E2F4:DP-1, e ARP-1. As func¢des destes FTs estdo
principalmente associadas ao ciclo celular, crescimento tumoral, e angiogénese,
sendo envolvido em varios tipos de cancer (Schrell et al., 1990; Grunberg et al.,
1991; Graham e Clarke, 1997; Qin et al., 2010; Lee et al., 2011). A superexpressao
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de E2F4 foi confirmada em varias linhagens GBM (Donaires et al., 2013),

demonstrando o potencial deste FT como alvo molecular na terapia do cancer.

A linhagem U87 apresentou varios FTs preditos com os valores de p nao
ajustados significativos e pelo alto indice de enriquecimento, maiores do que em
outras linhagens celulares. A maioria dos FTs preditos desempenha fungbes
relacionadas ao processo de apoptose, como por exemplo, PPARG (Strakova et al.,
2005; Cellai et al., 2006; Grommes et al., 2006), Batch2 (Muto et al., 1998; Hoshino
et al., 2000), PEBP (Wu e Bonavida, 2009), HLF (Benito et al., 2006), AP1
(Schreiber et al., 1999; Shaulian e Karin, 2001) e EVI1 (Wieser, 2007)), sendo que
estes foram associados tanto a genes induzidos como reprimidos. Outras fungdes
biolégicas também foram associadas aos FTs, como proliferacdo celular (PPARG,
PEBP, AP1 e EVIM), diferenciacdo (Bach2 e EVI1) e angiogénese (AP1). Muitos
destes FTs estdo relacionados com a manutencdo do crescimento tumoral,
indicando a importancia da sua desregulagdo no desenvolvimento do céncer e,
possivelmente, em respostas tumorais a terapias anticancer. Alguns desses FTs
estdo sendo utilizados em ensaios clinicos. Agonistas de PPARG utilizados como

monoterapia nao surtiram efeito no tratamento do cancer (Veliceasa et al., 2008)

HEB foi escolhido como um dos FTs preditos na analise in silico, associado a
genes induzidos na linhagem U87 (valor-p = 0,021 e IE = 1,5) a ser estudada em
termos de niveis de expressdo, apesar deste nao ter apresentado baixo valor p e
alto valor de IE, P. Ha evidéncia de que HEB possa estar envolvido no controle da
proliferagdo celular de células tronco neurais e também de células progenitoras,
sendo importante na manutengdo do estado celular indiferenciado durante a
neurogénese embrionaria e adulta (Uittenbogaard e Chiaramello, 2002). Mais
informacgdes serado fornecidas subsequentemente, quando abordaremos os efeitos

do silenciamento desse FT.

Deste modo, foi demonstrado um aumento na expressdo da transcricao de
HEB (FC = + 2,6) 30 min. apds a irradiagao, ao passo que a expressao da proteina
HEB, analisada por Western blot foi 1,7 vezes maior em células irradiadas (8 Gy),
relativamente aos controles ndao-expostos. Ainda, foi detectada a expressao proteica
de HEB na linhagem U87 e em astrocitos primarios (ACBRI 371), além de suas

neuroesferas pelos métodos de Western blot e imunocitoquimica.
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Provavelmente, esta variagcdo nas respostas transcricionais € devida a
heterogeneidade genética, o que ¢é caracteristco de GBM. Apesar desta
observacgao, varias fungdes biolégicas associadas aos FTs foram similares entre as
linhagens, tais como apoptose, proliferagdo celular, controle do ciclo celular, reparo
de DNA, estresse de RE, e diferenciagdo. Ainda, a maioria dos FTs preditos ja foi
descrita como expressos diferencialmente, ou deletados ou mutados em tumores,
incluindo GBM. No entanto, apesar da semelhanga nas fungdes bioldgicas,

diferentes vias parecem estar associadas aos FTs preditos.

Curiosamente, ndo foi possivel encontrar TP53 como um FT associado ao
conjunto de dados (genes diferencialmente expressos em células irradiadas)
analisados no presente estudo, mesmo para as células de GBM que eram do tipo
selvagem para o gene TP53, muito embora o clone de cDNA de TPS53 estivesse
presente na lamina do microarranjo. E possivel que devido a algum bloqueio nas
vias de sinalizagcdo, a proteina TP53 ndo possa ser ativada em células GBM,
prejudicando a sua agao como fator de transcricdo, tal como foi sugerido

anteriormente por outros autores (Shu et al., 1998).

Desse modo, resultados interessantes obtidos nesse trabalho apontam a
associagao de FTs a processos importantes na manutencdo tumoral, angiogénese,
proliferagdo, diferenciagdo, manutengado de células tronco, etc. Entretanto, algumas
limitagdes tecnolégicas devem ser mencionadas, relativas a predigdo de FTs in
silico;, apesar do grande avango em termos de detecgédo dos sitios de ligagdo no
DNA, € dificil determinar quais sdo elementos reguladores funcionais que
influenciam a transcricdo. E possivel que uma fracdo consideravel dos sitios de
ligacdo nao seja funcional e possa constituir um ruido biologico (Struhl, 2001).
Alternativas, como os experimentos de ChIP, podem superar este problema
detectando interagdes indiretas entre os FTs e os sitios de ligagao no DNA (Chen et
al., 2008).

Em um estudo anterior de nosso grupo, foi validada a expressao de E2F1 por
gPCR em tempo real em sete linhagens de GMB (Donaires et al., 2013). No
presente trabalho, confirmamos a expressdao de E2F1 por Western blot nas
linhagens U87, ACBRI 371 e suas respectivas neuroesferas, demonstrando a
confiabilidade do método de predicdo. Do mesmo modo, foram selecionados FTs
preditos associados a genes de resposta ao estresse, sendo que os mesmos foram
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relatados como desregulados ou mutados em diferentes tipos de cancer, o que
indica a importancia de estudos adicionais para melhor explorar o papel desses FTs

no contexto das estratégias terapéuticas baseadas em alvos moleculares.

5.2. Expressao de HEB e efeitos do silenciamento desse gene

ApOs a realizagédo da analise in silico, o FT HEB, o qual foi associado a genes
induzidos na linhagem U87 irradiada (valor-p = 0,021 e IE = 1,5), foi estudado em
termos de niveis de expressao transcricional e proteica. Foi comparada a expressao
proteica de HEB entre U87 e astrocitos primarios (ACBRI 371), além de suas
neuroesferas, usando-se os métodos de Western blot e imunocitoquimica. Apesar
de nao haver diferengas estatisticamente significativas, observou-se que as células
U87 apresentaram uma maior expressao relativa de HEB em relacédo aos astrocitos.
Condizente com esse resultado, HEB foi transcricionalmente induzido em gliomas
em comparagao com tecido cerebral ndo canceroso (Riemenschneider et al., 2004).
Outros estudos associaram a superexpressdao de HEB a metastase de cancer

colorretal (Lee et al., 2012).

A proteina HEB, também chamada de TCF12 ou HTF4, € membro da familia
basica de hélice-algca-hélice (bHLH) de fatores de transcricdo. Esta familia é dividida
em sete classes, de acordo com sua distribuicdo, capacidade de dimerizagcao e
especificidade de ligagdo ao DNA (Massari e Murre, 2000). HEB pertence a classe |,
também conhecida como proteinas E, expressas em varios tecidos formando homo
e heterodimeros. Esta proteina participa no desenvolvimento do sistema nervoso,
interagindo com proteinas especificas da neurogénese e atuando na manutengao e
proliferagdo das células tronco neurais (Uittenbogaard e Chiaramello, 2002;

Ravanpay e Olson, 2008).

No presente trabalho, foi também demonstrado um aumento transcricional de
HEB, 30 min. apds a irradiagdo, ao passo que a expressao da proteina HEB foi 1,7

vezes maior em células irradiadas (8 Gy), relativamente aos controles ndo-expostos.
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Desta forma, foram estudadas as consequéncias do silenciamento de HEB siRNA na
proliferagdo, morte celular, ciclo celular, formacado de neuroesferas e na proporgao

de células CD133 positivas, utilizado como um marcador de células-tronco.

O silenciamento de HEB foi analisado 72 h apés a transfeccédo e atingiu
97,8% de inibicdo em relagdo ao grupo SCR. Quando comparados 0s grupos
silenciados por HEB, em relacdo ao SCR, sem tratamento, foi observada uma
reducao significativa da proliferacao celular no tempo de 72h e um aumento de
morte celular pela quantificagdo de células na fase sub-G1 do ciclo em 24 h. Esse
aumento de morte foi acompanhado de uma diminuigc&o significava de células em
GO0/ G1.

O silenciamento de HEB em linhagens de cancer colorretal reduziu a
capacidade de migracao, invasao e metastase (Lee et al., 2012). Nesse trabalho, a
correlacdo da superexpressao de HEB mRNA com a metastase de cancer colorretal
foi sugerida por dados de microarranjos e validados em 120 pacientes, sendo
demonstrado que HEB atua como um repressor de E-caderina (Lee et al., 2012).
Portanto, o silenciamento de HEB, em ambos os casos (cancer colorretal e GBM),
levou a reducdo de caracteristicas que sdo importantes na patogénese do céancer,

como proliferacao e invasao celular.

Como descrito anteriormente, o valor de expressao relativa transcricional e
proteica de HEB foi maior nas células U87 irradiadas, o que motivou a realizagao de
experimentos para verificar os efeitos do silenciamento do gene HEB. A irradiagao
também diminuiu significativamente a proliferagdo das células silenciadas para HEB,
em relacdo as nao irradiadas e analisadas apés 72 h. Entretanto, em termos
relativos, a irradiagao reduziu na mesma propor¢cdo o numero de células dos grupos
silenciados para HEB e transfectados com a sequéncia scrambled, da mesma forma
que a inducao de necrose no tempo de 48 h e a redugcdo no numero de células em
G0/ G1em 72 h.

Assim, podemos concluir que apesar da expressdo aumentada em células
irradiadas, HEB né&o interferiu na radiossensibilidade da linhagem U87. Uma possivel
causa pode estar associada a sobreposicao funcional das proteinas da familia das
proteinas-E. Em um estudo realizado em camundongos, foi descoberto que as
proteinas-E sédo sobrepostas funcionalmente por outras proteinas da mesma familia

durante o desenvolvimento do sistema nervoso, de forma que o silenciamento de
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HEB e E2A nédo explicitou nenhuma deficiéncia neuro-anatbmica, celular ou
comportamental em ensaios in vivo em camundongos (Ravanpay e Olson, 2008).
Essa sobreposicdo funcional das proteinas-E foi demonstrada durante o
desenvolvimento, mas € plausivel que ocorra em outros processos, como na
resposta a irradiagcdo. Apesar de ndo ter influenciado na radiossensibilidade, o

silenciamento de HEB na linhagem U87 reduziu a proliferagao celular.

5.3. Expressao de E2F1 e efeitos do silenciamento desse gene

A predicdo de FTs in silico realizada a partir de amostras de GBM
comparados a amostras de tecido cerebral de epiléticos indicou uma elevada
expressao de E2F1. Esta foi demonstrada em amostras de células U87. A expressao
transcricional de E2F1, avaliada anteriormente por g°PCR em tempo real, foi maior
em 7 linhagens de GBM comparadas a um pool de RNA de tecido cerebral de varios
doadores (Donaires et al., 2013). Entre os FTs preditos, escolhemos E2F1 para
estudar a expressao protéica por Western blot, comparando a expresséao relativa
(ACTB) entre U87 e astrocitos primarios (ACBRI 371), além de suas respectivas
neuroesferas. A expressdo de E2F1 foi detectada em todos os grupos
experimentais. Foi observada uma diferenca estatisticamente significativa na
comparacao dos valores relativos de expressao entre a linhagem U87 (0,23) e suas

neuroesferas (0,30).

A proteina E2F1 é uma entre os oito membros da familia de E2F, cuja fungéo
principal esta ligada ao controle da progresséo do ciclo celular (Helin et al., 1992;
Kaelin et al., 1992; Shan et al., 1992). De modo geral, as proteinas E2F sao
funcionalmente classificadas em ativadoras transcricionais (incluindo E2F1) e
repressoras. As proteinas E2Fs podem se dimerizar com as proteinas da familia DP
(DRTF Polypeptide), formando um complexo que regula a expressado de varios
genes (DeGregori e Johnson, 2006). A via E2F-DP é crucial na regulacdo da
duplicacdo do DNA, apoptose e diferenciacdo celular (Dyson, 1998; DeGregori e
Johnson, 2006).
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A proteina do Retinoblastoma (pRb), um conhecido supressor tumoral, liga-se
ao dominio de transativacdo da proteina e na regido promotora do gene EZ2F1,
reprimindo a transcricdo génica requerida para a transicdo G1-S (Giacinti e
Giordano, 2006). A proteina E2F1 é o principal alvo da pRb (Wells et al., 2003;
Frolov e Dyson, 2004). A fosforilagdo de pRb pela Ciclina D/CDK4 e Ciclina E/CDK2,
tardiamente na fase G1 do ciclo, libera as proteinas E2F promovendo assim a
expressao de genes relacionados a sintese de DNA e progressao do ciclo celular,
resultando na proliferagéo de células (Polyak et al., 1994; DeGregori et al., 1995). A
dissociagdao da proteina pRb de E2F parece ser o principal determinante na
regulagéo da proliferagcdo celular, ao permitir que ocorra a transativacdo de genes,
tais como Ciclina A, Ciclina E, c-myb, cdc2, PCNA e timidina-quinase, além de
direcionar as células para a fase S do ciclo (DeGregori, 2002). Alguns trabalhos tém
demonstrado que pRB/ E2F1 integra a resposta proliferativa com as vias de
sobrevivéncia celular por induzir o acumulo de TP53 (Qin et al., 1994; Shan e Lee,
1994; Wu e Levine, 1994; Kowalik et al., 1995; Kowalik et al., 1998).

O gene mais bem caracterizado da familia E2F é o E2F1. Este apresenta uma
dicotomia de fungdes (Pierce et al., 1999). O E2F1 também pode atuar como uma
molécula supressora tumoral induzindo apoptose in vivo e in vitro (DeGregori et al.,
1997). Em camundongos knockout para E2F1, houve a inducdo espontanea de
malignidades (Field et al., 1996; Yamasaki et al., 1996). Em resposta ao dano no
DNA, E2F1 pode induzir apoptose por meio da regulacdo de genes dependentes ou
independentes de TP53 (Bates et al., 1998; Irwin et al., 2000; Lissy et al., 2000;
Moroni et al., 2001). Até o presente, ndo houve descricdo de mutagcdes com perda
de fungdo de E2F1 em tumores humanos. Entretanto, E2F1 também atua como um
oncogene, cuja superexpressao € suficiente para induzir a transformacao de células
primarias de roedores (Johnson et al., 1994) e promover tumorigénese quando
expresso em tumores epiteliais escamosos de camundongos (Pierce et al., 1999). A
dupla funcdo de E2F1 também ¢é evidenciada na modulacdo de miRNAs.
Recentemente, foram descritos miRNAs induzidos por E2F1 que atuam como
supressores tumorais, reduzindo o crescimento celular e induzindo apoptose (Lize et
al., 2010, Suh et al., 2012). Contudo, miRNAs dependentes de E2F1 estdo
envolvidos na proliferagdo e sobrevivéncia alvejando varios supressores tumorais
(Brosh et al., 2008; Petrocca et al., 2008; Lize et al., 2010).
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O papel pro-oncogénico de E2F1 é corroborado pelos inumeros relatos de
superexpressao e/ ou a amplificacdo do gene E2F1 em varios tipos de tumores
humanos, tais como carcinoma gastrointestinal (Suzuki et al., 1999), carcinoma e
céncer de coélon (Suzuki et al., 1999; Postma et al., 2005), linfoma maligno (Lai et al.,
1998), e carcinoma pulmonar de células pequenas (Eymin et al., 2001) ou nao-
pequenas (Kotsinas et al., 2002). E importante ressaltar que a amplificagdo do gene
E2F1 tem sido associada a progressao de metastase em cancer colo-retal (lwamoto
et al., 2004) e ao carcinoma de células escamosas do esodfago (Fujita et al., 2003).
Em gliomas malignos, Parr e colaboradores (Parr et al., 1997) relataram uma maior
atividade dos promotores responsivos ao E2F em células tumorais do que em
células normais. A superexpressdao de E2F em gliomas pode se resultante de um
excesso de E2F1 "livre", ja que a via de pRb é inativada em mais de 90% dos
tumores (Gomez-Manzano et al., 2004), além do aumento nos niveis totais de E2F1
observada no GBM (Alonso et al., 2005). Alias, E2F1 pode participar na regulagao
da atividade da telomerase em gliomas malignos, sendo correlacionada com a

sobrevida de pacientes com este tipo de tumor (Alonso et al., 2005).

Embora E2F1 tenha sido transcricionalmente superexpresso em GBM, em
relacdo a amostras de tecido normal de cérebro (Donaires et al., 2013), o mesmo
nao foi observado quanto a expressao proteica, visto que os niveis de proteina E2F1

foram semelhantes entre os astrécitos e a linhagem U87.

O silenciamento de E2F1 por siRNA reduziu a expressao dessa proteina em
76 e 84,8% em 48 e 72 h, respectivamente, quando o grupo silenciado foi
comparado ao grupo transfectado com a sequéncia scrambled, conforme os dados
da analise densitométrica das bandas do Western blot. Igualmente, foram estudadas
as consequéncias do silenciamento de E2F1 siRNA na proliferagdo, morte celular,

ciclo celular, formacao de neuroesferas e na proporcao de células tronco CD133+.

O silenciamento de E2F1 diminuiu significativamente a proliferacdo das
células U87, nos tempos de 24, 48 e 72 h, comparados ao grupo SCR. Em varios
trabalhos, foi demonstrado que o silenciamento de E2F1 reduz o crescimento
tumoral em céncer gastrico in vitro (Xie et al., 2009) e in vivo (Wang et al., 2011), em
carcinoma hepatocelular (Farra et al., 2011) e em células de glioma de ratos (Dos
Reis Vasques et al., 2010). Uma das possiveis explica¢gdes para essa queda na

proliferacdo parece estar relacionada a diminuicdo da expressao de ciclina A, um
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dos alvos de E2F1 (Dos Reis Vasques et al., 2010). A ciclina A participa da sintese
de DNA e da entrada em mitose (Pagano et al., 1992), sendo a sua atividade
relacionada ao estado proliferativo e grau de malignidade de astrocitomas de
diferentes graus (I-IV) (Allan et al., 2000). A repressdo de E2F1 em conjunto com a
repressao de Ciclina A, por meio de drogas de agao nao especifica como a D9-THC
(D9-Tetrahydrocannabinol) e extratos de T. japonica, resultou na reducédo da
proliferagdo celular. No entanto, D9-THC nao induziu apoptose e promoveu bloqueio
em G1, enquanto que o extrato de T. japdnica resultou na indugdo de apoptose, e
bloqueio em S, respectivamente (Galanti et al., 2008; Jung e Ghil, 2010). Em um
trabalho relacionado, a repressao de E2F1 via miR-106a suprimiu a proliferacao e
induziu apoptose em gliomas humanos, além de induzir o bloqueio em GO0/G1 e
diminuir o numero de células na fase S do ciclo celular. Foi demonstrado que os
altos niveis de expressdo de E2F1 e o alto grau de malignidade em gliomas se

correlacionam com a baixa expressao de miR-106a (Yang et al., 2011).

Existem relatos na literatura relacionados ao silenciamento de E2F1 pela
técnica de RNAIi, mas poucos foram realizados especificamente para células de
GBM. Observou-se que a repressao de E2F1 em GBM esta relacionada aos efeitos
de drogas de agado nao especifica ou através do efeito da transfeccdo de miRNA
(Galanti et al., 2008; Jung e Ghil, 2010; Yang et al., 2011), tornando dificil a
comparagao com 0s nossos resultados, ja que nesses casos, provavelmente outras
vias importantes podem estar alteradas. Em varios trabalhos foi relatado que a
repressao de E2F1 alterou a proliferacao celular (Xie et al., 2009; Dos Reis Vasques
et al., 2010; Farra et al., 2011; Wang et al., 2011). Entretanto, os resultados variaram
quanto a fase do ciclo celular em que ocorreu o bloqueio e também quanto a
inducao ou nao de apoptose. Foram relatados bloqueios tanto em G0/G1 quanto em
S, além de indugao de apoptose ou ndo, em decorréncia da repressdo de E2F1 em
células de GBM (Galanti et al., 2008; Jung e Ghil, 2010; Yang et al., 2011).

Em nosso estudo, a reducdo na proliferacdo celular ocorrida apdés o
silenciamento de E2F1 pode estar associada parcialmente ao aumento de células
necréticas em relagcao as células transfectadas com a sequéncia SCR em 24 h,
avaliado por citometria (kit Via Count) e pela taxa de indugao de morte (apoptose +
necrose) pela analise da populacédo sub-G1 do ciclo celular em 24 e 72 h. O ensaio
de detecgao de células em sub-G1 nao evidencia o tipo de morte celular, detectando
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apenas as células apoptoticas em estagio final. Assim, nossos resultados referentes
ao silenciamento de E2F1 assemelham-se aos da literatura, por reduzir a
proliferagdo e induzir morte celular (pelo menos nos tempos de 24 e 72h).
Entretanto, ndo detectamos bloqueio no ciclo celular e sim uma diminuicado de
GO0/G1 (24h), sendo que esta possa ser uma resposta especifica de GBM a esse

silenciamento, nunca antes observada para a linhagem U87.

Ainda, a radiagao ionizante reduziu a proliferacéo celular do grupo silenciado
para E2F1 em relagdo ao grupo somente silenciado (72h). Entretanto, neste mesmo
tempo de coleta, a redugao na proliferacédo do grupo SCR irradiado foi semelhante
ao do grupo E2F1 irradiado, em termos de porcentagem relativa. Observou-se que o
efeito da irradiacdo das células associado ao silenciamento de E2F1, 24 h apds o
tratamento, reduziu a porcentagem relativa de células viaveis irradiadas em menor
escala quando comparado ao grupo SCR irradiado. Enquanto a radiagéo ionizante
aumentou significativamente os niveis de necrose nos tempos de 24, 48 e 72 h, no
grupo SCR, o grupo silenciado para E2F1 s6 apresentou um aumento significativo
de necrose no tempo de 48h, quando irradiado. Pelo menos no tempo de 24 h, essa
auséncia de diferengas significativas entre o grupo irradiado e o néo irradiados do
grupo E2F1 siRNA corrobora os dados de proliferagdo, visto que o silenciamento de
alguma forma atenuou os efeitos da irradiagdo, quando comparados com o grupo
SCR.

Apesar de E2F1 ter sido predito a partir de amostras nao irradiadas, sabe-se
que este FT atua na resposta a danos no DNA, no reparo do DNA, no ciclo celular e
apoptose (Biswas e Johnson, 2012). Mecanismos distintos de regulacédo de E2F1
podem ser responsaveis pelas respostas opostas de sua ativagdo, as quais podem
variar de progressdo no ciclo a inducdo de apoptose. Em resposta ao estresse
genotéxico, ocorre a indugdo da transcrigdo de E2F1, dependente de ATM e ATR,
sensores de danos no DNA, resultando em um aumento de E2F1 (Carcagno et al.,
2009). A ativagao de ATM/ ATR é um evento muito precoce na resposta ao dano no
DNA e ativa checkpoints do ciclo celular, reparo no DNA e apoptose através de
cascatas de transdugao de sinal a moléculas efetoras (Xu e Baltimore, 1996; Barlow
et al., 1997). Além disso, E2F1 também forma foci em regides de DSBs, embora sua
funcao nessas regides ainda seja desconhecida. A deficiéncia em E2F1 resulta em

uma fosforilagdo e formacgao deficiente de foci de NBS1, RPA e Rad51 em resposta
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a formagao de DSBs. O silenciamento de E2F1 leva a quebras espontaneas no DNA
e diminuicdo na recuperagao celular apos a irradiagado ionizante em linhagens de

fibroblastos de camundongos (Chen et al., 2011).

Além de estudos envolvendo o silenciamento direto de E2F1, outros estao
relacionados ao silenciamento indireto. Em trabalhos que utilizaram varias linhagens
celulares de cancer, incluindo GBM, o silenciamento de MDM2, o qual ativa E2F1,
resultou em uma diminuigdo da expressdao de E2F1, a qual se apresentou
aumentada em células irradiadas (Dong et al. 2002). Assim, foi concluido que a
reducdo da expressdo de E2F1 € pelo menos em parte responsavel pelos efeitos
radiossensibilizadores da inibicao de MDM2 (Zhang et al., 2004).

Os efeitos da superexpressdao de E2F1 também ja foram estudados em
resposta a radiacdo. Segundo Afshar e colaboradores, (2006), a irradiacdo da
linhagem U87 nao induz E2F1. Entretanto, utilizando um sistema induzivel de E2F1,
os autores observaram a inducdo da caspase 8 e consequente diminuicido da
viabilidade das células irradiadas (Afshar et al., 2006). Em outro estudo, foi
demonstrado que a inducédo de apoptose por meio da superexpressao induzida de
E2F1 foi aumentada ainda mais apds a irradiagao (Shu et al., 2000). Apesar de a
superexpressao ter efeito na indugdo de apoptose, o E2F (o qual apresenta grande
atividade em termos de afetar a capacidade proliferativa das células) pode promover

um aumento na agressividade do tumor (Johnson et al., 1994).

Os dados apresentados neste trabalho sdo contrastantes com os da literatura
citada acima, pois o silenciamento de E2F1 ndo aumentou os efeitos dos raios-
gama, mas ao contrario, amenizou esses efeitos, pelo menos em 24 h, sendo que
nos outros tempos de coleta (48 e 72h) os efeitos do silenciamento associados a
irradiacdo nao foram detectados. Uma possivel explicagcdo seria que o proprio
silenciamento de E2F1 tenha gerado muitos danos nas células, visto que houve
diminuicdo na proliferacdo e indices de morte celular, mesmo nas células nao
irradiadas. Essa explicagao é plausivel em face aos resultados obtidos por Chen et
al. (2011), visto que foi demonstrado que o silenciamento de E2F1 pode gerar danos
no DNA. Como o silenciamento ocorreu em 48 h antes da irradiagdo, provavelmente
essas células ja estariam adaptadas a esse estresse e estariam com o mecanismo
de reparo ja ativado, da mesma forma que no mecanismo de resposta adaptativa as

radiagoes; células pré-expostas a uma baixa dose de radiagcéo e depois irradiadas
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com uma dose alta apresentam menor quantidade de aberragdes cromossdémicas do
que as células que so foram irradiadas com a uma dose alta (Fomenko et al., 2006).
Como existem poucos trabalhos envolvendo o silenciamento de E2F1 associados
aos efeitos das radiagbes, torna-se dificil estabelecer uma comparacao,
principalmente porque a expressdo de E2F1 apresenta diferentes significados e
consequéncias em varios tipos de células tumorais, além das diferentes condi¢des

de cultivo.

5.4. Formacao de neuroesferas e diferenciagao

As células cultivadas em neuroesferas apresentam um numero maior de
marcadores de superficie celular associados ao fendtipo de células-tronco,
comparativamente as células cultivadas em monocamada, além de apresentar

capacidade de auto-renovacao e diferenciagdo multipotente (Rappa et al., 2008).

Neste trabalho, a eficiéncia na formacado de neuroesferas observada para a
linhagem U87 foi de 16,08 %, enquanto que a porcentagem de células tronco CD133
+ nas neuroesferas foi de = 40 %. Em outros trabalhos, observou-se 3,5 % de
neurosferas para a mesma linhagem (Rappa et al., 2008) e cerca de 3 a 5 % para
linhagens primarias de GBM (Yuan et al., 2004). Em ensaios com a mesma linhagem
celular (U87), foi demonstrado que 59% das células presentes nas neuroesferas
eram CD133 +, cerca de 10% acima do valor obtido para as linhagens cultivadas em
monocamada (Ajeawung e Deepak Kamnasaran, 2010), enquanto outros autores
relataram 80% de células CD133 + (Yuan et al., 2004).

Em nossos resultados, a radiagcao ionizante reduziu em 40% o numero de
neuroesferas 6 dias apds a irradiagdo, porcentagem de redugcdo semelhante a
observada nas células cultivadas e irradiadas em monocamada, colhidas 3 dias
apos o tratamento. Como os tempos de coleta foram diferentes, foi dificil comparar a
radiorresisténcia baseada no método de cultivo. O cultivo das neuroesferas em meio

contendo EGF e FGF-2 provavelmente ativam o reparo do DNA, o que gera



Discusséo 88

dificuldade na comparacédo dos resultados gerados por experimentos com células

aderentes mais diferenciadas (Firat et al., 2011).

Conforme demonstrado por Fedrigo e colaboradores (2011), o volume das
neuroesferas foi mantido mesmo apds a irradiacéo, sendo que em nosso caso, este
foi definido a partir da contagem das células presentes nas neuroesferas. Foi
relatado na literatura que as CTCs CD133 positivas atuam na radiorresisténcia dos
tumores, aumentando a sua propor¢cédo apds a irradiagdo em consequéncia da
apoptose seletiva de células CD133 negativas (Bao et al., 2006). As células
sobreviventes apds a irradiacdo apresentaram capacidade de diferenciacdo multipla

e de formagao de tumores secundarios (Bao et al., 2006).

Em outro trabalho, as neuroesferas cultivadas a partir de linhagens primarias
de GBM apresentaram até 80% de células CD133+ e quando semeadas em meio de
diferenciacao por 7 dias, essa quantidade de células CD133+ foi reduzida a menos
de 5 % (Yuan et al., 2004). As células cultivadas em monocamada ndo apresentam
células CD133 +. Essa redugdo de CD133, tanto em células cultivadas em
monocamada quanto em células provenientes das neuroesferas semeadas em meio
de diferenciacdo, acompanhada da reducdo de nestina, outro marcador de
pluripoténcia das células tronco, sendo também observado um acréscimo nos
marcadores B-Tubulina Ill, GFAP e mielina, marcadores especificos para neurbnios,
astrécitos e oligodendrdcitos, respectivamente (Yuan et al., 2004). Assim, a redugéo
de células CD133+ implica em perda da capacidade de pluripoténcia, além de um
aumento na diferenciacdo celular quando as células sdo semeadas em meio de
cultivo para diferenciacdo. Neste estudo, os resultados do ensaio no qual as células
dissociadas a partir das neuroesferas foram semeadas em meio de diferenciagao e
cultivadas por 8 dias foi possivel observar uma diminuigcao significativa da propor¢ao
de células CD133+ (<10%), enquanto que as células irradiadas apresentaram uma
maior propor¢ao de células CD133+ (= 20%). Em células IPS irradiadas, ndo foram
detectadas diferencas nos niveis de expressao de marcadores de células tronco

como Nanog e Oct-4 em relacdo a nao irradiadas (Hayashi et al., 2012).

Varios inibidores de formacao de neuroesferas foram avaliados em um amplo
estudo de compostos com capacidade inibitéria de proliferacdo em culturas de CTC.
Esses agentes quimicos induziram diferentes fendétipos nas neuroesferas, alterando

0 numero, tamanho e capacidade de adesdo das esferas (Diamandis et al., 2007).
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Em nosso estudo, foi avaliada a influéncia do silenciamento de FTs cujas fungdes

sdo também relacionadas, de alguma forma, as células-tronco.

No presente trabalho, a analise de expressao proteica mostrou um aumento
na expressao de E2F1 nas neuroesferas em relagdo as células U87 cultivadas e
aderidas em monocamada, o que pode ser associado a uma maior proliferacdo das
células tronco em relagéo as cultivadas em monocamada. A superexpressado deste
FT ja foi relatada em varios tipos de cancer, incluindo glioblastoma (Alonso et al.,
2005).

O numero de neuroesferas formadas a partir de células silenciadas para E2F1
sofreu uma redugéo significativa (aproximadamente trés vezes) em relagdo ao grupo
SCR, apesar de o numero de células por neuroesferas ter se mantido constante.
Esta reducdo provavelmente esta relacionada a perda da capacidade proliferativa
conferida pela E2F1. Outra possibilidade seria a de que as neuroesferas possam ter
sido formadas a partir das células que nao foram transfectadas por E2F1 siRNA, ou
que estas voltaram a apresentar a expressao desse gene gragas ao término do
efeito do E2F1 siRNA, ja que o numero de células por neuroesfera se manteve

constante.

Baseado em uma analise gendmica in silico de sitios de ligagdo e de
microarranjos, os FTs da familia E2F foram identificados como um dos principais
candidatos a regulacédo do transcriptoma das células tronco pluripotentes humanas.
Analises subsequentes de grupos génicos funcionais demonstraram a importancia
deste FT na pluripoténcia, interagindo com alvos relacionados a sinalizagéo global
(vias de autorrenovacédo por WNT e FGF) e redes metabdlicas (vias de geragao de
energia, transporte molecular e metabolismo de acidos graxos) (Yeo et al., 2011).
E2F1 também esta envolvido na neurogénese do cérebro pds-natal e adulto de
camundongos, controlando a proliferagédo celular dos neurénios (Cooper-Kuhn et al.,
2002). Mutantes para E2F1 apresentaram uma diminuicdo na taxa de divisdo celular
das células tronco progenitoras provenientes de zonas proliferativas da parede do
ventriculo lateral e do hipocampo (Cooper-Kuhn et al., 2002). Portanto, € evidente o
numero de trabalhos que relacionam a expressédo de E2F1 a proliferacao de células
tronco pluripotentes (Yeo et al., 2011) e células tronco neurais (Cooper-Kuhn et al.,
2002), o que corrobora nossos resultados, os quais indicam que o silenciamento de
E2F1 levou a uma diminui¢cao na proliferacao das neuroesferas de U87.
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Adicionalmente, os resultados do presente estudo mostraram que a irradiagao
das células reduziu a formagao das neuroesferas de células silenciadas para E2F1,
mas a proporgcao da reducao observada em neuroesferas foi igual a gerada pelas
células transfectadas para SCR e irradiadas, evidenciando que o silenciamento com
o E2F1 siRNA ndo alterou a resposta a irradiacdo em células tronco de GBM.
Entretanto, a acentuada marcacdo de CD133 nas células silenciadas para E2F1
indica um enriquecimento de células CD133+, mesmo em condi¢gdes adversas para
a mesma (meio de diferenciagdo), quando comparado ao grupo SCR, cujos valores

de expressio de CD133 foram bem menores.

Esta propor¢cdo maior de CD133 presente nas células silenciadas para E2F1
pode indicar que o silenciamento bloqueou a capacidade de diferenciagao celular, ja
que a quantidade de células CD133+ tende a diminuir com o aumento da
diferenciacao (Yuan et al., 2004). Nossa hipotese €& plausivel, pois, ja foi
demonstrado que E2F1 atua na expressdo de genes especificos durante a
diferenciagcado de miécitos e adipécitos (Flowers et al., 2013). Outra possibilidade € a
selecado das células CD133+ apds o silenciamento de E2F1. Todavia, a diminuicéo
de células CD133 positivas no grupo silenciado para E2F1 irradiado, em relacéo ao
nao irradiado é contraditoria, pois tanto o silenciamento quanto a irradiacéo ionizante
deveriam manter a quantidade de células CD133 positivas, € ndo apresentar uma
diminuigao.

HEB, outro FT selecionado para o silenciamento parece estar envolvido no
controle da proliferagdo celular de células tronco neurais e também de células
progenitoras, sendo importante na manutengdo do estado celular indiferenciado
durante a neurogénese embrionaria e adulta (Uittenbogaard e Chiaramello, 2002).

Em nossos estudos, os valores de expressdao de HEB nas neuroesferas da
linhagem U87 foram superiores em relagdo as neuroesferas da linhagem de

astrocitos primarios.

As neuroesferas formadas a partir de células silenciadas para HEB foram
reduzidas significativamente em aproximadamente 2 vezes, quando comparadas as
neuroesferas formadas a partir das células transfectadas com a sequéncia
scrambled. E possivel que a reducdo de HEB possa ter alterado a sua capacidade
de manutencao das células tronco, diminuindo assim o numero de neuroesferas. A

expressao de CD133 avaliada oito dias apds a dissociacdo das células silenciadas
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para HEB ndo mostrou diferenca estatisticamente significativa em relagdo ao grupo
SCR, apesar de visualmente maior no grupo silenciado para HEB, indicando uma
diminuicdo na diferenciagcdo. Ha evidéncia de que HEB possa participar da
oligodendrogénese e assim regular a sobrevivéncia celular e proliferacdo dessas
células (Sussman et al., 2002), indicando um possivel papel no processo de

diferenciacao, o que corrobora nossa hipétese.

Neste trabalho, ndo foi observado efeito da irradiacdo na reducdo do numero
de neuroesferas silenciadas para HEB em comparacao ao grupo nao irradiado, mas
houve uma redugdo no numero de células presentes nas neuroesferas, indicando
que o silenciamento de HEB, de alguma maneira, causou um efeito associado a
irradiacao, resultando em reducédo no numero de células por neuroesfera. Do mesmo
modo, a propor¢ao de células CD133 + foi semelhante nos grupos silenciados para
HEB, irradiados ou n&o. Esses dados indicam que HEB, de alguma forma, possa
atuar na resposta das neurosferas aos raios-gama, fato este ainda ndo relatado na
literatura. A manutencdo da mesma proporgcao de células CD133+ 8 dias apds a
dissociagdo de células silenciadas para HEB, irradiadas ou ndo, indica que
possivelmente o silenciamento de HEB protegeu as células CD133- dos efeitos da
radiacdo. Assim, o silenciamento de HEB mostrou-se eficaz na reducdo do numero
de células presentes nas neuroesferas, mas ineficaz na radio-sensibilizagcao das
neuroesferas da linhagem U87. Além disso, o silenciamento desses FTs resultou em
uma menor taxa de diferenciacdo, associada a baixa diminuigdo do marcador

CD133, diferente do observado no grupo transfectado com a sequéncia scrambled..
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CONCLUSOES
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6. CONCLUSOES

o Foram identificados FTs alvos a partir da predigao in silico utilizando como
base de dados os genes diferencialmente expressos apds a irradiacéo (8 Gy) de
linhagens de GBM (T98G, U343MG-a, U251 e U87MG), sendo que a maioria dos
FTs preditos foi exclusiva para cada linhagem, indicando que a resposta
transcricional em resposta a irradiagao € muito especifica, provavelmente devido a
heterogeneidade genética destas. Esta analise resultou em possiveis alvos para o
silenciamento.

o O FT HEB, envolvido na formagao do sistema nervoso, foi predito a partir de
predicdo in silico (a partir dos resultados da analise de dados de expressao
transcricional obtidos por microarranjos de DNA) em células de GBM irradiadas. Na
linhagem U87 foi observado um aumento na expressdo de HEB apds a irradiagéao,
em comparagdo ao controle. Em neuroesferas dessa linhagem, também se observou
uma expressao aumentada em relagdo as neuroesferas formadas a partir dos
astrécitos, indicando um possivel papel de HEB em GBM.

o O FT E2F1, envolvido na proliferagao celular, foi predito por meio de analise
in silico realizada anteriormente para um conjunto de dados obtidos a partir de
repositorios publicos de experimentos de microarranjos envolvendo varias amostras
de GBM comparadas a amostras de tecido cerebral de epiléticos. Este FT foi
expresso nas linhagens U87 e astrocitica e suas respectivas neuroesferas, cuja
expressao pode estar associada a alta proliferagao dessas células.

o O silenciamento de HEB e E2F1 na linhagem U87 demonstrou que esses FTs
devem provavelmente atuar na manutencao da proliferacdo/ viabilidade e no ciclo
celular, indicando uma possivel semelhanga funcional entre esses FTs, além destes
pouco interferirem nas respostas dessas células a irradiacao.

o O silenciamento de HEB e E2F1 reduziu o numero de neuroesferas oriundas
da linhagem U87 em duas e trés vezes, respectivamente, quando comparadas as
células transfectadas com a sequéncia scrambled. Possivelmente, a capacidade
anti-proliferativa do silenciamento dos FTs HEB e E2F1 observada no cultivo em

monocamada da U87, possam atuar na capacidade de formagao de neuroesferas e,
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consequentemente, apresentar um papel na manutencdo das células tronco do
GBM.

o A irradiagdo nao reduziu o numero de neuroesferas silenciadas para HEB em
comparagao ao grupo néo irradiado, mas reduziu o numero de células presentes nas
neuroesferas, indicando uma possivel atuacdo de HEB na resposta a irradiacao
ionizante em neuroesferas, fato este nunca antes descrito. O silenciamento de E2F1
nao interferiu na resposta das neuroesferas a radiagéo.

o A expressdo de CD133 avaliada oito dias apds a dissociagdo das células
silenciadas para E2F1 e HEB, cultivadas em meio de diferenciagao, foi superior ao
do grupo scrambled, indicando uma possivel diminuicao na diferenciagao celular. A
participacdo de HEB e E2F1 na diferenciagao de células tronco de GBM ainda nao
foi relatada na literatura.

o O silenciamento de E2F1 e HEB n&o influenciou na selecdo positiva de
CD133+ apdés a irradiagdo, como observado no grupo das neuroesferas
transfectadas com a sequéncia scrambled e irradiadas, comparado as nao

irradiadas, o que merece ainda ser investigado.
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Displayed by Different Glioblastoma Cell Lines

Paulo R. D. V. Godoy et al.!
University of Sao Paulo,
Brazil

1. Introduction

Glioblastoma multiforme (GBM) is among the most lethal of all human tumors, with the
average survival of approximately 1 year from diagnosis (Avgeropoulos and Batchelor,
1999). In glioblastomas, LOH 10q is the most frequent genetic alteration (69%), followed by
EGFR amplification (34%), TP53 mutations (31%), p16INK4a deletion (31%), and PTEN
mutations (24 %)(Ohgaki and Kleihues, 2005).

Treatments of patients with GBM include surgery, radiotherapy and parallel adjuvant
chemotherapy (Stupp et al., 2005). While radiotherapy has been found to significantly
prolong survival rates for GBM patients, a poor prognosis and radioresistance are typical
characteristics of this disease (Stupp et al., 2007).

The antitumoral drug Temozolomide (TMZ) constitutes, in combination with radiotherapy,
the current standard of care for glioblastoma (Stupp et al., 2005). However, the action of
TMZ may be counteracted in tumors by the expression of the DNA repair enzyme MGMT,
which repairs TMZ-induced DNA lesions (Hegi et al., 2005). MGMT activity and resistance
to TMZ were highly correlated, indicating that MGMT is a major predictor of response to
TMZ in glioma cells (Hermisson et al., 2006). According to the authors, collectively, MGMT
expression and TP53 status may become valuable parameters to predict cell responses to
TMZ treatment in patients with GBM. Modulation of MSH6, PARP1 and NTL1, DNA repair
genes involved in mismatch repair and base excision repair (BER), were found at
transcription and protein levels in GBM cells resistant to TMZ (Zhang et al., 2010).

Other genotoxic agents exert different effects in GBM cells with different TP53 status. UV
light (UV-C) (Batista et al., 2009) and chloroethylating agents (ACNU and BCNU) (Batista et

al., 2007), significantly induce apoptosis in TP53-mutated glioma cells, while WT TP53 cells
are more sensitive to methylating agents, including TMZ (Hermisson et al., 2006; Roos et al.,
2007).

Efforts have been made to overcome drug and radio-resistance of GBM cells, but the
heterogeneity of these tumors seems to be critical, and molecular analysis is an important
tool to elucidate the mechanisms underlying cellular responses to antitumoral agents.
Recently, application of genome-scale methodologies has opened the opportunity to study

1 Stephano S. Mello, Daniele A. Magalh&es, Flavia S. Donaires, Ana P. Lima-Montaldi, Patricia
Nicolucci, Eduardo A. Donadi, Geraldo A. S. Passos and Elza T. Sakamoto-Hojo
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transcript profiles for thousands of genes simultaneously, thus providing a picture on how
different biological processes can be modulated under irradiation, drug treatment or even
between different cell types, on the basis of the lists of differentially expressed genes (either
induced or repressed genes) provided by the microarray experiments. This approach allows
comparisons between different biological situations (Tusher et al., 2001; Sakamoto-Hojo et
al., 2003; Fachin et al., 2007; Fachin et al, 2009). In a previous work, several stress
response/DNA repair genes, such as HSPA9B, INPP5A, PIP5K1A, FANCG, and TPP2 were
found up-regulated in U343MG-a GBM cells analyzed at 6 h following irradiation with 1 Gy,
reflecting the radio-resistance of these cells; at this condition, the survival rate was 61%, and
a broad spectrum of other biological processes was found associated to the list of
differentially expressed genes in irradiated cells (Bassi et al., 2008).

TP53 gene plays a role in drug and radioresistance mechanisms, but the complex network of
signaling pathways involving this gene is not well elucidated. TP53 is a multifunctional
protein that acts in cell cycle blockage and signaling pathways towards DNA repair,
contributing to the maintenance of genome integrity in response to a variety of genotoxic
stresses (Bartussek et al., 1999). Alternatively, TP53 protein triggers a cascade of signaling
pathways culminating in apoptosis, depending on the extent of DNA damage (Prise et al.,
2005). The TP53 protein is also a transcription factor that regulates the expression of a large
number of target genes (Vogelstein et al., 2000). Many TP53 target genes have been
described (el-Deiry, 1998; Horn and Vousden, 2007; Laptenko and Prives, 2006; Sbisa et al.,
2007), and some other targets have been computationally predicted by the analysis of their
binding sites (Hoh et al., 2002; Smeenk et al., 2008; Veprintsev and Fersht, 2008).

According to the literature data, there are controversial findings about the outcome of
patients in relation to the TP53 status of tumors; this gene may positive or negatively
influences the cell radioresistance, as well as it can exert no influence in cellular responses to
therapies (Mcllwrath et al., 1994; Slichenmyer et al., 1993; Smith et al., 1995).

2. Objective

In the present work, we aim to compare gene expression profiles displayed by four GBM
cell lines in the absence of any kind of treatment, using the microarray method, looking for
molecular signatures that can provide new clues towards the understanding of GBM
biology and radioresistance mechanisms. The results on the transcriptional profiles
presented by a number of genes with different biological functions are discussed on the light
of literature data regarding GBM cell responses to ionizing radiation and antitumor drugs,
generally provided by survival assays.

3. Materials and methods

3.1 GBM cell lines

Human GBM U343 MG-a cell line was kindly donated by Dr. James T. Rutka (The Arthur
and Sonia Labatt Brain Tumour Research Center, Canada), while T98G, U251IMG, and
U87MG were supplied by the American Type Culture Collection (ATCC) (Rockville,
Maryland, USA). T98G and U251MG cell lines harbor three mutations (TP53, CDKN2A, and
PTEN) while U343MG-a and U87MG cells are wild-type (WT) for TP53, and mutant (MT)
for CDKN2A and PTEN genes (Ishii et al., 1999).
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3.2 Cell culture and total RNA extraction

For gene expression analysis, cells were thawed from the nitrogen and sub-cultured for four
passages in the presence of HAM F10 + DEM medium plus 15% fetal bovine serum and kept
at 37°C and 5% COz. After the fourth sub-culturing, they were incubated for two days, and
total RNA extraction was performed in replicate at 48 h, by using the Trizol reagent
(Invitrogen, Carlsbad, CA, USA) according to the manufacturer’s instructions. The quality of
RNA samples was evaluated by denaturing agarose gel electrophoresis under standard
conditions. To remove the contaminating DNA, RNA samples used in cDNA microarrays
were treated with the Deoxyribonuclease I (Amplification Grade kit, Invitrogen), according
to manufacturer’s instructions.

3.3 cDNA microarray method

Four experiments in duplicate using GBM cells were carried out using a glass slide
microarray containing 4500 clones of cDNA probe (in duplicates) from the human IMAGE
Consortium c¢DNA library [http://image.llnl.gov/image/; kindly provided by Dr.
Catherine Nguyen (INSERM-CNRS, Marseille, France)], and prepared according to the
protocol described by Hegde et al (2000).

Microarrays were spotted onto glass slides (Corning) using a Generation III Array Spotter
Amersham-Molecular Dynamics according to the manufacturer’s instructions. Each cDNA
sample was spotted twice on the slide (duplicate spots). The cDNA complex probes were
prepared using the CyScribe Post Labelling Kit (Amersham Biosciences, England) (Fachin et
al., 2009). Hybridizations were carried out using an automatic system (Automatic Slide
Processor, Amersham Biosciences, England) and signals were immediately captured after
the final wash procedure, using a Generation III laser scanner (Amersham Biosciences,
England).

In an attempt to characterize the clones present in the array slide, the gene set was
submitted to the NIH-DAVID bioinformatic tool, in order to obtain biological functions
associated with the gene sequences present in the arrays, as well as the number of genes
associated with each biological process. Among all clones, 2334 were identified by official
gene symbol (HUGO), distributed in classes according to biological processes (Table 1).

3.3.1 Data acquisition and gene expression analysis

The image  quantification = was  performed using the Spot  software,
(http:/ /spot.cmis.csiro.au/spot/, CSIRO, Australia). Filtering, normalization and data
analysis were done using the R statistical environment (lhaka and Gentleman, 1996), in
addition to Limma (Smyth et al., 2005), Bioconductor (lhaka and Gentleman, 1996), Aroma
(Bengtsson, 2004) and KTH (Wirta, 2004). The background to each feature was subtracted
from the foreground value. Furthermore, the spots were evaluated by their circularity and
calculations on the median versus mean deviation, so that those presenting irregular
circularity, or with large differences between mean and median values, were considered
unreliable. The raw data (red - R and green - G) was transformed into MA format before
normalization, where M = log2(R/G) and A =1/2 x log2(R x G). These procedures were
followed by the application of the Print-tip Lowess normalization for each slide. Following
the normalization procedure, microarray data were exported to tab-delimited tables in MEV
format and analyzed in MEV (v. 3.1) software (Saeed et al., 2003). The microarrays data
analysis involved the application of the statistical method SAM - Significance Analysis of
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GOTERM-BIOLOGICAL PROCESS - FAT % PValue
GO:0007242~intracellular signaling cascade 10.28 3.90E-09
IGO:0006793~phosphorus metabolic process 9.43 8.50E-16
(GO:0006468~protein amino acid phosphorylation  |6.73 6.81E-13
IGO:0008104~protein localization 6.68 2.00E-04
GO:0042981~regulation of apoptosis 6.47 1.20E-05
IGO:0007049~cell cycle 5.96 2.63E-04
GO:0033554~cellular response to stress 5.78 1.27E-11
IGO:0006259~DNA metabolic process 4.50 4.42E-06
GO:0006974~Response to DNA damage stimulus ~ |4.07 5.32E-10
GO:0006281~DNA repair 3.43 8.95E-11
IGO:0007243~protein kinase cascade 3.43 1.53E-05
ggor:l(;(l)i():;f;:ﬁiza);me linked receptor protein |5 5g 1 04FE-04
IGO:0009314~response to radiation 1.93 5.82E-04
GO:0000165~MAPKKK cascade 1.89 1.69E-04
GO:0022604~regulation of cell morphogenesis 1.41 4.85E-04
IGO:0006310~DNA recombination 1.29 9.19E-05
gg;(igiifiii~regulation of cell projection | 14 b 05E-04
GO:0006302~double-strand break repair 0.94 3.35E-05
IGO:0006289~nucleotide-excision repair 0.86 5.76E-05
GO:0050770~regulation of axonogenesis 0.81 3.26E-04
(GO:0051291~protein heterooligomerization 0.77 2.99E-04
GO:0050772~positive regulation of axonogenesis  [0.51 1.85E-04
GO:0000723~telomere maintenance 0.51 6.05E-04
g;;(;?i?:i&;}l;ef;}ation of activin receptor )4, 7 62E-04

Table 1. Percentage of genes for each biological process analyzed for a total of 2334 genes

present in a glass slide microarray. The array gene set (containing 4300 image clones) was
submitted to NIH-DAVID (Dennis et al. 2003).

Microarray (Tusher et al., 2001), with the objective to compare MT versus WT TP53 cell lines
in terms of expression profiles. We used FDR< 0.68% to select only highly significant
differentially expressed genes.

Information regarding biological functions were obtained at S.O.U.R.C.E. (http://genome-
wwwb.stanford.edu/cgi-bin/SMD/source/source), and NCBI  (http://www.ncbi.
nlm.nih.gov/). Gene functional groups were given by DAVID tool (Dunne et al.,, 2003),
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choosing Homo sapiens as the current background, Gene Ontology: GOTERM_BP_FAT as
parameters, and Functional Annotation Chart as the analyzing tool. The main biological
functions associated to the list of differentially expressed genes were selected.

Every modulated gene was compared to a list of previously identified genes with TP53
binding sites using genome-wide tiling Chromatin immunoprecipitation (ChIP)-on-chip
approach (Smeenk et al., 2008) or (ChIP) with the paired-end ditag (PET) (Wei et al., 2006) in
order to point out genes that could be modulated by TP53 transactivation.

4. Results

4.1 Transcript profiles displayed by GBM cell lines

4.1.1 Hierarchical cluster analysis

Gene expression profiles studied by the cDNA microarray method generated interesting
results about the transcriptional profiles exhibited by each cell line. Analysis of gene cluster
uses standard statistical algorithms in order to arrange genes according to similarity of
expression patterns, and the results can be graphically represented (Eisen et al., 1998). The
analysis of hierarchical clustering was performed to compare MT and WT TP53 cells
regarding transcript profiles by using a set of genes previously selected by the SAM
analysis. The results of the hierarchical clustering showed that MT TP53 cells were grouped
apart from the WT TP53 cells. The mutant cell lines (T98G and U251) were not separated
within a gene cluster, indicating more similarity in the basal transcription levels between
cell lines; in contrast, the proficient cell lines (U87 and U343) were clustered apart from each
other (Fig.1).

4.1.2 Differentially expressed genes indicated by Significant Analysis of Microarrays
(SAM)

The statistical analysis performed by SAM indicated that MT TP53 cell lines showed 29
down-regulated and 68 up-regulated genes, compared with WT TP53 cells, for FDR <0.68%.
For this small list of highly significant differentially expressed genes, the magnitude of fold-
changes ranged from -1.68 to +1.93 by comparing MT versus WT TP53 (Supp. Table 1).

For the list of differentially expressed genes, biological gene functions were studied by the
DAVID-NIH bioinformatic tool (Dennis et al., 2003; Huang da et al.,, 2009). Out of 97
modulated genes, 73 were suitable for functional grouping procedure, since 10 genes were
not grouped and 14 LD. clones were still unknown. The most relevant categories
(represented by a variable number of genes) were related to neurological system process
(11%), regulation of apoptosis (10%), cellular response to stress (8%), regulation of cell
proliferation (8%), cell-cell adhesion (5%), DNA repair (5%), response to ionizing radiation
(4%), histone modification (4%), cell division (4%), etc. (Fig.2.). For discussion, we selected
36 genes on the basis of biological functions that can be possibly related to responses to
genotoxic agents (Table-2), in order to find out clues for understanding the mechanisms
underlying the sensitivity or resistance to anticancer therapies. Some of candidate genes that
may participate in chemo- and/or radioresistance are involved in stress responses (RUVBL2,
ASNS, RNFS, LIG4 and CAV1) and cell adhesion (CDHS8, CDH13, CD93 and ITGA5), and
other important cathegories, such as regulation of cell proliferation (IGFIR, CDH13, CAV1,
DUSP22, ADAMTSI, LIG4) and apoptosis (IGFIR, CDH13, IFT57, CRH, HSPB1, ASNS and
LIG4.
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Fig. 1. Hierarchical clustering obtained for a gene set previously selected by the SAM
method (FDR<0.68%) for the results displayed by four GBM cell lines (T98G, U25IMG,
U343MG-a e U87MG), under normal proliferation in culture. The data set was provided by 4
experiments in duplicate. Experiments are represented by numbers (1-4) and the replicates
are represented by letters (A and B). The expression level of each gene is represented
according to the scale at the top (red indicates induction; green means repression; grey color

represents data loss).
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Fig. 2. Main Biological functions associated to the list of differentially expressed genes (out
of 97 genes, 73 genes were recognized by the system) when comparing MT and WT TP53
GBM cell lines. The results were analyzed by DAVID-NIH (Dennis et al., 2003; Huang da et
al., 2009) as a bioinformatic tool to group differentially expressed genes according to their

functions.
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A comparative analysis of differentially expressed genes (obtained by SAM) was carried out
with previously identified genes with TP53 binding sites using ChIP-PET and ChIP-on-chip
analysis (Smeenk et al., 2008; Wei et al., 2006). When comparing with ChIP- PET gene lists,
we observed only one common gene (LASS6), while the comparison involving the gene list
of our work with the ChIP-on-chip list, we found five common genes (ARS], RCC2, CDHS,
CDH13 and HTRA1).

5. Discussion

Expression profiles displayed by GBM cells provided results to compare these cells with
other tumor types (Castells et al., 2010; Castells et al., 2009; Dreyfuss et al., 2009; Marucci et
al., 2008; Reddy et al., 2008), normal tissues (Sallinen et al., 2000), or even regions in the
same tumor (Mehrian Shai et al., 2005). However, there is no data in the literature
comparing transcript profiles of GBM cell lines presenting similar genetic background.
While T98G and U251MG harbor mutations for TP53, CDKN2A, and PTEN, U343MG-a and
U87MG cell lines differ from others by the presence of a known WT TP53 (Ishii et al., 1999).
Expression profiles displayed by GBM cell lines were studied in the absence of any
treatment. The hierarchical clustering analysis compared WT and MT TP53 GBM cells
regarding transcript profiles using a set of highly significant differentially expressed genes
previously selected by SAM (FDR < 0.68%). The results showed distinct expression profiles
for WT TP53 and MT TP53 cells, whose patterns separate the mutant from WT cells. The
mutant cell lines (T98G and U251MG) were not completely separated from each other
within the cluster, indicating similarity of transcript patterns between the two cell lines. In
contrast, TP53 proficient cell lines (U87MG and U343MG-a) were clustered apart from each
other. These results indicate the potential of the DNA microarray analysis to discriminate
molecular profiles displayed by GBM cell lines presenting similar mutational background
for CDKN2A and PTEN genes, but with different TP53 status.

The statistical analysis performed by SAM (FDR < 0.68%) indicated that MT TP53 cell lines
showed 28 down-regulated and 66 up-regulated genes, when compared to WT TP53 cells
(Table. 2). For the list of differentially expressed genes, biological gene functions were
studied by the DAVID-NIH bioinformatic tool (Dennis et al., 2003; Huang da et al., 2009),
and several biological processes were associated to the list of significant differentially
expressed genes, such as: metabolism, response to ionizing radiation, cell adhesion, cell
motion, apoptosis, DNA repair and transcription.

In addition, metabolic process was directly related with several biological functions as
follow: insulin receptor signalling, water soluble vitamin metabolic process, steroid
hormone receptor signalling, cellular response to nutrient levels, amine biosynthetic process,
lipid biosynthetic process, calcium ion transport, lipid transport, glucose metabolic process,
carboxylic acid biosynthetic process, and cellular amino acid derivative metabolic process.
Other gene functions related to learning/ memory, regulation of neuron apoptosis, synaptic
transmission, and neurological system processes are intrinsic to the neural nature of GBM
cells. DNA and RNA metabolism/regulation were also associated to several differentially
expressed genes (Table. 2).

Three genes (RNF8, CAV1 and LIG4) playing roles in ionizing radiation responses were
found up-regulated in MT TP53 cells, and this feature may influence the responsiveness to
radiotherapy. It is already known that ionizing radiation causes DNA double-strand breaks
(DSBs) that are highly cytotoxic lesions. Cells have a complex DNA-damage response that
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Fold -
Symbol  |ClonelD  [Biological Process value
change (%)
SPRY?2 40262 icell-cell signaling, development, organogenesis, .93 0.00
regulation of signal transduction
CAVL ba651 lcellular calcium ion homeostasis, cholesterol efflux, 1.86 0.00
response to gamma radiation, regulation of apoptosis,
CDH13 31093 icell adhesion, homophilic cell adhesion 1.61 0.00
HTRA1  [132044 [proteolysis and peptidolysis, regulation of cell growth 1.55 0.00
integrin-mediated signaling pathway, negative
ADAMT 4684 regulation of cell proliferation, heart trabecula formation, 1 54 000
IS1 kidney development, ovulation from ovarian follicle,
[proteolysis
ITGA5 35671 cell-matrix adhesion, integrin-mediated signaling 135 0.75
athway
GPR6S o652 (G-protein coupled receptor protein signaling pathway, 134 0.00
inflammatory response, signal transduction
(G-protein coupled receptor protein signaling pathway,
IGPR44 25625 immune response, calcium-mediated signaling, 1.34 0.75
chemotaxis
RUVBL2 2267 ichromatin modification, DNA recombination, DNA 133 0.00
repair, regulation of growth, regulation of transcription
IMKLN1 33715 icell motility, cell-matrix adhesion, signal transduction 1.31 0.00
KSR1 20655 Ras protein signal transduction, intracellular signaling 31 0.75
cascade, protein amino acid phosphorylation
GNG13 78213 (G-protein coupled receptor protein signaling pathway, 130 0.75
signal transduction
(CDH8 38939 icell adhesion, homophilic cell adhesion 1.30 0.00
1DNA] A baazs protein folding, response to unfolded protein 1.28 0.75
RHOQ 131061 small GTPase mediated signal transduction 1.26 0.00
FBXL3 25778 [protein ubiquitination 1.26 0.00
CRH 4671 immune response, learning and/or memory, pregnancy, i 5 0.00
signal transduction, synaptic transmission
laxonogenesis, brain development, exocrine pancreas
IGF1R 21519 development, male sex determination, regulation of 1.24 0.00
apoptosis
[ASNS 27208 lamino acid biosynthesis 1.23 0.90
(CD93 35503 icell-cell adhesion, macrophage activation, phagocytosis 1.19 0.00
COPB? b4607 lintracellular protein transport, vesicle-mediated 118 0.00
transport
gACNB 34651 Synaptic transmission, ion transport 1.16 0.71
1.ASS6 5147 lipid biosynthetic process, regulation of transcription, 115 075
DN A-dependent
LIG4 39274 single strand break repair 1.14 0.75
IRNEF8 39161 [protein ubiquitination 1.14 0.00
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o [Fold 1
Symbol  |ClonelD  [Biological Process value
change (%)

KCNIP4  [21478 ion transport -1.13 0.00

RCC2 136887 icell cycle, cell division, mitosis -1.14 0.90
IDNA recombination, DNA repair, DNA replication,

RBM4 141446 estrogen receptor signaling pathway, glucocorticoid -1.19 0.00
receptor signaling pathway, mRNA splicing

1D§NND 21467 synaptic vesicle endocytosis -1.21 0.74

[HSPB1 23827 icell death, response to heat -1.23 0.00

ARS] 32854 [Unknown -1.24 0.00

ATP6AP angiotensin maturation, positive regulation of

b 131821 transforming growth factor-betal production, regulation  |-1.29 0.00
of MAPKKK cascade

[UGDH 139835 [UDP-glucose metabolism, electron transport -1.41 0.00

DUSP?? 1182999 apoptosis, cel.l proli.ferati(.)n, development, igactivation of 1155 0.00
MAPK, protein amino acid dephosphorylation

PFKFB2 53158 gluco§e catabolic process, po‘sitive regulation of insulin 168 0.00
secretion, pyruvate metabolic process

Table 2. List of highly significant differentially expressed genes provided by SAM (FDR

<0.68%), comparing MT and WT TP53 GBM cell lines. Positive fold-change value means up-
regulation, while negative fold-change value means down-regulation in MT TP53 cells,
compared to WT TP53 cells.

includes the spatial reorganization of DSB repair and signalling proteins into subnuclear
structures surrounding DSB sites (Bartek and Lukas, 2007; Maser et al., 1997). In this context,
RNES protein is an important component of the DNA damage response; it can be recruited
to the DNA damage sites, thus triggering the formation of ubiquitin conjugates, promoting
the recruitment of important proteins to DSB sites, thereby enhancing DNA-damage
checkpoint events (G2/M) and guaranting cell survival (Kolas et al., 2007). There is also
evidence that RNF8 participates in histone ubiquitylation and protects the genome integrity
by licensing the DSB-flanking chromatin to concentrate repair factors near the DNA lesions
(Mailand et al., 2007). LIG4 is also a key protein playing role in DSB repair by non-
homologous end joining (NHE]) pathway (Helleday et al.,, 2007), while CAV1 presents a
tumor  suppressor function in non-neoplastic tissue, being down-regulated upon
transformation, but re-expressed upon progression in metastatic and multidrug-resistant
tumors (Burgermeister et al., 2008). CAV1 was also associated with multidrug resistance
(Belanger et al., 2004; Belanger et al., 2003), and radioresistance (Barzan et al., 2010; Cordes
etal., 2007; Li et al., 2005).

In MT TP53 cells, other stress response genes (RUVBL2 and ASNS) were up-regulated, while
RBM4 was down-regulated. RUVBL2 participates in chromatin-remodelling (Lee et al,,
2010), which could also let the lesion available to DNA repair genes. ASNS is a gene whose
response elements function as an enhancer to mediate the transcriptional activation of the
gene, either by the amino acid response (AAR) or the unfolded protein response (UPR
pathway), triggered by amino acid limitation or endoplasmic reticulum stress (Siu et al.,
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2002), respectively. These pathways initiate a wide array of adaptive mechanisms and
ultimately, if necessary, programmed cell death (Harding et al., 2003; Zinszner et al., 1998);
The role of RBM4 in response to stress stimulus is the activation of internal ribosome entry
site (IRES)-mediated translation, promoting the expression of stress-response genes;
therefore, the down-regulation of RBM4 in MT TP53 cells might compromise  the
translational regulation of stress-associated mRNAs (Markus and Morris, 2009).

Several genes playing roles in cell adhesion were also differentially expressed in GBM cell
lines, and this result is in accordance with the association of these genes in acquired chemo-
and radioresistance (Kraus et al., 2002). In the present work, three cadherins (CDHS8, CDH13
and CD93), and one integrin ITGA5 were found up-regulated in MT TP53 cells, relatively to
WT counterparts. Cadherins are integral membrane proteins that mediate calcium-
dependent cell-cell adhesion. They may play an important role in the development and
maintenance of tissues, and possibly are involved in the invasion and metastasis of
malignant tumors. While CDHS8 participates in neural circuitry, CD93 is involved in
phagocytosis (Bohlson et al., 2005), CDH13 play a role in apoptosis (Chan et al., 2008), and
ITGAS5 in cell spreading (Fang et al., 2010).

A comparative analysis of differentially expressed genes (provided by SAM) was performed
with previously identified genes with TP53 binding sites; this comparison was possible by
using ChIP-PET and ChIP-on-chip analyses (Smeenk et al., 2008; Wei et al., 2006). For the
ChIP- PET gene lists, we observed only one common gene (LASS6), which was up-regulated
in MT TP53 cells. LASS6 is a ceramide sintase, producing ceramides that have
antiproliferative and pro-apoptotic effects (Ruvolo, 2003). This gene plays a role in apoptosis
induction in colon cancer cells (Schiffmann et al., 2010), and enhanced tumor development
and growth in vivo in human head and neck squamous cell carcinomas (HNSCCs) (Senkal et
al., 2010).

In addition, the comparison involving our modulated gene list, comparing MT and WT
TP53 GBM cells, using the ChIP-on-chip list, provided five common genes: ARS], RCC2,
CDHS8, CDH13 and HTRA1). While CDH8, CDH13 and HTRA1 were up-regulated, ARS]
and RCC2 were down-regulated in MT TP53 cells. CDHS8 and CDH13 are cadherins and
were already discussed as possible targets to chemo- and radioresistance (Kraus et al.,
2002). HTRA1 is a tumor suppressor-like factor when overexpressed in cancer cell lines.
(Baldi et al., 2002; Chien et al., 2004). This gene was also associated to cisplatin therapy
responses in various cancer types (Catalano et al., 2011; Chien et al., 2006; Komatsu et al.,
2006). These genes cannot be transactivated by TP53, according to the TP53 status in T98G
and U251IMG cells. However, the majority of the genome-wide TP53 target sites can also
be bounded by overexpressed p63 and p73 in vivo, suggesting that they may possibly
play an important role at TP53 binding sites (Smeenk et al., 2008). ARS] and RCC2 genes
were not described to be related with stress responses or cancer, and were up-regulated in
WT TP53 GBM cells, compared to MT, and probably, they can be associated to
transactivation properties of TP53.

Thus, in the present work, most genes involved in stress responses (RUVBL2, ASNS,
RNFS, LIG4 and CAVI1), cell adhesion (CDH8, CDH13, CD93 and ITGA5), and genes
associated to p63 and p73 binding sites (LASS6 and HTRAI) were up-regulated in MT
TP53 cells. At least some of them may have the potential to be directly involved in radio-
or chemoresistance. Therefore, the loss of TP53 function may compromise cellular
responses to anticancer agents.
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It is already known that mechanisms underlying the cellular radiosensitivity seem to vary
among different cell lineages, but at what extent the radiosensitivity depends on TP53
function is a matter of investigation since long time ago. Several authors demonstrated that
the loss of TP53 function decreases the sensitivity of GBM cells to irradiation (Bartussek et
al., 1999; Mcllwrath et al., 1994; Roy et al.,, 2006; Yount et al., 1996), and the same was
observed for other tumor types (Fan et al., 1994; Komarova et al., 1997; Merritt et al., 1994).
However, in primary gliomas, the TP53 mutation confers an improved prognosis in adult
glioma patients due to a better response to radiation therapy (Tada et al., 1998). This is
consistent with the results obtained in in vitro studies, in which glioma cells lacking WT
TP53 function were more susceptible to radiation-induced apoptosis than their isogenic
counterparts expressing WT TP53 (Hara et al., 2004).

It is important to emphasize that all these articles in the literature took into account the TP53
status, but not other mutations inherent to GBM. In the present work, we studied four GBM
cell lines with different TP53 status; T98G and U251MG are mutated and U343MG-a and
U87MG are wild-type for TP53 gene, but they are similar regarding the fact that they harbor
mutations for CDKN2A and PTEN, according to Ishi et al. (1999). In experiments on cell
survival performed by the  clonogenic survival assay, the results provided by several
authors indicated that MT TP53 cells were, in general, more radioresistant than WT TP53
cells (Bassi et al., 2008; Chautard et al., 2010; de la Pena et al., 2006; Lee et al., 2006; Roy et al.,
2006).

As described above, several differentially expressed genes provided by the comparison
between MT versus WT TP53 GBM cells are involved in the mechanism of resistance to
ionizing radiation and/or multidrug resistance. In general, cytotoxicity of DNA damaging
agents correlates with the induction of DSB, which can be produced directly or indirectly
into the DNA molecule. Whereas ionizing radiation induces DSB directly, the drug TMZ
generates DSB only after two or more cycles of DNA replication, as a secondary effect
(Caporali et al., 2004). Therefore, TP53 mutation has the potential to change the sensitivity of
GBM cells to anticancer agents currently used in therapy, and probably, the changes in the
expression profiles exhibited by several genes acting down-stream in the signalling cascade
of damage responses may compromise the outcome of drug- and radio- therapies. In order
to understand these alterations in terms of transcript profiles, we are currently studying at
what extent TP53 status influences gene expression profiles in irradiated GBM cells
(manuscript in preparation); we found several differentially expressed genes in irradiated MT
TP53 cells that are probably implicated in tumor resistance; among them, we can mention
CLSTN2, ROBO2, and BMPR1B (with role in cell-cell adhesion), BTRC, CYP26B1, and ANLN
(cell cycle regulators).

However, the data in the literature regarding the role of TP53 in mediating sensitivity to
anticancer agents still present controversies. It has been reported that the absence of a
functional TP53 increases TMZ sensitivity in glioma cell lines, an effect that is independent
of MGMT status (Blough et al., 2011). Glioma cell lines that did not express a functional
TP53 were significantly more sensitive to TMZ than cell lines that were functionally intact
for TP53 expression (Blough et al., 2011). An example of this inconsistency comes from the
results obtained with T98G cell line (MT TP53), in with the role of MGMT in mediating TMZ
resistance was confirmed by the co-exposure to the MGMT inhibitor O6-BG, causing a
reduction in the EC50, as evaluated by the clonogenic survival assay (Hermisson et al.,
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2006). Nevertheless, the roles of TP53 in terms of its influence on drug sensitivity are
difficult to elucidate, since the dependence on the cell type, and the kind of antitumor agent
used(Fukushima et al., 2009). In addition, the genetic background is also critical, since GBM
cells often harbor other mutations for cell cycle regulator genes, and other tumor suppressor
genes, as already mentioned for the four GBM cell lines studied in the present work, which
carry two other mutations (CDKN2A and PTEN).

The control of cell proliferation is very critical in the tumor development, and may also be
influenced by the TP53 status (Facoetti et al., 2008). Several genes playing roles in the
regulation of cell proliferation were found differentially expressed in MT TP53 cells,
relatively to WT: IGFR1, CDH13, DUSP22, ADAMTS1, CAV1, and LIG4. These last two
genes also play a role in stress responses, as mentioned before.

Tumor growth also depends on the rate of apoptosis (Amirlak and Couldwell, 2003), and
apoptosis is directly involved in gliomagenesis and resistance towards classical genotoxic
approaches in cancer therapy. It has been reported that GBM cells are virtually resistant to
different apoptotic stimuli (Adamson et al., 2009; Eisele and Weller, 2011), but the
mechanisms underlying these responses are still unclear, and may depend on several
treatment conditions and type of genotoxic agent. In the present work, the list of
differentially expressed genes also indicated several genes implicated in apoptosis. Those
genes, such as IGFIR, CDH13, IFT57, CRH, HSPB1 and ASNS, were up-regulated in MT
TP53 GBM cells, relatively to WT cells. IGFIR participates in cell proliferation and protection
of cell death (Trojan et al., 2007), while CDH13, ITF57, CRH and ASNS participates in
apoptosis induction (Andreeva and Kutuzov, 2010; Chan et al., 2008; Gdynia et al., 2008;
Gervais et al., 2002; Minas et al., 2007; Siu et al., 2002). Considering that the ability of cells to
undergo apoptosis is dependent of a complex signaling cascade involving pro- and anti-
apoptotic genes, among other gene classes, the up-regulation of several apoptosis related
genes in MT TP53 cells might influence responses of GBM cells submitted to anticancer
agents.

In this work, we showed some distinct transcript profiles for MT and WT TP53 GBM cells,
pointing out several genes that might influence cell sensitivity to chemo- and/or
radiotherapy.

6. Conclusions

The present data comparing transcript profiles displayed by GBM cell lines with different
TP53 status showed that several biological processes were associated to the list of highly
significant differentially expressed genes. Gene classes associated with those genes (stress
response, DNA repair, proliferation, cell division, cell adhesion, apoptosis, etc) provided a
picture on transcript profiles under normal conditions of cell proliferation in cultured GBM
cell lines. However, these gene classes reflect wide amplitude of cellular processes that
might be involved in cellular defense mechanisms under conditions of cell injury provoked
by irradiation or drug treatment. These results support the hypothesis that MT TP53 cells
might be more resistant than WT TP53 cells to some genotoxic stresses, such as ionizing
radiation and TMZ. While this hypothesis still should be tested, altogether, the information
obtained in this work provides a relevant basic contribution towards the understanding of
GBM responses to therapies, and for designing novel therapeutic strategies for patients with
GBM, based on their TP53 status, but also considering other gene mutations.
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7. Supplementary data
Fold -
Symbol Gene Name ClonelD value
change |,
(%)
SPRY2 Sprouty homolog 2 (Drosophila) 140262 1.93 0.00
CAV1 Caveolin 1, caveolae protein, 22kDa 24651 1.86 0.00
MINA IMYC induced nuclear antigen 139217 1.79 0.00
Clone 25220 mRNA sequence 25220 1.63 0.00
CDH13 Cadherin 13, H-cadherin (heart) 31093 1.61 0.00
HTRA1 HtrA serine peptidase 1 132044 1.55 0.00
ADAMTST [APAM metallqpeptidase wiFh 54684 1 54 0.00
thrombospondin type 1 motif, 1
MPND MPN domain containing 24532 1.39 0.00
ARRB1 Arrestin, beta 1 21814 1.38 0.00
ACSL4 Acyl-CoA synthetase long-chain family 133988 136 0.00
member 4
ITGAS Integrin, ?lpha 5 (fibronectin receptor, alpha 135671 135 0.75
polypeptide)
P4AHB Prolyl 4-hydroxylase, beta polypeptide 132702 1.34 0.00
GPR68 G protein-coupled receptor 68 22652 1.34 0.00
GPR44 G protein-coupled receptor 44 25625 1.34 0.75
PDLIM1 PDZ and LIM domain 1 135689 1.33 0.00
RUVBL2 RuvB-like 2 (E. coli) 22267 1.33 0.00
In multiple ClusterIDs 261714 1.32 0.00
Unknown 134004 1.32 0.00
ZXDB Zinc finger, X-linked, duplicated B 38972 1.31 0.90
MKLN1 Musk.el'in 1, intracellglar mediator 33715 131 0.00
containing kelch motifs
LARP4 La ribonucleoprotein domain family, 41347 131 071
member 4
KSR1 Kinase suppressor of ras 1 220655 1.31 0.75
JAKMIP1 ]anus‘ kinase and microtubule interacting 32109 130 0.00
protein 1
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GNG13 Guan.ine nucleotide binding protein (G 178213 130 075
protein), gamma 13
ANKRD42 1];415?2‘;‘;}7%?2%2’?51:2?761 0524 (fromclone ooy h3o  |o.0o
CDHS8 cadherin 8, type 2 38939 1.30 0.00
NRGN Eég)rogranin (protein kinase C substrate, 178825 130 075
USP53 Ubiquitin specific peptidase 53 142468 1.30 0.69
PIP5K2C fy};oesllagl::i};ﬁgositol—5—phosphate 4-kinase,  |133173 130 0.75
WDR34 WD repeat domain 34 133474 1.29 0.00
TCBA1 Na+/K+ transporting ATPase interacting 2 41427 1.29 0.00
MGC14376  (Chromosome 17 open reading frame 91 24659 1.28 0.00
DNAJAL 512;{ égsf‘lo) homolog, subfamily A, pa473 28 075
KLF12 Kruppel-like factor 12 34367 1.28 0.00
(UNC13C unc-13 homolog C (C. elegans) 22137 1.27 0.00
RHOQ Ras homolog gene family, member Q 131061 1.26 0.00
FBXL3 F-box and leucine-rich repeat protein 3 25778 1.26 0.00
}:8174112_3 Chromosome 13 open reading frame 27 24463 1.25 0.00
Unknown 132487 1.25 0.75
CRH Corticotropin releasing hormone 34671 1.24 0.00
IGF1R insulin-like growth factor 1 receptor 21519 1.24 0.00
ASNS ﬁ;gj;fygzi;egiymhetase (glutamine- 7208 123 [0.90
CSGIcA-T  |Chondroitin polymerizing factor 2 39955 1.23 0.75
INBPF12 Neuroblastoma breakpoint family, member 1 [24976 1.23 0.90
BAMBI Ezgjgg ?;E:iﬁﬁiﬁﬁfe'bwnd inhibitor L1406 h22 |00
PDXK Pyridoxal (pyridoxine, vitamin B6) kinase 25360 1.22 0.00
Transcribed locus 136399 1.21 0.75
TNRC15 Transcribed locus 37482 1.21 0.75
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Calneuron 1 39092 1.20 0.75
3-Mar Membrane-associated ring finger (C3HC4) 3  [24707 1.20 0.00
Unknown 39306 1.19 0.69
CD93 CD93 molecule 35503 1.19 0.00
C200rf39 Transmembrane protein 90B 35704 1.19 0.00
In multiple ClusterIDs 41186 1.19 0.71
CXXC finger protein 5 136782 1.18 0.00
PPCDC Phosphopantothenoylcysteine decarboxylase (135984 1.18 0.00
COPB2 Clone 24627 mRNA sequence 24627 1.18 0.00
CDNA FL]J34038 fis, clone FCBBF2005645 38618 1.18 0.00
F1J41130 hypothetical LOC401113 10009 1.18 0.00
CPD Carboxypeptidase D 10521 1.18 0.75
(Unknown 34967 1.16 0.90
CACNB2 calcium channel, voltage-dependent, beta 2 4651 116 071
subunit
CUTL2 Cut-like homeobox 2 41354 1.16 0.90
[Unknown 34966 1.15 0.00
LASS6 LAGI1 homolog, ceramide synthase 6 35147 1.15 0.75
LIG4 Ligase IV, DNA, ATP-dependent 39274 1.14 0.75
RNF8 Ring finger protein 8 39161 1.14 0.00
[FT57 Intraflagellar transport 57 homolog 5494 112 0.00
(Chlamydomonas)
PIGO Eiz;lj]}:ﬁzljzhcrl‘;’;:g glycan anchor p1678 |12 o7
KCNIP4 Kv channel interacting protein 4 21478 -1.13 0.00
RCC2 Regulator of chromosome condensation 2 136887 -1.16 0.90
PKIB Pro.te.in kinase ((AMP-dependent, catalytic) | z99g9 117 0.00
inhibitor beta
DDX18 ?SEAD (Asp-Glu-Ala-Asp) box polypeptide 149416 117 0.00
SIN3A (S;le\fsgomolog A, transcription regulator 6455 118 0.00
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RBM4 RNA binding motif protein 4 141446 -1.19 0.00
INKIRAS2  [NFKB inhibitor interacting Ras-like 2 137971 -1.20 0.00
DENND1A [DENN/MADD domain containing 1A 21467 -1.21 0.74
TMLHE Trimethyllysine hydroxylase, epsilon 21457 -1.22 0.00
HSPB1 heat shock 27kDa protein 1 23827 -1.23 0.00
ZNF630 Zinc finger protein 630 141069 -1.24 0.00
ARS] Arylsulfatase family, member J 32854 -1.24 0.00
INUP160 Nucleoporin 160kDa 33299 -1.25 0.00
SCP2 Sterol carrier protein 2 137004 -1.26 0.68
INRN1 Neuritin 1 140197 -1.28 0.00
ATPeap2  [ATPase, H+ transporting, lysosomal 131821 [129  [0.00
accessory protein 2

PRPS2 Phosphoribosyl pyrophosphate synthetase 2 146194 -1.32 0.00
Transcribed locus, weakly similar to
XP_933787.2 PREDICTED: hypothetical 53331 -1.34 0.00
protein [Homo sapiens]

PRSS23 Protease, serine, 23 143887 -1.35 0.00

Cytidine monophosphate (UMP-CMP)

CMPK 140570 -1.36 0.00
kinase 1, cytosolic
UGDH UDP-glucose 6-dehydrogenase 139835 -1.41 0.00
VSNL1 Visinin-like 1 26570 -1.42 0.00
Transcribed locus 139645 -1.44 0.00
SSFA2 Sperm specific antigen 2 140589 -1.45 0.00
ABCA7 ATP-binding cassette, sub-family A (ABC1), 182933 1 45 0.00
member 7
Unknown 181796 -1.54 0.00
DUSP22 Dual specificity phosphatase 22 182999 -1.55 0.00
PFKFB2 6Tphosph0fruct0—2-kinase /fructose-2,6- 53158 1 68 0.00
biphosphatase 2

Table 1. List of significantly modulated genes provided by the statistical analysis by SAM
(FDR <0.68%), comparing MT versus WT TP53 GBM cell lines.
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1.Introduction

Glioblastoma multiforme (GBM) is one of the most frequent tumors in the central nervous system and the most
malignant tumor among gliomas. In the past two decades, cytogenetic and molecular genetic studies have identified a
number of recurrent chromosomal abnormalities and genetic alterations in malignant gliomas, particularly in GBM [1]. It
was already described that GBM harbors combinations of the following genetic alterations: loss of heterozygozity of 10q,
EGFR amplification, TP53 mutations, pl6™* deletion and PTEN mutations [2]. New integrative genomics studies
provided a comprehensive view of the complicated genomic landscape of GBM, revealing a set of core signaling pathways
commonly activated in GBM involving TP53, RB, and RTK (receptor tyrosine kinase) pathways [3, 4]. The majority of
GBM tumors present genetic alterations in all three pathways, which helps to stimulate cell proliferation and enhance cell
survival while allowing tumor cells to escaping from cell-cycle checkpoints, senescence, and apoptosis. This approach also
identified previously unknown genetic alterations in IDH1/2, NF1, ERBB2, and NFKBIA genes [1].

The current GBM treatment involves aggressive management including surgery, adjuvant temozolomide-based
chemotherapy, and radiotherapy [5], but GBM patients still present a dismal prognosis, and the median survival is 14.6
months from diagnosis [6]. Although radiotherapy has been found to significantly prolong survival rates for GBM patients,
radioresistance is a typical characteristic of this tumor [7].

Current genome-wide studies and the molecular characterization of GBM have allowed the identification of potential
new targets, development of novel therapeutic small molecules and monoclonal antibodies and initiation of clinical trials
with these targets [6, 8-10]. However, there is a wide molecular diversity and heterogeneity associated with the aberrantly
GBM signaling pathways, culminating in the relative lack of success of these new approaches [10]. Recently, an alternative
strategy involves the selective targeting of GBM stem cells, which are resistant to chemo- and radiotherapy. But still, almost
all small-molecule inhibitors designed to target these cells failed to demonstrate the effectiveness of this strategy, compared
with the conventional therapy [11].

Considering that most of the treatment protocols are still ineffective, novel approaches are needed towards killing of
GBM cells. Transcription machinery, as well as its regulatory elements is also a feasible new target for the application of
molecular therapies. Transcription of DNA is dependent on the spatially and temporally coordinated interaction between
transcriptional machinery involving RNA polymerase II, transcription factors (TFs)) and transcriptional regulatory
components (promoter elements, enhancers, silencers and locus control regions) [12, 13]. The low level of transcription,
directed by the general transcription factors associated to RNA polymerase core enzyme, is known as basal transcription
[14]. However, there is a rapidly expanding number of ‘context-dependent’ transcription factors that bind DNA and these
TFs are capable of positively or negatively regulating the transcription process depending on the context of their binding
sites, the complement of protein interactions and other environmental influences [15].

Postgenomic analyses of major transcription factor families, in both malignant and nonmalignant cell types, have opened
new discussions about TF function. The mechanisms by which TFs act in cancer cell systems appear to exhibit a restricted
repertoire of skills and plasticity displayed by normal cell systems [16]. The evolution of a restricted malignant
transcriptome can be seen clearly in the nuclear receptor superfamily, but is also apparent in the MYC and AP-1 networks
[17]. Oncogenic transcriptional rigidity reflects the simultaneous deregulation of target loci such that proliferative and
survival signals are enhanced and antimitotic inputs are either limited or lost. Co-repressor proteins significantly contributes
with the disruption of these processes [16]. Therefore, understanding mechanisms involved in gene regulation and
transcriptional network may lead to a better knowledge about the crucial functions of TFs, providing information to explore
possibilities of their application as molecular targets in cancer therapy [18].

A valuable tool to study the transcription machinery is the DNA microarray technology [19], which measures the
transcript expression of thousands of genes to identify changes in expression profiles at different biological conditions [20-
24], thus allowing to compare different cell types under diverse treatment conditions. The influence of TP53 status on
transcriptional profiles was previously described in tumor cell lines [25, 26]. Expression signatures of irradiated GBM cells
were already performed for cell lines that are proficient and deficient for 7P53 [27, 28].

Recently, information on the regulation of gene expression can also be used within the context of functional enrichment
tests, and different databases containing TFs binding sites and other regulatory motifs are available, allowing to scan
promoter regions of genes to detect the presence of target motifs [29]. This information allow to determining whether a set
of pre-selected genes is under control of TFs. FatiGO+ [30] is a web-based tool capable of associating TFs that are common

to a gene set used as parameters. This TF prediction method was already applied to a GBM dataset obtained from public
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repositories of microarray experiments, and the up-regulation of two predicted TFs, E2F1 and E2F4, was validated for
several GBM cell lines [31], demonstrating the suitability of this method.

In the current study, we aimed to identify TFs that could be predicted from significant differentially expressed genes
(previously obtained in microarray experiments in irradiated GBM cells) using an in silico analysis.
We found few predicted TFs that were common between GBM cell lines, while several exclusive TFs were found for each
cell line, indicating that the transcriptional response to ionizing radiation is very particular to each cell line examined in our
microarray study, a fact that can be due to the genetic heterogeneity inherent to GBM cells. In spite of this, there was a
convergence of biological functions among cell lines; the most relevant processes were related to apoptosis, cell
proliferation, cell cycle, DNA repair, oxidative stress, among others. Furthermore, the present results also showed several

TFs that were already reported as associated to cancer and stress responses.

2. Materials and Methods

2.1. Briefly characterization of the experiment that provided the statistically modulated genes
used for TF prediction

2.1.1. Cell culture and irradiation

Human GBM T98G and U87MG cell lines were supplied by the American Type Culture Collection (ATCC)
(Rockville, Maryland, USA) and gently donated by Dr. Mari C. Sogayar (Universidade de Sao Paulo, Brazil). U343MG-a
(U343), a cell line established from a primary malignant astrocytoma in an adult [32], was kindly donated by Dr. James T.
Rutka (The Arthur and Sonia Labatt Brain Tumour Research Center, Canada); U251MG cell lines was also purchased from
the ATCC (Rockville, MD, USA) and gently donated by Dr. Guido Lenz (Universidade Federal do Rio Grande do Sul,
Brazil) [33]. All cell lines grown in the presence of DMEM + HAM F10 medium (Sigma-Aldrich, St. Louis, USA) plus
10% fetal calf serum (Cultilab, Campinas, Brazil), and kept at 37°C and 5% CO2, until they reach semiconfluency. Cells
were sub-cultured and 1x10° cells were seeded in 25 cm® flasks, being incubated at 37°C for 48 h, and irradiated with 8 Gy

of gamma-rays (60C0 source, dose rate of 2.0 Gy / min., Unit Gammatron S-80, Siemens, 1.25 MeV, HC-FMRP/USP).

2.1.2. cDNA microarrays method and analysis

Two experiments with irradiated and sham-irradiated GBM cells were carried out using a glass slide microarrays
containing ~4300 clones of cDNA probe (in replicates) from the human IMAGE Consortium ¢cDNA library [34]; kindly
provided by Dr. Catherine Nguyen (INSERM-CNRS, Marseille, France)], and prepared according to the protocol described
by Hegde et al [35]. Microarrays were spotted onto glass slides (Corning, Lowell, MA, USA) by using a Generation III
Array Spotter (Amersham Molecular Dynamics, Sunnyvale, USA) according to the manufacturer’s instructions.

Total RNA extraction was performed for all cell lines, 30 min. and 6 h after irradiation, using the Trizol reagent
(Invitrogen, Carlsbad, USA) according to manufacturer’s instructions. Each cDNA sample was spotted twice in the slide
(duplicate spots). The cDNA complex probes were prepared using the CyScribe Post Labeling Kit (Amersham Biosciences,
Buckinghamshire, UK) as previously described [23]. Hybridizations were carried out using an automatic system (Automatic
Slide Processor, Amersham Biosciences, UK) and signals were immediately captured after the final wash procedure, using a
Generation III laser scanner (Amersham Biosciences, UK). This array platform was already used in several studies [22-26,

36].

2.1.3. Data acquisition and gene expression analysis

The provided microarray data was filtered and normalized [25, 36]. Following the normalization procedure,
microarray data was exported to tab-delimited tables in MEV format and analyzed in MEV (v. 3.1) software [37].

The gene set submitted to SAM (Significance Analysis of Microarray [20]) were previously obtained by a t-test
(0=5%) comparing irradiated (8 Gy) versus unirradiated (controls) T98G, U251MG, U343MG-a and U8S7MG cell lines,
separately, considering two time points (30 min. and 6 h). The overall results are displayed in Table 1. The complete gene
lists are available at http//www.rge.fmrp.usp.br/passos/genesgbm01/

The list of significantly modulated genes was obtained for a FDR < 5%. U343 cells showed 123 and 14 significantly

differentially expressed genes at 30 min and 6 h after irradiation, respectively, whereas U87 showed 129 genes at 30 min
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and 140 genes at 6 h; T98G cell line displayed 32 and 23 significantly up-regulated genes at 30 min. and 6 h, respectively,
whereas U251 showed 81 genes at 30 min. and 37 genes at 6 h (Table 2).

Table 1. Overall quantitative results on significant differentially expressed genes obtained by the DNA microarray method,
and analysis performed by SAM — Significance Analysis of Microarray (FDR < 5 %), for the comparison irradiated versus
un-irradiated cells. RNA samples from U87, U343, T98 and U251 cells were collected at 30 min. and 6 h following

irradiation with 8 Gy of gamma-rays. Fold-change (+) or (-) means up- and down-regulation in transcript expression,

respectively.
Condition Number of genes Fold Change variation
up-regulated down-regulated
U343MG-a (30 min.) 7 116 +1.53 to -2.42
U343MG-a (6 h) 3 11 +1.83 to -1.39
U87MG (30 min.) 56 73 +1.88 to - 2.95
U87MG (6 h) 86 54 +1.68 to -1.95
T98G (30 min) 32 0 +2.26 to +1.13
T98G (6 h) 16 7 +2.70 to -1.63
U251MG (30 min.) 12 69 +1.85to -1.40
U251MG (6 h) 17 20 +2.28t0 -2.18

2.2. Transcriptional factor analysis

The analysis of TFs related to the significant differentially expressed genes (SAM) was performed by applying the
FatiGO + [30]. This program uses the TRANSFAC [38], and CisRed [39] transcription factors database, including their
respective binding sites and regulated genes.

FatiGO+ analyzes if the pre —selected set of genes (provided after SAM analysis), are under control of the same TF, and
search for significant enrichments to each TF that is associated to the gene list compared to the complete reference list,
containing ~4300 clones that were spotted onto the microarray slide[29].

The p values obtained in the analysis of regulatory elements have been established by the program using the Fisher's
exact test for multiple comparisons (unadjusted p-value). The Enrichment Index (EI) calculated for each TF corresponds to
the increment obtained regarding the number of genes (%) statistically modulated (SAM) that are associated to a specific TF

(List #1) divided by the total number of genes (%) in the array set that were predicted as targets for the same TF (List #2):

EI =% gene List #1/ % gene list #2

The TFs were selected according to unadjusted p-values < 0.05. The genes were submitted to FatiGO+ v3.2, using the
Gene symbol identifier and the selected gene distance of 10 kb. After selecting the TFs associated to modulated genes
(SAM), a search was conducted in PubMed (http://www.ncbi.nlm. Nih.gov / sites / entrez /) looking for biological functions
of those TFs.

2.3. Quantitative real-time PCR (qPCR)

We analyzed the transcript expression of HEB, a predict TF that was found associated to 57.7% of up-regulated genes in
U87 cells, 30 min. after IR. The reverse transcription step was carried out in the remaining RNA samples from microarray
experiments, with the Superscript III Reverse Transcriptase kit (Invitrogen, USA), according to manufacturer’s instructions.
The integrity of cDNA samples was validated by the amplification of the endogenous B2M gene and visualization in
agarose gel electrophoresis. PCR was carried out using SYBR green master mix (Applied Biosystems, Foster City, USA)
and the expression levels were estimated by the Relative Expression Software Tool (REST) [49], using 10000 interactions
as setup parameter. All primers (Integrated DNA Technologies, Coralville, USA) were designed in Primer3 software [50]
and are displayed on Table 2. The reactions were carried out in the Applied Biosystems 7500 Real-Time PCR System
(Applied Biosystems, USA) equipment, using primer sets with an annealing temperature near 60°C and an amplicon of 100—

120 bp. The PCR cycle was the following: pre-heating at S0°C for 2 min., 10 min. at 95°C (denaturation step), followed by
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40 cycles at 95°C for 15 sec., and at 60°C for 60 sec. The dissociation curves were set up as following: 95°C for 15 sec.,

60°C for 20 sec. and 95°C for 15 sec.

Table 2. Primer sequences used in Real Time qPCR; the housekeeping B2M gene was used as internal control.

PCR
Primer Sequence product size
(rb)
B2M — forward | 5’- AGGCTATCCAGCGTACTCCA - 3°
B2M — reverse 5’ -TCAATGTCGGATGGATGAAA - 112
3
HEB — forward | 5" - CCGCTTGAGTTATCCTCCAC - 3’
HEB — reverse 57 - GTGAGGCAGCAACGTAAGGT - 116
37

2.4. Western Blot (WB)

Protein extraction was performed with the Trizol reagent (Invitrogen, Carlsbad-USA) according to the manufacturer's
instructions, using the same samples for RNA extraction. These samples were obtained from U87 cells collected at 30 min.
post-irradiation. The expression of HEB was analyzed by Western blot, using ACTB as internal control. Samples were
prepared with 30 pg of total protein. After electrophoresis, proteins were transferred from the gel to the membrane
Invitrolon PVDF using the XCell IITM Blot Module system (Invitrogen, Carlsbad - USA). The immunodetection and
protein visualization were conducted with the WesternBreeze Chromogenic kit (Invitrogen, Carlsbad - USA). The
antibodies used in this study were anti-HEB (Santa Cruz, Santa Cruz, USA), and anti-ACTB (Cell Signaling, Danvers,
USA), dilution of 1:1000.

We performed densitometric analysis of WB bands using the GelPro Analyzer (MediaCybernetics, Rockville, USA) 4.0,

and the relative expression of HEB was calculated relatively to ACTB.

3.Results

In the FatiGO + analysis, the lists of statistically modulated genes (SAM) were up-loaded in order to find TFs that were
significantly associated with up-regulated and down-regulated genes for non-adjusted p-values < 0.05 (Table 3).

A Venn diagram was constructed based on the numbers of predicted TFs from data set previously obtained for each cell
line (microarray experiments) (Fig. 1). TFs predicted for 30 min and 6 h were pooled together. Each cell line showed a
number of exclusive TFs, but we also observed common TFs between cell lines. Out of 18 exclusive TFs found for US7MG
cell line, PEBP (p = 0.008), Bach2 (p = 0.007), Freac-4 (p = 0.003), HLV (p = 0.006), Evi-1 (p = 0.009) displayed the
lowest p-values, while PPARG and SEF-1 displayed the highest EI (31.3). U343 presented 9 exclusive TFs; High values of
EI were found for MAF (33.1), E2F:DP-1 (22.0), PR (45.5) and STAT3 (38.5), and ARP-1 was the TF presenting the lowest
p-value (0.009). T98G cells displayed only 6 exclusive TFs: EBF, Pax, Pbx1b, C/EBP, Poly A downstream element and
Pax-9; two of them, EBF and PolyA showed low p-values, 0.005 and 0.007, respectively. Regarding U251MG cells, 13 TFs
were predicted, and only APOLY A presented a high EI (27.8) (Table 3).

Table 3. Transcription factors associated with statistically modulated genes (SAM, FDR < 5 %), as predicted by the
FATIGO+ v3.2., analysis performed for U343MG-a, U7MG, T98G and U251MG cell lines (30 min. and 6 h post-
irradiation). We used gene lists that showed patterns of repression (|) and induction (1) in irradiated cells compared with
mock-irradiated. The Enrichment Index (EI) calculated for each TF corresponds to the increment regarding the number of
genes (%) statistically modulated (SAM) that are associated to a specific TF (List #1) divided by the total number of genes
(%) in the array set that were predicted as targets for the same TF (List #2). The gene distance for the analysis of the TFs
was 10 kb.

U343MG-a
Collection | Transcription % of % of El p-
time factor genes genes value
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(List1) | (List 2)
ARP-1 14.8 6.7 2.2 | 0.009
TEF 37.5 25.3 1.5 | 0.013
VBP 19.3 10.4 1.9 | 0.013
Imperfect
Hogness/Goldbe 2.3 0.2 14.2 | 0.016
30 min. () rg BOX
Muscle initiator |, g 122 | 1.7 | 0.031
sequence-20
Elk-1 44.3 33.1 1.3 | 0.038
Sox-5 4.6 1.5 3.1 | 0.048
ACAAT 12.5 6.7 1.9 | 0.049
6h (1) MAF 50.0 1.5 33.1 | 0.031
E2F-4:DP-1 50.0 2.3 22.0 | 0.046
ICSBP 40.0 3.7 10.9 | 0.013
6h () PR 20.0 04 455 | 0.024
STAT3 20.0 0.5 38.5 | 0.028
ARP-1 40.0 6.7 6.0 | 0.040
U887 MG
Collection | Transcription % of % of p-
time factor genes genes El value
(List 1) | (List 2)
C/EBPgamma 85.0 64.4 1.3 | 0.007
AP-1 80.0 61.1 1.3 | 0.014
HEB 57.5 38.5 1.5 | 0.021
30 min. (1) SREBP-1 97.5 84.5 1.2 | 0.024
FOXP3 87.5 72.0 1.2 | 0.032
PPARG 2.5 0.1 31.3 | 0.046
SEF-1 2.5 0.1 31.3 | 0.046
Bach2 63.5 43.9 1.4 | 0.007
PEBP 28.9 14.4 2.0 | 0.008
30 min. (]) COUP'ZF'HNF' 115 37 | 3.1 |0.014
MEF-3 5.8 1.2 5.0 | 0.026
FOX 78.9 64.8 1.2 | 0.039
6h (1) DEC 45.6 31.9 1.4 | 0.032
STAT3 3.5 0.5 6.8 | 0.042
Freac-4 10.5 1.6 6.8 | 0.003
HLF 50.0 28.2 1.8 | 0.006
Evi-1 97.4 81.6 1.2 | 0.009
VBP 23.7 10.4 2.3 | 0.015
6h(]) TCF-4 55.3 37.2 1.5 | 0.028
AP-1 79.0 61.1 1.3 | 0.028
Gfi-1 10.5 3.1 3.4 | 0.031
CRE-BP1 15.8 6.6 24 | 0.039
HNF-4alpha 29.0 16.4 1.8 | 0.047
T98G
. .. % of % of
Cojecton | Transcibtion | gens | genes | EI | B
(List 1) | (List 2)
30 min. (1) EBF 29.6 10.5 2.8 | 0.005
: ATF4 22.2 8.4 2.6 | 0.023
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Pax 92.6 75.3 1.2 | 0.041
6 h (1) Pbx1b 14.3 1.8 8.2 | 0.026
C/EBP 100.0 20.0 5.0 | 0.002
Poly A
6h(l) downstream 75.0 12.6 6.0 | 0.007
element
Pax-9 75.0 23.8 3.2 | 0.045
U251MG
Collection | Transcription % of % of p-
time factor genes genes El value
(List1) | (List 2)
SMAD-4 40.0 10.4 3.9 | 0.015
30 min. (1) PTF1-beta 20.0 2.7 7.4 | 0.030
APOLYA 10.0 0.4 27.8 | 0.039
VBP 21.7 10.4 2.1 | 0.025
HNF-6 6.5 1.4 4.7 | 0.030
E2F 52.2 36.0 1.4 | 0.030
30 min. () TEF 39.1 25.3 1.5 | 0.040
TTF1 23.9 13.3 1.8 | 0.047
CDP CR1 54 .4 39.7 1.4 | 0.049
POU1F1 54 .4 39.7 1.4 | 0.049
MAF 15.4 1.5 10.2 | 0.017
CREB 46.2 17.8 26 | 0.018
6 h (1) ATF4 30.8 8.4 3.7 |0.020
MEIS1B:HOXA9 15.4 1.9 8.2 | 0.025
C/EBPgamma 92.3 64.4 1.4 | 0.041
HES1 45.5 15.6 29 |0.019
6h(l) Lmo2 complex 27.3 6.0 4.5 | 0.026
ATATA 18.2 2.9 6.2 | 0.041

Interestingly, STAT3 was the common TF found for TP53 wild-type cells; however, this TF was associated with up-
regulated genes in U87, and with down-regulated genes in U343. Only one TF (VBP) was common among three cell lines
(U87, U343 and U251), being associated with down-regulated genes. Among the 7P53 mutant cell lines, ATF4 was
common between T98 and U251, associated with up-regulated genes (30 min. and 6 h). Two TFs were found common
between U343 and U251, TEF (associated to down-regulated genes, 30 min.) and MAF (associated to up-regulated, 6 h).
Finally, C/BPGamma was commonly predicted for up-regulated genes in U87 (30 min.) and U251 (6 h) cell lines (Fig. 1).

Therefore, our results showed that most of the predicted TFs were exclusive to each cell line and few TFs were common
among the GBM cell lines; these results indicate that the transcriptional response to ionizing radiation is very particular to
each cell line, and most probably this can be due to the genetic heterogeneity of GBM cells.

By using the real time qPCR method, we confirmed the expression of HEB to validate the in silico prediction for this TF.
By using the REST 2009 software, we found that HEB was statistically up-regulated (+2.6) when comparing irradiated and
sham-irradiated U87 cell lines (30 min.) (Fig. 2A). Primer efficiency was also determined for B2M (0.9615) and HEB
(0.9652).
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U343MG-a U251MG

US7TMG

Fig. 1. Venn diagram showing predicted TFs associated with significant differentially expressed genes (from microarray
experiments) selected for four GBM cell lines, comparing irradiated versus sham-irradiated cells, collected at 30 min. and

6h following irradiation. TF prediction was carried out using FatiGO+ v3.2.

We also look for HEB protein expression by Western Blot; both ACTB and HEB antibodies were used for irradiated and
sham-irrradiated U87, 30 min after irradiation (Fig.2B). The relative expression values calculated by densitometric analysis

showed that HEB expression was 1.7 higher in irradiated (8 Gy) cells, relatively to the control value (Fig. 2C).

A)4 -+ B) C)E )
Ez ! Co SGV %
HEB 8
s acTe [*] 30 co sG
HEB y

Fig.2. HEB expression. A) HEB expression levels obtained by the qPCR method. This TF was found associated with up-
regulated genes in U87 cells, 30 min. after irradiation. Boxes represent the interquartile range; the dotted line represents the
median value; whiskers represent the minimum and maximum observations. B) Protein expression analyzed by Western
Blot using antibodies for HEB (Santa Cruz) and ACTB (Cell Signalling) as endogenous control. C) Densitometric analysis
of Western Blot bands using the Gel Pro Analyzer 4.0 software displayed for HEB expression relatively to ACTB.

4. Discussion

Recently, genome wide technologies, such as DNA microarrays, provide a huge amount of information about gene
expression, but require additional bioinformatics analyses for data interpretation. In order to reduce complex signatures to a
small number of activated transcriptional elements, new bioinformatics tools have been developed. To date, genome-wide
TF-binding regions and sites were identified using a variety of indirect methods and data sets, revealing abundant binding
sites for different TFs in mammalian cells [40-43]. Using lists of differentially expressed genes that were generated by
microarray experiments, it is possible to predict TFs that can target common binding sites to a gene set. In the current study,
we performed an in silico analysis (FatiGO+ v3.2.) to identify TFs from a list of significant differentially expressed genes
selected for irradiated GBM cell lines in microarray experiments. Only few predicted TFs were common to GBM cell lines,
while several TFs were exclusive to each cell line, indicating that the transcriptional response to ionizing radiation is very
peculiar to each cell line examined in our microarray study. The most relevant predicted TFs are discussed below. While

few predicted TFs were shared between different cell lines, several TFs were found exclusive to each cell line, except U251.

4.1. Commonly predicted TFs for two or three GBM cell lines

We found few TFs that were predicted for more than one cell line: MAF, TEF, ATF4, STAT3, VBP and
C/EBPGamma. Most of these TFs (STAT3, TEF and VBP) are related to apoptosis, while other biological classes were also
found, such as oxidative stress (ATF4), differentiation (MAF) and nucleotide excision repair (C/EBPGamma).
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STAT3, signal transducer and activator of transcription 3 (acute-phase response factor), is part of the STAT family
of cytoplasmic latent transcription factors, and was predicted for the TP53 wild type cells, U87 (up-regulated genes, 6 h) and
U343 (down-regulated genes, 6 h). Phosphorylated STAT3 leads to transcriptional activation of downstream genes involved
in processes such as cell proliferation, suppression of apoptosis, and angiogenesis [44, 45]. It was demonstrated that STAT3
is constitutively activated and overexpressed in human gliomas; STAT3 activation correlates with malignancy [46, 47],
while STATS3 inhibition reduces the lethality of GBM tumors in vivo [48], and its inhibition have been tested in phase 0 trial
in head and neck cancers [49].

Thyrotroph embryonic factor (TEF) and human hepatic leukemia factor (HLF) are members of the PAR (proline and
acidic amino acid-rich) subfamily of basic region/leucine zipper (bZIP) transcription factors. The chicken vitellogenin gene-
binding protein (VBP) is also a bZIP TF member and is considered as the chicken homologue of TEF. TEF was predicted
from down-regulated genes in U343 and U251 (30 min.), and its homolog, VBP, from down-regulated genes in U87 (6 h),
U343 (30 min.) and U251 (30 min.). PAR bZIP proteins have recently been shown to be involved in amino acid and
neurotransmitter metabolism in both liver and brain [50]. PAR bZIP proteins are also able to transactivate the promoter of
bel-gS which is directly involved in apoptosis induction. Consistently, transfection of TEF induces the expression of
endogenous bcl-gS in cancer cells, independently on TP53 [51].

Activating transcription factor 4 (tax-responsive enhancer element B67); activating transcription factor 4C (ATF4)
belongs to the large ATF/CREB family of transcription factors [52] and was predicted from up-regulated genes in T98 (30
min) and U251 (6 h). Up-regulation of ATF4 is directly involved in the endoplasmic reticulum (ER) stress through
induction of CHOP in GBM treated with Nelfinavir (protease inhibitor class of drugs) [53] or in concert with PERK,
GADD34 and EIF2alpha in Hela cells submitted to hypoxia [54]. Therefore, activation of ATF4 was already reported in
GBM treated cells.

MATF, the v-maf musculoaponeurotic fibrosarcoma oncogene homolog (avian) is a unique subclass of bZIP proteins
and was predicted from up-regulated genes in U343 and U251 at 6 h. Depending on the binding site and binding partner, the
encoded protein can be a transcriptional activator or repressor. Members of the MAF family appear to play important roles
in the regulation of differentiation [55]. MAF was found up-regulated in various cancers, such as colon cancer (but only in
tumors that presented high levels of COX-2 expression) [56], a small subset of myelomas, hairy cell leukemia, T- and NK-
cell neoplasms and small cell lymphomas [57].

C/EBPGamma, a member of the CCAAT/enhancer-binding protein (C/EBP) family of transcription factors was
predicted from up-regulated genes in U87 (30 min.) and U251 (6 h). This TF regulates the expression of ERCC5 [58], and is
a participant of DNA repair [59], particularly in the nucleotide excision repair [60].

The predicted TFs represent the overall GBM response to irradiation, since they were selected for more than one cell
line, and as mentioned above, their functions are directly associated with stress responses involving apoptosis, DNA repair
and ER stress. Moreover, as an example of STAT3, which is in clinical trial [49], predicted TFs may constitute potential

targets to be investigated and validated in cancer treatment.

4.2. Exclusively predicted TFs for irradiated U343 cell line

Few predicted TFs (PR, E2F4:DP-1, and ARP-1) associated with statistically significant modulated genes in
irradiated U343 cells were found exclusive to this cell line. The functions of these TFs are mainly associated with cell cycle/
tumor growth, being involved in various types of cancer. The overexpression of E2F4 and its binding partner DP-1 revealed
a dual function of E2F4, which acts as an activator as well as a repressor, being implicated in positive regulation of the cell
cycle [61]. In a previous work, the up-regulation of E2F4 was confirmed for several GBM cell lines [31], demonstrating the
potential of this TF as molecular target in cancer therapy.

Progesterone receptor (PR), a nuclear receptor transcription factor was associated with down-regulated genes in U343
cells (6 h). Steroid hormones participate in several physiological and pathological processes in the brain, including the
regulation of tumor cell growth [62-64]. Progesterone exerts many of its effects by the interaction with specific intracellular
receptors [62, 65].

ARP-1, also known as orphan nuclear receptor chicken ovalbumin upstream promoter transcription factor II (COUP-
TFII) is a member of the steroid/thyroid nuclear hormone receptor superfamily [66] and can act as transcriptional repressor
or activator. ARP-1 plays critical roles in organogenesis [67-70], and is a major angiogenesis regulator within the tumor

microenvironment during pancreatic tumor progression and metastasis [71]. Besides, ARP-1 was associated with therapy
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response in oligodendroglial tumors with 1p/19q loss [72]. In the present study, this TF was predicted from down-regulated

genes (30 min. and 6 h), indicating its possible involvement in radiation responses restricted to U343 cell line.

4.3. Exclusively predicted TFs for irradiated U87 cell line

A high number of TFs with low p-value (Bach2, PEBP, Freac-4, HLF and Evi-1) and high EI (PPARG and SEF-1)
was associated with significant expressed genes in U87 cell line.

PPARG is a member of the peroxisome proliferator activated receptor (PPAR) family, a subfamily of the nuclear
receptor superfamily [73]. The protein level of this receptor has been recently identified as a significant prognostic marker
[74]. Interestingly, recent studies have shown that PPARG is expressed in normal and malignant human brain, and the
treatment with PPARG agonists induces growth arrest and apoptosis in brain tumor cells in vitro and in animal models in
vivo [75-77]. Recent findings show that PPARG agonists regulate growth and expansion of brain tumor stem cells [78] and
also altered the expression of stemness genes [79]. Unfortunately, clinical trials also failed to demonstrate the effectiveness
of such agonists as a monotherapy for cancer treatment, a fact which stimulates the search for combination treatments to
enhance their effects [80].

Basic leucine zipper transcription factor 2 (Bach2) is an evolutionarily related member of the BTB-basic region
leucine zipper transcription factor family. Bach2 can function as transcriptional activator and repressor [81]. This TF down-
regulates cell proliferation of the neuroblastoma cell line N1E-115 and negatively affects their potential to differentiate,
being considered as gatekeeper of the differentiated status [82]. Bach2 presents high frequency of loss of heterozygosity of
the Bach2 gene in human B cell lymphomas [83]. Consistent with its putative role as a tumor suppressor, Bach2 enhances
apoptosis in response to oxidative stress [84, 85].

The transcription Factor PEBP, also called Raf kinase inhibitor protein (RKIP) is a member of the
phosphatidylethanolamine-binding protein (PEBP) family. RKIP plays a pivotal modulatory role in several protein kinase
signaling cascades. RKIP regulates the activity of the Raf/MEK/ERK, which is responsible for proliferation and
differentiation of diverse cell types [86]. It has been reported that RKIP was poorly expressed in primary tumors, being
absent in various metastatic cancers; its induction sensitize resistant tumor cells to apoptosis by various chemo- and
immunotherapeutic drugs, as well as inhibitors of metastasis [87].The absence of RKIP is also associated with highly
malignant behavior and poor survival of patients [88].

The forkhead domain is a monomeric DNA binding motif that defines a rapidly growing family of eukaryotic
transcriptional regulators. We found Freac-4, also known as Forkhead Box D1 (FOXD1) associated with down-regulated
genes in U87 cells (6 h). This gene was found repressed in chemoresistant tumors, as analyzed by microarrays [89].
However, FOXD1 and FOXD2 were highly expressed in prostate cancer and lymph node metastases, among various cancer
types [90]. In another study, using kidney-derived cell lines, it was suggested that FOXD1 may be regulated by TP53,
WTAR (a mutated form of WT1) and WT1[91].

As already mentioned, HLF is a member of PAR bZIP transcription factors, and was associated with down-regulated
genes, 6 h after irradiation in U87. PAR bZIP proteins are also involved in apoptosis induction [51].The fused gene E2A-
HLF was responsible for the development of lymphoid malignancies in 60 % of the transgenic mice [92].

Activator protein one (AP1) transcription factors are a family of jun and fos proteins, whose subunits present diverse
pro/anti-cancer effects, like inhibition or increase in proliferation, inhibition of apoptosis and angiogenesis [93, 94]. AP-1 is
one of the genes early activated after radiation in primary human B cells [95]. The inhibition of AP-1 blocks the
proliferation of breast tumor cells by suppressing the growth factor signaling [96]. The modulation of AP-1 activity may be
a new attempt to reduce the malignant transformation. However, only the function involved with malignancy should be
targeted [97], since AP-1 presents oncogenic and anti-oncogenic properties. This TF was associated to U87 cells (up-
regulated genes, 30 min.) and (down-regulated genes, 6h).

The EVI1 gene encodes a zinc finger transcription factor with important roles in normal development and
leukemogenesis. Reports in animal model and findings in in vitro studies. showed that EVI1 affected cellular proliferation,
differentiation, and apoptosis [98]. Evi-1 was also found overexpressed in infratentorial ependymomas, it can promote
proliferation of ependymal tumor cells, and its expression indicates an unfavorable prognosis [99].

U87 cell line presented several predicted TFs with significant p values and higher enrichment index than other cell
lines. Most of the predicted TFs are related to apoptosis (PPARG, Batch2, PEBP, HLF, AP1 and EVI1), but they were

associated with up- or down-regulated genes. Overall, the biological functions of these TFs are related to cell proliferation,
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differentiation and tumor growth, indicating the relevance of their deregulation in cancer development and malignancy, and

possibly, in tumor responses to anti-cancer therapies.

4.4. Exclusively predicted TFs for irradiated T98G cell line

Only two TFs were predicted for T98G cells: EBF and C/EBP. The early B-cell factors (EBF) are a family of four
highly conserved DNA-binding transcription factors with an atypical zinc-finger and helix-loop-helix motif. Zardo and
colleagues found that the EBF3 locus on the human chromosome 10q is deleted or methylated in brain tumors [100].
Functional studies revealed that EBF3 activates genes involved in cell cycle arrest and apoptosis, while in opposite, it
represses genes involved in cell survival and proliferation [101]. Therefore, EBFs represent novel tumor suppressors whose
inactivation blocks normal development and contributes to tumorigenesis of diverse types of human cancer [102].
CEBP is also known as basic leucine zipper transcription factor, CCAAT/enhancer binding protein alpha (CEBPA), which
directly interacts with CDK2 and CDK4 and arrests cell proliferation by inhibition of these kinases [103]. CEBPA is crucial
for normal granulopoiesis, and dominant-negative mutations of CEBPA gene were found in patients with myeloblastic
subtypes (M1 and M2) of acute myeloid leukemia [104]. CEBPA also plays a role in DNA damage response dependent on
TP53, as observed in keratinocytes [105]. C/EBPA was found silenced in human squamous cell carcinoma (SCC), and loss
of C/EBPA confers susceptibility to UVB-induced skin SCCs involving defective cell cycle arrest in response to UVB
[106]. Interestingly, these findings indicate the role of CEBP in DNA damage responses, and possibly, the potential of this

TF to be explored as therapeutic molecular target.

4.5. Validation of TF prediction

As a predicted TF associated with up-regulated genes, HEB (p-value = 0.021 and EI = 1.5) was chosen to be studied in
terms of expression levels, aiming to validate the in silico analysis, although for a single TF. Interestingly, we showed that
HEB transcript expression was up-regulated (+2.6) in irradiated U87 cell line, 30 min. after irradiation, while HEB protein
expression analyzed by Western blot was 1.7 higher in irradiated (8 Gy) cells, relatively to un-exposed controls.

HEB is a member of the class A basic helix-loop-helix (bHLH) family that participates in the nervous system
development [107, 108]. According to O'Neil et al. [109], the repression of E47/HEB has been associated with the induction
of leukemia in mice. In another study, it was demonstrated the induction of HEB in gliomas compared with non-neoplastic
brain tissue [110]. Moreover, HEB seems to be involved in cell proliferation control of neural stem cells and also progenitor
cells, being important to sustain their undifferentiated state during embryonic and adult neurogenesis [108]. Although HEB
expression has not yet been correlated with radiation responses in GBM cells, in the present study, we found its association
with significant differentially expressed genes at 30 min. following irradiation in U87 cell line; interestingly, we also
showed that HEB transcript and protein expression was induced in irradiated U87 cell line, 30 min. after irradiation. This

finding, although restrict to one TF, indicates the validity of the TF prediction by in silico analysis.

5. Conclusions: Lessons from TF prediction in irradiated GBM cells

The present findings about prediction of TFs associated to differentially expressed genes in GBM cell lines showed that
few TFs were shared among different GBM cell lines, while several TFs were found exclusive to each cell line, indicating
that the transcriptional response to ionizing radiation is very particular to each cell line, probably due to the genetic
heterogeneity, which is characteristic of GBM cell lines. In spite of this observation, several biological functions were
similar among cell lines, such as apoptosis, cell proliferation, cell cycle control, DNA repair, ER stress, and differentiation.
Furthermore, most of the predicted TFs were already reported as differentially expressed, deleted or mutated in cancer,
including GBM. However, apart the similarity of biological functions, different pathways seems to be associated to the
predicted TFs. Interestingly, we could not find TP53 as a TF associated to the data set (List #1) analyzed in the present
study, even for the GBM cells that were wild-type for 7P53 gene, and even considering the presence of 7P53 cDNA clone
in the microarray slide. It is possible that the TP53 protein could not be activated in GBM cells, impairing its action as
transcription factor, as previously suggested by other authors [111].

The most intriguing finding refers to apoptotic related TFs. Probably, predicted TFs related to apoptosis control, and
found associated with expressed genes at early time (30 minutes) following irradiation, are related to survival in GBM cells;

this is supported by reports showing that in general, these cells are very resistant to undergo apoptosis, even under
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conditions of drug treatment or radiation exposure [112-114]. In fact, GBM cells seem to be capable of activating several
pathways to escaping from cell killing by anticancer therapies.

Even considering the relevance of our findings, some methodological limitations should be mentioned regarding in
silico prediction of TFs. Despite the great advancement in terms of DNA binding sites detection, it is hard to determine
which sites are functional regulatory elements that influence transcription. It is possible that a considerable fraction of these
binding sites are nonfunctional and may constitute biological noise [115]. Other choices, such as ChIP experiments, may
overcome this concern by detecting indirect TF-DNA interactions through protein/protein interaction [116].

In spite of the limitation mentioned above, in a previous study, we validated the expression of E2F [31] and the HEB
expression was confirmed in the present study, both of them in GBM cell lines. In addition, we selected predicted TFs that
were associated with stress response genes, and importantly, the TFs were reported as deregulated or mutated in different
cancer types, thus indicating the relevance of further studies to better exploring the role of TFs in the context of therapeutic

strategies based on molecular targets.
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ABSTRACT

The genetic heterogeneity presented by different cell lines derived from glioblastoma (GBM)
seems to influence the responses to antitumoral agents. Although GBM tumors present several
genomic alterations, it has been assumed that 7P53 gene, frequently mutated in GBM, may be to
some extent responsible for differences in cellular responses to antitumor agents, but this is not clear
yet. To test this hypothesis, we aimed to analyze how TP53 status influence transcript profiles (DNA
microarray method) displayed by irradiated (8 Gy of gamma-rays) GBM cell lines. We studied MT
(T98G; U251MG) and WT (U343MG-a; US7MG) cell lines, which are mutant (MT) and wild-type
(WT) for TP53 gene, respectively. Transcript profiles displayed by cells analyzed at 30 min. and 6h
after irradiation showed a higher number of significant (SAM; FDR < 0.05) differentially expressed
genes in WT (240 and 236, respectively), compared with MT cells (19 and 59, respectively).
Transcription, intracellular signaling cascade and macromolecule metabolic process were biological
classes preferentially affected in WT, but not in MT cells. However, most of the differentially
expressed genes did not present the TP53 binding site, suggesting that transcription factors
downstream TP53 should be acting in the regulation of gene expression, as well as other mechanisms
of transcription regulation. By using the real time qPCR method, the expression analysis showed an
up-regulation of EIF2B5 and DUSP22, and a down-regulation of RAD5ILI, TRAPI, FANCG and
CUGBPI, relatively to control levels. As a whole, we showed that 7P53 mutation influences
radiation responses measured as transcript profiles, although GBM cells are still capable of activating

alternative pathways towards survival and maintenance of cell proliferation.

Keywords: Glioblastoma, ionizing radiation, TP53, DNA repair, DNA microarrays, DNA damage.
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1 INTRODUCTION

Glioblastoma multiforme (GBM) is the most common and fatal brain tumor, and despite
aggressive surgery, radiation and chemotherapy, the median survival of patients with GBM remains
only 12—15 months [1]. Although radiotherapy has been found to significantly prolong survival rates
for GBM patients, radioresistance is a typical characteristic of GBM tumors [2]. The principle of
radiotherapy resides on the fact that radiation induces DNA lesions, including single-strand breaks
(SSBs) and double-strand breaks (DSBs), which can lead to cell death, but repair of these lesions
plays a critical role in tumor survival and proliferation [3]. Homologous Recombination Repair
(HRR) and Non-Homologous End Joining (NHEJ) are very important mechanisms of DSBs repair in
irradiated cells [4, 5]. Unrepaired DSBs can lead to cell cycle blockage, apoptosis and cellular
senescence [4], and DSB repair has been intensively studied to clarify the mechanisms underlying
radiation responses in several cell types.

Radiation induced DNA damage, among other types of cellular stresses, also interferes on the
expression of TP53 proteins regulating target genes that induce cell cycle arrest, apoptosis,
senescence, DNA repair, or changes in metabolism [6, 7]. TP53 acts as a tumor repressor, mainly by
binding to target genes to regulate their expression [8]. Among numerous chromosomal and gene
alterations, primary GBM presents 7P53 mutations in 31% of cases [9]. Data on the significance of
TP53 alterations as predictive factor for survival in GBM patients are contradictory. While some
studies displayed no relationship between TP53 status and the outcome of GBM patients [10-12],
several reports showed that mutation on 7P53 gene is a favorable prognostic factor [9, 13, 14].

In order to improve the survival rate of GBM patients, a better insight into the molecular
mechanisms underlying the development of these malignant tumors is needed [15], since GBMs are
capable of activating several mechanisms, including signal transduction pathways that suppress
apoptosis, as well as pathways that enhance proliferation and angiogenesis [16]. The use of
microarrays technology could help to measure the transcript expression of thousands of genes to
identify changes in expression between different biological conditions [17-21], being possible to
compare cell lines exhibiting different genetic background and submitted to drug treatment or
radiation exposure. This approach is interesting especially in case of GBM, since it is assumed that
different combinations of mutated genes in these cells may result in different responses to antitumor
therapies [22]. The influence of TP53 status on transcriptional profiles was previously described in

tumor cell lines [23, 24]. Although there is a report on GBM cell response to radiation [25], still
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remains a lack of information regarding the signaling pathways affected by radiation exposure, and
whether the TP53 status may influence the transcriptional response of irradiated GBM cells.

In the current study, we tested the hypothesis that 7P53 mutation in GBM cells, at some
extent, influence expression profiles in response to irradiation. We aimed to analyze the influence of
TP53 status on transcript profiles (using the cDNA microarray method) displayed by WT and MT

TP53 GBM cell lines exposed to ionizing radiation.

2 MATERIALS AND METHODS

2.1 GBM cell lines

Human GBM T98G (T98) and US7MG (U87) cell lines were supplied by the American Type
Culture Collection (ATCC) (Rockville, MD, USA) and gently donated by Dr. Mari C. Sogayar
(Universidade de Sao Paulo, Brazil). U343MG-a (U343), a cell line established from a primary
glioblastoma multiforme in an adult [26], was kindly donated by Dr. James T. Rutka (The Arthur and
Sonia Labatt Brain Tumour Research Center, Canada); U251MG (U251) cell lines was also
purchased from the ATCC and gently donated by Dr. Guido Lenz (Universidade Federal do Rio
Grande do Sul, Brazil) [27]. T98G and U251MG cell lines harbor four mutations (7P53, p16, PTEN
and pI4ARF) while U343MG-a and US7MG cells are wild type (WT) for TP53, and mutant (MT) for
pl6, PTEN and pI4ARF genes [28]. The TP53 mutations in U251 and T98 cell lines are located at the

codons 273 (Arg— His homozygous) and 237 (Met—lle), respectively [28].

2.2 Cell culture and irradiation

All cell lines were kept frozen in liquid nitrogen, and for the experiments, they were grown in
the presence of DMEM + HAM F10 medium (Sigma-Aldrich, St. Louis, MO, USA) plus 10% fetal
calf serum (Cultilab, Campinas, SP, Brazil), and kept at 37°C and 5% CO,, until they reach
semiconfluency. Cells were sub-cultured and 1x10° cells were seeded in 25 cm® flasks, being
incubated at 37°C for 48 h, and irradiated with 8 Gy of gamma-rays (“’Co source, dose rate of 2.0 Gy
/ min., Unit Gammatron S-80, Siemens, 1.25 MeV, HC-FMRP/USP). The irradiated cells and
controls were harvested at different times, depending on the assay. Previously, we performed

clonogenic survival assays for several radiation doses, from 2 to 16 Gy, and we found that for 8 Gy,
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survival rates varied from 1 to 16% for all four cell lines tested in the present work. Similar results

were obtained by other authors [29-31].

2.3 Total RNA extraction

Total RNA extraction was performed for all cell lines, 30 min. and 6 h after irradiation, using
the Trizol reagent (Invitrogen, Carlsbad, CA, USA) according to manufacturer’s instructions. The
quality of RNA samples was evaluated by denaturing agarose gel electrophoresis under standard
conditions. To remove the contaminating DNA, RNA samples used in ¢cDNA microarrays were
treated with the Deoxyribonuclease I (Amplification Grade kit, Invitrogen), according to the

manufacturer’s instructions.

2.4 ¢cDNA microarray method

Two experiments with irradiated and sham-irradiated GBM cells were carried out using a
glass slide microarrays containing 4500 clones of ¢cDNA probe (in replicates) from the human
IMAGE Consortium cDNA library [32]; kindly provided by Dr. Catherine Nguyen (INSERM-CNRS,
Marseille, France)], and prepared according to the protocol described by Hegde et al [33].

Microarrays were spotted onto glass slides (Corning, Lowell, MA, USA) by using a
Generation III Array Spotter (Amersham Molecular Dynamics, Sunnyvale, CA, USA) according to
the manufacturer’s instructions. Each cDNA sample was spotted twice in the slide (duplicate spots).
The ¢cDNA complex probes were prepared using the CyScribe Post Labeling Kit (Amersham
Biosciences, Buckinghamshire, UK) as previously described [22]. Hybridizations were carried out
using an automatic system (Automatic Slide Processor, Amersham Biosciences) and signals were
immediately captured after the final wash procedure, using a Generation III laser scanner (Amersham

Biosciences). This array platform was already used in several studies [19-21, 23, 24, 34].

2.5 Data acquisition and gene expression analysis

Data filtering and normalization were performed using the R statistical environment [35] and
functions of the microarray packages Limma [36], AROMA [37], Bioconductor [38], and KTH;
according to KTH recommendations [39], with few modifications. The median pixel value in the
background region (around the spot) plus two fold the standard deviation of the background pixels
(determined by SPOT software) were subtracted from the expression value for each gene. Moreover,
genes were filtered based on correlation between the mean and median of spots pixels, in addition to

their size and the circularity of spots. Microarray data for samples for which the number of filtered
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features was greater than 30% were not used in the analysis, due to their low correlation with other
samples of the same batch. The raw data for the red (R) and green (G) channels were transformed into
MA format before normalization, where M = log, (R/G) and A = 1/2 x log, (R x G). This
transformation was followed by within-array normalization and applied a print-tip lowess method,
correcting a variety of spatial and intensity-dependent biases. Furthermore, data normalization was
achieved by applying the re-scaling of M values, centering the M distribution on median absolute
deviation value and correcting differences in the spread of intensity log ratios [40]. Following the
normalization procedure, microarray data were exported to tab-delimited tables in MEV format and
analyzed in MeV (MultiExperiment Viewer) (v. 3.1) software [41].

Briefly, two kinds of comparisons were performed. The gene set submitted to SAM -
Significance Analysis of Microarray [17] was previously obtained by a t-test (a=5%) comparing
irradiated (8 Gy) versus unirradiated (controls) WT TP53 cell lines and independently, 7P53 MT cell
lines. This gene set was also submitted to hierarchical clustering analysis. Clustering analysis was
performed according to the genes and samples, using the uncentered Pearson’s correlation as distance
metric and average linkage clustering as linkage method. Cluster analysis was performed using
normalized values, and duplicate data (left and right sides of the slide) were used to improve the gene
clustering. Only sample clustering will be displayed. Additional analysis was performed for each cell
line (control x 8 Gy), using SAM (unshown data).

Every modulated gene was compared to a list of previously identified genes with TP53
binding sites using a genome wide tiling Chromatin immunoprecipitation (ChIP)-on-chip approach
[45] or (ChIP) with the paired-end ditag (PET) [42] aiming to point out genes that could be
modulated by TP53 transactivation.

Information regarding biological functions were obtained at S.O.U.R.C.E. [43], and PubMed
[44]. For each gene, functional groups were given by DAVID tool [45], choosing the Homo sapiens
as current background, Gene Ontology: GOTERM BP FAT and OMIM Disease as parameters, as
well as the Functional Annotation Chart as the analyzing tool. Therefore, we selected the main

biological functions associated with the differentially expressed genes.

2.6 Quantitative real-time PCR (qPCR)

For four genes, we used the quantitative real-time PCR to confirm the expression profiles
obtained for each cell line (irradiated versus sham-irradiated cells as follow: CUGBPI (U343, 30
min, Co x 8Gy), FANCG (U343, 30 min, Control x 8Gy), RADS51L1 (U343, 30 min, Control x 8Gy),

TRAPI (U87, 30 min, Control x 8Gy), EIF2B5 (U87, 30 6h, Control x 8Gy) and DUSP22 (U87, 6h,
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Control x 8Gy). The reverse transcription step was carried out in the remaining RNA samples from
microarray experiments, with the Superscript III Reverse Transcriptase kit (Invitrogen), according to
manufacturer’s instructions. The integrity of cDNA samples was validated by the amplification of the
endogenous GAPDH gene and visualization in agarose gel electrophoresis. qPCR was carried out
using SYBR green master mix (Applied Biosystems, Foster City, CA, USA) and the expression levels
were estimated by the Relative Expression Software Tool (REST) [46]. All primers (Integrated DNA
Technologies, Coralville, IA, USA) were designed in Primer3 software [51] and are displayed on
Table 1. The reactions were carried out in the Applied Biosystems 7500 Real-Time PCR System
(Applied Biosystems) equipment, using primer sets with an annealing temperature near 60°C and an
amplicon of 100—120 bp. The PCR cycle was the following: pre-heating at 50°C for 2 min., 10 min.
at 95°C (denaturation step), followed by 40 cycles at 95°C for 15 sec., and at 60°C for 60 sec. The

dissociation curves were set up as following: 95°C for 15 sec., 60°C for 20 sec. and 95°C for 15 sec.

3 RESULTS

The hierarchical clustering analysis allowed to compare irradiated and sham-irradiated WT
and MT 7P53 GBM cells regarding transcript profiles obtained at 30 min. and 6 h following
irradiation, using sets of significant differentially expressed genes previously selected by the t-test
(0=0.05), and then submitted to SAM analysis, considering a FDR (False Discovery Rate) <5 %. The
results showed expression patterns that clearly distinguish irradiated from non-irradiated cells. In
sham-irradiated cells, there was a separation between both cell lines in WT (U87 and U343) and MT
(T98 and U251) in the cluster, except for WT TP53cells (30 min.). However, the same was not
observed for irradiated cells, since samples of both cell lines, WT or MT, were clustered together,
indicating similarities in the expression profiles, except for WT TP53 cells (6 h) that presented a clear
separation of irradiated cell lines (Fig. 1).

The statistical analysis performed by SAM indicated that WT TP53 cell lines showed 240
significant differentially expressed genes (5 up-regulated and 235 down-regulated) at 30 min. after
irradiation, while the MT TP53 cells showed 19 genes (9 up-regulated and 10 down-regulated) at the
same conditions. WT cells analyzed at 6 h post irradiation showed a list of 236 modulated genes (74
up-regulated and 162 down-regulated), while MT cells presented 59 modulated genes (16 up-

regulated and 43 down-regulated). The magnitude of changes observed for differentially expressed
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genes in MT TP53 cells ranged from +2.2 to -1.41 (fold-change values) and from +1.56 to -1.89 in
WT TP53 cells (Table 2). We construct a Venn diagram to provide a quantitative representation of
differences and similarities of expression profiles obtained for different cell lines based on the TP53
status and harvesting time (30 min. and 6 h) following irradiation (Fig. 2). We found 206 and 204
exclusively modulated genes for WT 7P53 (30 min. and 6 h, respectively), and 17 and 47 genes for
MT TP53 (30 min. and 6 h, respectively). Only 25 genes were common between WT TP53 cells
analyzed at 30 min. and 6 h. Interestingly, SLC6A1 was the unique gene that was found modulated at
three conditions: MT and WT TP53 at 6 h, and MT TP53 cells at 30 min. Therefore, the analysis of
expression profiles indicated that irradiated WT 7P53 cell lines, compared with MT cells, displayed
higher numbers of exclusive differentially expressed genes, and they shared only few genes, thus
indicating the importance and influence of 7P53 mutation. Common differentially expressed genes
observed between two cell lines (MT or WT) analyzed at two collection times (30 min. and 6 h) were
mostly found in WT (25 genes), but not in MT 7P53 cells; out of these genes, 21 (such as MOBP,
BASPI, PPP6C, ATP7B, DUSP4 and BRCAI) were down-regulated at both time-point analyzed
(Table 3). Differently, eight genes (IGSFI, CWCI15, MBNL2, NPAS2, IMAGE 143028, IMAGE
144821 and BTRC) were down-regulated in WT cells (at early time, 30 min.), as well as in MT TP53
cells (6h), suggesting a lack of their association with 7P53 mutation. Only one gene (S/00P) was
shared between irradiated WT and MT TP53 cells (30 min.), and it was down-regulated and up-
regulated, respectively. The NNT gene was up-regulated in MT 7P53 cells (30 min.) and down-
regulated in WT TP53 ones (6 h) while GRIP! and NRNI were down-regulated in WT and up-
regulated in MT 7P53 cells at 6 h, and AKAP11 was up-regulated in WT (6h) and down-regulated
MT (6h) (Table 3).

For the list of differentially expressed genes, biological gene functions were studied by
DAVID-NIH [52, 53], and several functions were found affected in GBM cell lines, such as DNA
repair, transcription, apoptosis, metabolic process, cellular response to stress, cell-cell adhesion, cell
cycle, cell differentiation, and cell motion/ locomotory behavior (Table-4; Fig.3). However, WT cells
presented a great number of functions, compatible with the high amount of differentially expressed
genes; the most representative class (number of genes > 20) was transcription, followed by other
three classes (number of genes > 15): intracellular signaling cascade, macromolecule metabolic
process, and cellular response to stress (Fig.3). Interestingly, DNA repair/stress response genes were
not found in MT TP53 cells after irradiation.

We also compared each differentially expressed gene (SAM) with lists of empirically

identified genes that present TP53 binding-sites, provided by ChIP-PET and ChIP-on-chip analysis
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[42, 47]. When comparing our gene lists with ChIP- PET gene lists, we observed only 5 common
genes. BCAS3, BCL2A1 and FRMD4A4 were down-regulated and EEA! was up-regulated in WT TP53
GBM cells, while GSTPI was down-regulated in MT TP53 cells. On the other hand, the comparison
comprising the gene list of the present study with the ChIP-on-chip list generated a list of 22 common
genes (Table 5). Among them, only two genes in MT TP53 cells were also present in the ChIP-on-
chip; these genes were [FT74 (down-regulated) and CYP26B1 (up-regulated). The remaining 20
genes found in WT TP53 cells were also present in the ChIP-on-chip list. Among them, only ME3
and NTRK?2 were up-regulated at 30 min., and the remaining 18 genes were down-regulated. Here, in
general, we did not find an influence of TP53 on its direct targets, and most of genes that presented
TP53 binding sites were down-regulated in WT TP53 cells.

By using the real time qPCR method, we confirmed the expression levels of six genes
CUGBPI (U343, 30 min, Control x 8Gy), FANCG (U343, 30 min, Control x 8Gy), RADS5SILI (U343,
30 min, Control x 8Gy), TRAP1 (U87, 30 min, Control x 8Gy), EIF2B5 (U87, 30 6h, Control x 8Gy)
and DUSP22 (U87, 6h, Control x 8Gy), using the same RNA samples that were used in microarray
experiments. The expression analysis showed an up-regulation of EIF2B5 and DUSP22, and a down-
regulation of RAD5ILI, TRAPI, FANCG and CUGBPI, relatively to control levels (Fig. 4), thus

indicating similar results between both methods of transcript expression analysis.

4 DISCUSSION

Radiation therapy is still very important for patients with GBM, but there is still a lack of
information on how the genetic background of GBM tumors can influence the cell response to
irradiation. In the current study, we tested whether the 7P53 mutation in GBM cell lines is
responsible for differences in transcript expression profiles in response to irradiation using the
microarray method, respectively.

We performed the hierarchical clustering analysis to compare irradiated and sham-irradiated
WT and MT 7P53 GBM cells regarding transcript profiles displayed by these cells. The clustering
analysis showed a clear distinction between irradiated and non-irradiated cells, but an absence of cell
line separation among irradiated samples in almost all situations, indicates similarities of expression
profiles between cell lines that present the same 7P53 status (Fig. 2). In a previous work, using a set

of genes previously selected by the SAM analysis [23], we showed that MT TP53 cells were grouped
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apart from the WT TP53 cells, but while the mutant cell lines (T98G and U251) were not separated
within a gene cluster, indicating more similarity in the basal transcription levels between cell lines, in
contrast, the proficient cell lines (U87 and U343) were clustered apart from each other. These results
also pointed the potential of the DNA microarray analysis to distinguish transcript profiles displayed
by GBM cell lines presenting similar mutational background for p/44RF, pl6INK4a and PTEN
genes, but with different 7P53 status.

Analysis of expression profiles indicated that only a small percentage of genes were shared
between irradiated GBM samples, either WT or MT TP53 cells, as illustrated in the Venn diagram
(Fig. 3). While the two WT TP53 irradiated cells shared 25 common genes, with similar pattern of
expression (down-regulation) at both analyzed time points. Among them, BRCAI was down-
regulated only in irradiated WT cells; this gene plays critical roles in DNA repair, cell cycle
checkpoint, and maintenance of genomic stability [61]; most probably, its expression can be affected
by the 7P53 mutation in MT GBM cells. In contrast, S/00P gene was found down-regulated in WT
and up-regulated in MT TP53 cells (30 min.), while three genes, GRIPI, NRNI and NNT were down-
regulated in WT and up-regulated in MT 7P53 cells (30 min. or 6 h); on the opposite, only one gene
(AKAPI11) showed an up-regulation in WT and down-regulation in MT TP53 cells (6h) (Table 3).
These genes presenting opposite response in WT and MT TP53 cells regarding transcript expression
might reflect the influence of the TP53 status, although other factors inherent to the genetic
background of GBM cells should exist in the complex signaling cascade involving radiation
responses.

In the present study, biological functions (DAVID-NIH) attributed to the differentially
expressed genes showed differences between cell lines differing in 7P53 status, especially due to the
high number of significant genes in WT, compared with MT TP53 cells. The most representative
classes found in WT cells were transcription and intracellular signaling cascade, followed by DNA
repair, macromolecule metabolic process, and cellular response to stress and behavior (Fig. 4).
According to the literature, it has been reported that in general, cell responses to ionizing radiation
involve the participation of a cascade of genes acting in concert, whose products may play a role in a
broad spectrum of activities, including DNA repair, cell cycle control, apoptosis, transcription,
metabolic process, etc. [18, 29, 34, 48-50]. However, the present results indicate how the
differentially expressed genes are distributed into biological classes in irradiated GBM cell lines, and
pointed some classes that are preferentially affected in WT TP53 cells; conversely, radiation
responses displayed by MT TP53 cells involve a small number of genes/biological classes, and DNA

repair/stress response genes were not found as differentially expressed. The analysis performed in this
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work shows the genes/ biological functions that are common to groups of cells (WT or MT TP53
cells), not individually.

The up-regulation of genes controlling transcription after irradiation was also reported in
GBM cell lines [18-20, 25]. Most of the zinc finger genes that act as transcription factors were found
down-regulated: ZNF630, ZNF827 and ZNF692 for WT TP53 (30 min.) and ZNF630 and ZNF250,
for WT TP53 (6h). Only ZNF250 gene was up-regulated. ZNF630 was commonly down-regulated in
WT TP53 30 min. and 6h after IR; this gene is expressed in adult brain and during fetal development
[51].

Interestingly, genes playing roles in DNA repair/recombination were modulated following
irradiation, but only in WT TP53 cells. Down-regulated repair genes (30 min.) are involved in HRR
(BRCAI, RADSILI, RAD51API1, RADSIL3, FANCG and RAD52), DNA damage recognition (4TM),
NHEJ (XRCC4) and NER (XPA and ERCCS5). RAD5ILI and FANCG were also found down-
regulated by qPCR (Fig. 5). RAD51 gene also plays an important role in the resistance of glioma to
both gamma-irradiation and temozolomide, becoming a promising target for combined therapies [52].
After 6 h, ERCC3 and CHAFIB (NER) and NSMCE?2, and BRCAI (HRR) were down-regulated,
while CHAF 1B and NSMCE?2 were up-regulated.

Therefore, in general, several genes belonging to different repair pathways were down-
regulated in irradiated GBM cell lines, with few exceptions. Other authors reported an up-regulation
of NHEJ and HRR genes in WT 7P53 GBM cells observed at similar collection times [25, 29].
However, the lack of expression or the repression of DNA repair genes does not necessarily mean
that cells are not sensitive to treatment [53], or the lack of involvement of DNA repair genes.

This conflicting picture mentioned above may be related to different experimental conditions
and peculiar characteristics of each cell line tested; but it can also be due to the existence of several
genes or gene products that act in the same pathway and may replace each other.

Fourteen cell cycle/DNA repair genes were also affected in WT TP53 cells (30 min.). The
down-regulated genes, RADS52, RADS5ILI and RAD51L3, are involved in HRR, which is dependent
on the S/G2 checkpoint [54]. ANLN gene, involved in cytokinesis [55] and overexpressed in many
tumors [56], was up-regulated in MT TP53 cells (6 h). In the current study, thirteen differentially
expressed genes were related to apoptosis in WT 7P53 cells (30 min.) (Table 4). Some down-
regulated genes are related to FAS mediated apoptotic pathway, such as FAS and DAPK?2 [57, 58],
and apoptosis resistance in GBM cells, represented by NFKB1 [59, 60]. BCL2A1, a pro-survival gene
that is a direct transcriptional target of NFKB and plays a role in oncogenesis and resistance to

therapy [61], was down-regulated, as well as other six genes (VAV3, PAK2, MADD, TNFRSF124,
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BCL2A41, MAGEHI and BRCAI) that are also involved in apoptosis in WT TP53 cells (6 h); most
probably, genes related to apoptosis control presented early response to irradiation, mainly to
guarantee survival in GBM cells, since it is known that, in general, these cells are very resistant to
undergo apoptosis, even under conditions of drug treatment or radiation exposure [59, 60, 62].

Another important biological function that presented significant modulated genes was cell
adhesion, and this process can be associated with acquired chemo- and radioresistance [63]. Both WT
and MT TP53 cells (6 h) presented modulated genes involved with cell adhesion, such as ROBO!
(WT cells) and BMPRI (MT cells). If cell adhesion is compromised, cancer cells have the
opportunity to metastasize and invade other areas of the body.

GBM does not commonly metastasize outside of the central nervous system [64], but are
highly proliferative and invasive within the brain [65, 66]. Interestingly, cell motion/ locomotory
behavior were functions associated to modulated genes in WT and MT TPS53 irradiated cells. FER
and VAV3, both up-regulated in WT TP53 cells (6 h), and TLN1, up-regulated in MT 7P53 (30 min.)
were already reported to be involved in cell migration and invasion [67-69]. S100P gene was down-
regulated in WT 7P53 and up-regulated in MT 7P53 cells (30 min.). This gene is functionally
involved in invasion and metastasis, and was found expressed in different tumors [24, 58, 70-72].

Many TP53 targets have been described [49, 50, 73, 74], and some of them have been
computationally predicted by the analysis of their binding sites [47, 75, 76].We compared every
differentially expressed gene (SAM) with lists of empirically identified genes that present TP53
binding-sites, provided by ChIP-PET and ChIP-on-chip analysis [42, 47]. When comparing our gene
lists with ChIP- PET gene lists, we observed only 5 common genes, while the comparison with the
ChiP-on-chip gene lists, there were 22 common genes (Table 5). Most of the common genes to ChiP-
on-chip and ChIP-PET gene lists was related to irradiated WT 7P53 cells (16 down-regulated and 2
up-regulated), while only 4 genes were related to irradiated MT TP53 cells (3 down-regulated and 1
up-regulated). Even down-regulated genes could be influenced by the TP53 transcription factor, as
already reported [77]. The number of common genes between our gene list and the predicted genes
with TP53 binding-sites was smaller than expected. Besides we did not find modulation of 7P53 gene
itself in WT cells after irradiation, suggesting that other kind of interference may block the signaling
pathways due to the existence of other mutations in these cell lines.

The majority of genome-wide TP53 target sites can also be bound by overexpressed p63 and
p73 in vivo, suggesting that these genes may possibly play an important role related to TP53 binding

sites [47], and this should also be considered to explain the results.
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It was already demonstrated that MT TP53 protein has a gain of function property reaching
specific DNA targets, either through protein-protein interactions with other transcription factors, or
via p63/p73-guided interactions [78-80]. However, it is not clear if the 7P53 mutations on T98 and
U251 are associated with MT TP53 gain of function, since we found just few expressed genes that
present TP53 binding sites. Most probably, most of the differentially expressed genes in WT TP53
cells are not directly involved with the function of TP53 as a transcription factor. However, TP53
could act at level of other transcription factors, thus regulating the expression of a series of genes.

According to the literature data, there are controversial findings. TP53 status may positive or
negatively influences the cell radioresistance, as well as exerts no influence in cellular responses to
therapies [71, 72, 81]. Da Silva et al., [24] did not observe influence of TP53 status in bladder cancer
cell lines. Here, we find a weak influence of TP53 on its direct targets, based on TP53 binding-sites;
we also found few transcriptional signatures that were common between irradiated WT and MT TP53
GBM cells, indicating that there are at least some pathways (associated to common genes) involving
cellular responses to irradiation that are independent on 7P53 status. However, interestingly, our
findings also indicate that there are several pathways in radiation responses of GBM cell lines that are
dependent on the TP53 status, since differences in transcriptional responses for some genes (S100P,
GRIPI, NRNI, NNT and AKAPI11) displayed by MT and WT 7P53 GBM cell lines may indicate an
influence of TP53 mutation in radiation responses. In addition, the higher number of differentially
expressed genes in WT, compared with MT cells, strongly indicates the influence of 7P53 mutation
in radiation responses in terms of gene expression profiles. Furthermore, some biological classes,
such as transcription and intracellular signaling cascade, were preferentially affected in WT TP53
cells, while radiation responses displayed by MT 7TP53 cells involve a small number of
genes/biological classes, and DNA repair/stress response genes were not found as differentially
expressed in MT cells.

Altogether, the present results showed that WT 7TP53 cells presented a high number of genes
involved in transcription and intracellular signaling cascade, but other processes (apoptosis, DNA
repair/stress response, metabolic process, cell cycle, cell adhesion) were represented by variable
number of genes in WT and few genes in MT TP53, depending on the collection time. Our findings
also indicate that there are some pathways in radiation responses of GBM cell lines that were
modulated according to the 7P53 status, although only few common genes were found between our
gene list and the predicted genes with TP53 binding-sites. In addition to the existence of othe king of
mechanisms of transcription regulation, we also should consider the influence of the genetic

heterogeneity of GBM cells, which leads to a great complexity of transcriptional responses after
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irradiation, and alternative signaling pathways conferring survival of GBM cells. The most intriguing
fact is that, even so, a considerable proportion of cells (independent on the cell line) can escape to the
lethal effects of ionizing radiation, by activating several alternative pathways towards survival and

maintenance of cell proliferation.
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Fig. 1. Hierarchical clustering obtained for a gene set previously selected by the t-test (o = 5%) and

analyzed by SAM (FDR < 0.05). The results are displayed comparing control versus irradiated group
according to cell groups and harvesting times: (a) WT 7P53 GBM cells (U343 and U87), 30 min. (b)
WT TP53 cells, 6 h; (c) MT TP53 GBM cell lines (T98 and U251), 30 min; (d) MT 7P53 GBM cell

lines, 6h.
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WT TP53, 30 min. WT TP53,6 h

MT TPS53, 30 min. MT TPS3,6 h

Fig. 2. Venn diagram representing quantitative results obtained for different groups of cell lines (WT
and MT TP53 cells) analyzed at two time-points (30 min. and 6 h) after irradiation, in terms of
numbers of exclusively modulated genes obtained for each group, or common genes between two or
more groups. The data on transcript expression levels were analyzed by the SAM method (FDR <

0.05) applied to the microarray data.
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Fig. 3. Selected biological functions associated to significant differentially expressed genes obtained
from microarray data analysis (SAM; FDR < 0.05) in experiments with GBM cell lines analyzed at
30 min. and 6 h after irradiation, as analyzed by DAVID-NIH [51, 52].
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Fig. 4. Gene expression levels obtained by the DNA microarray and the real-time qPCR methods for
six genes analyzed at different conditions: CUGBPI (U343, 30 min, Control x 8 Gy), FANCG (U343,
30 min, Control x 8 Gy), RAD51L1 (U343, 30 min, Control x 8 Gy), TRAP1I (U87, 30 min, Control x
8 Gy), EIF2B5 (U87, 30 6h, Control x 8 Gy) and DUSP22 (U87, 6h, Control x 8 Gy). The same RNA
samples were used in both assays.
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Tables

Table 1. Primer sequences used in Real Time qPCR. The housekeeping GAPDH gene was used as
internal control.

Gene Forward primer Reverse primer

CUGBPI 5 — ATGGCTGCTTTAAATGGTGG-3> 5’ - AGCATATTGCTGGATACCCG -3’
EIF2B5 5> —TGATGCAGGTACTGAGCCAC-3" 5 - AGGCCTTTAGCAGAGGAAGC - 3%
DUSP22 5 - GGTCCATCAGTATCGGCAGT -3> 5 -TCTTCTGAGAAAGGCCCAGA -3’
RADSILI 5’ — GCTGATCCTCCAGTACCT - 3’ 5’ - TTTCCATAGGCTTGAAGAACC - 3’
FANCG 5 —CTGTTCTTCCCTTGGAGCTG -3 5’ -TCTCTAGGCTCCGCTGGATA -3’
TRAPI 5’ = CTTGGAAAACTGCGTCACA -3’ 5’ - GATGGTGATGGTGCCTTTCT - 3’
GAPDH 5> - CTCTGCTCCTCCTGTTCGAC -3  5°—-ACGACCAAATCCGTTGACTC -3

Table 2. Overall quantitative results on significant differentially expressed genes obtained by the
DNA microarray method and analysis performed by SAM — Significance Analysis of Microarray
(FDR < 5 %), comparing irradiated versus un-irradiated cells. RNA samples from WT and MT TP53
cells were collected at 30 min. and 6 h following irradiation with 8 Gy of gamma-rays. Fold-change
(+) or (-) means up- and down-regulation in transcript expression, respectively.

Number of genes Fold Change
Condition
up-regulated down-regulated (range)
WT 30 min. 5 235
+1.56 to -1.89
WT 6 h 74 162
MT 30 min. 9 10
+2.2t0-1.41
MT 6 h 16 43

Table 3. Common differentially expressed genes observed for irradiated WT and MT 7P53 GBM cell
lines (relatively to un-irradiated cells) analyzed at 30 min. and 6 h following irradiation with 8 Gy, as
represented in the Venn diagram (Fig. 3).

30= 30 min. after irradiation; 6= 6 h after irradiation; |= down-regulated; 1= up-regulated.

Gene symbol WT 30 WT 6 MT 30 MT 6
ERI3, FAM1724, MOBP, IMAGE 33102, ENHO,
ADD?2, IMAGE 33814, IMAGE 34041, PCDHY,
BASPI, DLL4, ZNF630, MACF1, MAML3, SNRNP27, 1 1
Cl6orf74, SYT7, ATG14, DUSP4, IMAGE 143868,
CNKSR1,ACP6, PPP6C, ATP7B, BRCAI

S100P ! 1
GRIPI ! 1
AKAPI] 1 !
NRNI ! 1
140537 1 1
IMAGE 23826, IMAGE 24029 ! 1

IGSF1, CWCI5, MBNL2, IMAGE 144821, IMAGE
143028, NPAS2, BTRC
NNT ! 1
SLC6A11 ! ! )
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Table 4.
modulated (up- or down-regulated) in microarray experiments performed in WT and MT 7P53 GBM

Functional groups (biological functions) obtained for genes that were significantly

cell lines, analyzed at two-time points (30 min. and 6 h) after gamma-irradiation, as analyzed by the
DAVID-NIH analysis [52, 53].

WT TP53 cell lines, 8 Gy x Control (30 min.)

Term

Genes

DNA repair and recombination

XRCC4, RAD51API, RAD52, ATM, BRCAI,
ANKRDI17, MNATI, XPA, ERCCS, EYA2, RADS1LI,
RADS5I1L3, FANCG

cellular response to stress

XRCC4, RAD51API1, BMPR2, RAD52, ATM, BRCAI,
ANKRDI17, MNATI, XPA, ERCCS, EYA2, RADS1LI,
MAP3K9, FANCG, RAD51L3, MCTS!

protein ubiquitination

G2E3, TRIM33, FBXL5, FBXO4, BRCAl

cell cycle

TAF2, PPP6C, MAP2K1, BTRC, RAD352, ATM,
BRCAI, MNATI, SBDS, RCC2, MACF1, RAD51LI,
RADSIL3, MCTS!

protein amino acid phosphorylation

FYB, PDIKIL, PRKCZ, MAP2K1, MAP3K9,
DYRKI1A4, BMPR2, DAPK?2, STK19, ATM

positive regulation of macromolecule

metabolic process

TAF2, PPARA, MNATI, NPAS2, MAP2K1, BTRC,
BMPR2, FBXO4, NFKBI, MAML3, AFF1, BRCAI

regulation of organelle organization

SBDS, MACF1, ZZEF1, ADD2, ATM, BRCA1

regulation of lipid biosynthetic
process

NFKBI, NR3CI, BRCAI

regulation of apoptosis

PRKCZ, XRCC4, AKAP13, NFKBI, NR3CI, DAPK?2,
ATM, BRCAI, MNATI, XPA, ERCCS, G2E3, FAS

hexose metabolic process

PFKFB3, HK2, PDHAI, PC, CHSTI

proteolysis

ADAMTSI19, PEPD, BTRC, UBE2G2, MMP17,
NFKBI, BRCAI, G2E3, TRIM33, PAPPA, BACE?,
FBXLS5, FBXO4, ADAM12, ASB6

regulation of Ras protein signal
transduction

MAP2K1, KIAA1244, TBCIDS, AKAP13, TBCIDI

regulation of cytoskeleton
organization

SBDS, MACFI, ADD2, BRCAI

phosphorylation

FYB, PDIKIL, PRKCZ, MAP2K1, MAP3K9,
DYRKIA, HK2, BMPR2, DAPK2, STK19, ATM

learning or memory

PRKCZ, SBDS, S100P

rhythmic process

NPAS2, FANCG, ATP7B

cell motion/locomotory behavior

NPAS2, SBDS, MAP2K1, IL16, S100P, SOX],
MACF1

Notch signaling pathway

DLL4, MAML3

intracellular signaling cascade

FYB, PRKCZ, CNKSRI, MAP2K1, AKAPI13, NR3ClI,
DAPK?2, ATM, BRCAI, XPA, DUSP4, DOK5,
MAP3KY9, ASB6, RASA2

cell differentiation

PPARA, NFKBI, XRCC4, FAZ, MAP2K1, IL6

behavior

PRKCZ, NPAS2, SBDS, SI100P, MAP2K1, IL16

transcription

DEAFI, TAF2, PPARA, LCORL, ZNF630, SOX]I,
IL16, BMPR2, ZNF827, TTLL5, CNOTI, NFKBI,
NR3CI1, FUBPI, MNATI, NPAS2, EYA2, TRIM33,
ZNF692, SNDI1, CASZI, MAML3, MCTS1, GTF3C3
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WT TP53 cell lines, 8 Gy x Control (6 h)

Term Genes
behavior SLC1A42, ROBOI, NTRK2, NLGN4X, CHRNBI, KIT,
NPYIR, FER, ZIC1, GDNF, CCL28
protein amino acid PAK2, NTRK?2, TRIM?24, KIT, FER
autophosphorylation
membrane organization NRCAM, STXS, VAV3, USOI, EEAI, CHRNBI, SYT7,
GDNF, GCA, ELMOD?
ER-nuclear signaling pathway ATF6, CRIPAK, SCAP

intracellular signaling cascade CNKSRI, RSUI, VAV3, GRIP1, MADD, ARIDIA, KIT,
NPYIR, AKAP11, FER, SHANK?2, BRCAI, DUSP4,
DOKS, P2RY2, TICAM2, ANP324, PHLDB2, KNDC1

regulation of transcription ZNF630, ZFP64, GRIP1, ZXDC, ZNF250, TCEALS,
GDNF, TARDBP, ANP32A, MLLTI1, MAML3, ERCC3,
CRY1, NKRF, TNFSF4, KHDRBS2, CREBBP, ZNF141,
ARIDIA, DACHI, TRIM24, ZNF497, BRCAI,
ATF7IP2, SCAP, ATF6, DLX6, PHF21A, VGLL3,
CHAF1B, RNF20, NFIA, RSCI1Al

ATP metabolic process LONPI, VPS4B, ERCC3, ATP7B
intracellular transport STX8, MACF1, PGAP1, PEX16, VPS4B, USOI,
ANP32A4, VPS41, EEAI, THOC2, ATP7B
steroid hormone receptor signaling GRIPI, ARIDIA, BRCAI
pathway
cell differentiation NRCAM, ACVR2A, TNFRSF124, ROBOI, KIT, BBP,

PPHLNI, PPHLNI, ERCC3, NTRK2

cell motion/ locomotory behavior ~ ROBOI, NPYIR, FER, GDNF, CCL28, NRCAM, VAV3,
MACFI, TNFRSF12A, KIT, ACVR24,

cell-cell adhesion CD84, NRCAM, DCHS2, FAT4, ROBOI, PCDHY9
regulation of cytoskeleton MACFI1, CRIPAK, ADD2, BRCAI
organization
mRNA processing SFRS15, TARDBP, YTHDCI1, THOC2, SNRNP27,
SF3B5
positive regulation of GRIPI1, CREBBP, ZXDC, ARIDIA, KIT, TRIM?24,
macromolecule metabolic process GDNF, BRCAI, SCAP, ATF6, ACVR2A, PSMAS5,
MAML3, ERCC3, RNF20
ion homeostasis SLC8A1, P2RY2, CHRNBI, TRIM24, NPYIR, CCL28,
ATP7B
protein complex assembly STOM, LONPI, PAK2, CREBBP, TRIM24, ERCC3,
CHAF'1B, OLFM1
protein folding ATF6, TOR3A4, PFDNI, SLMAP
cellular respiration ME3, NNT, UQCRB
regulation of cytokine production MAVS, TNFSF4, ATP6AP2, TICAM?2
protein kinase cascade DUSP4, MADD, DOKS5, TICAM?2, KIT, AKAP11
DNA repair NSMCE2, ERCC3, CRY1, CHAFIB, BRCAI
cellular response to stress ATF6, LONP1, NSMCE2, ERCC3, CRY1, CHAF1B,
BRCAI, SCAP
regulation of secretion TNFSF4, NTRK2, NPYIR, GDNF
DNA metabolic process LONPI, NSMCE2, ERCC3, CRYI, CHAF'IB, NFIA,
BRCAI
regulation of synaptic transmission NTRK?2, KIT, GDNF

Notch signaling pathway DLL4, MAML3
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blood vessel development TNFRSF124, ROBOI, DLL4, NTRK?2
chromatin organization CREBBP, PHF21A, ARIDIA, CHAFIB, RNF20
apoptosis VAV3, PAK2, MADD, TNFRSF12A4, BCL2A1,

MAGEH]I, BRCAI

MT TP53 cell lines, 8 Gy x Control (30 min.)

Term Genes

cell motion/locomotory behavior TLNI, S100P

MT 7P53 cell lines, 8 Gy x Control (6 h)

Term Genes
cell-cell adhesion CLSTN2, ROBO2, BMPRIB
intracellular signaling cascade RAB37, GRIPI, OPRKI, CYP26BI, AKAPI1,
KIDINS220
intracellular receptor-mediated GRIPI, CYP26B1
signaling pathway
protein amino acid phosphorylation STK25, PASK, ROR1, BMPRIB
behavior NPAS2, OPRKI1, ROBO?2
cell cycle process BTRC, CYP26B1, ANLN
cell differentiation ROBO2, BMPRIB
cell surface receptor linked signal LOC339047, OPRKI1, BTRC, ROR1, BMPRIB, OPN3
transduction

cell motion/ locomotory behavior NPAS2, ROBO2
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Table 5. Results of the comparative analysis of differentially expressed genes (obtained by SAM)
carried out with previously identified genes with 7P53 binding sites using ChIP-on-chip (List 1) and
ChIP-PET (List 2) [16, 47]. The gene modulation, up- (1) or down () regulation, was obtained from
the SAM analysis (FDR < 0.05) performed on the microarray data.

30= 30 min. following irradiation; 6= 6 h following irradiation.

Gene symbol WT30 WT6 MT30 MT6 Listl List2
ANKRD17, CASZI, CSMDI, EYA2,
FBLNI, FCHO2, NR3CI, PANK?2, ! X
RCC2, SOXI1, TRAM?2, UBE2G?2
IFT74 ! X
CYP26BI 1 X
SLC6A11 !
CCL28, FAM494, GDNF
ME3, NTRK2
VPS41, ZFP64
BCL241
EFEAI
FRMD4A4
BCAS3 ! X
GSTPI1 ! X
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