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Na evolugdo, na vida, na academia e na biologia tumoral:
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Charles Robert Darwin
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RESUMO

Estima-se que 1 em 5 pessoas morrerdo de cancer e, neste momento 1 em 200 vivem
com a patologia. Classicamente, é descrita como uma doenga genética, e por muito tempo as
abordagens terapéuticas focaram em mutagdes. Apesar de casos de sucesso, a eficdcia
terapéutica ainda é insuficiente, estima-se que 2 em 3 pessoas diagnosticadas com cancer
morrerdao de causas relacionadas a doenga. Apesar da imensa variabilidade genética, diferentes
mutagdes convergem para um numero limitado de fendtipos. Assim, o estudo do cancer sob

uma oOtica evolutiva focando em fendtipos agressivos é uma alternativa promissora.

Portanto, o objetivo do presente trabalho foi investigar fendtipos agressivos em
tumores sélidos, buscando caracterizar alteragGes e propor alvos e terapias. Para isto,

investigou-se cancer de pulmdo e mama sob diferentes aspectos bioldgicos.

O capitulo | estudou metabolismo redox em cancer de pulmdo de ndo-pequenas células
(NSCLC). Aqui, demonstramos que o desbalango redox oxidativo intracelular é um fendtipo
agressivo. Posteriormente, sugerimos abordagens antioxidantes como uma boa proposta

terapéutica.

O capitulo Il estudou adenocarcinoma de pulmdo sob o contexto da reprogramaca o
metabdlica. Neste, sugerimos que o metabolismo glicolitico dependente de transportadores de
glicose (GLUT’s) e lactato/piruvato (MCT’s) é um fendtipo agressivo. Por fim, propomos que
inibidores para isoformas especificas destes transportadores podem ter impacto clinico nesta

malignidade.

O capitulo Ill investigou uma abordagem terapéutica para um fendtipo agressivo bem
estabelecido, a resisténcia a hipoxia. Utilizando modelos in vitro e in vivo de cancer de mama
triplo-negativo (TNBC), encontramos que o inibidor epigenético JQ1 é capaz de inibir genes e
rotas importantes a sobrevivéncia da célula cancerosa em hipdxia. Deste modo, é proposto esta

abordagem epigenética na terapéutica de TNBC.

Portanto, foi demonstrado aqui que a investigacdo de fendtipos agressivos é capaz de
contribuir para a oncologia molecular, identificando padrdoes e apontando alvos. Foi dito no
passado que “nada em biologia faz sentido sendo a luz da evolugdo”, e foi sob esta filosofia que

o presente trabalho foi desenvolvido e buscou contribuir na busca da cura do cancer.
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ABSTRACT

It is estimated that 1 in 5 people will die of cancer, and now 1 in 200 live with this
pathology. Classically, cancer is described as a genetic disease, and for a long time therapeutic
approaches focused on mutations. Despite some successes, treatment efficacy is still
insufficient, it is estimated that 2 out of 3 people diagnosed with cancer will die from causes
related to the disease. Despite the large genetic variability, different mutation converge to a
limited number of phenotypes. Thus, the investigation of cancer under an evolutive perspective

that focus on aggressive phenotypes is an promising alternative approach.

Therefore, this study aimed to investigate aggressive phenotypes in solid tumors,
seeking to characterize changes and propose targets and therapies. For this, we investigated

lung cancer and breast under different biological aspects.

Chapter | studied redox metabolism in non-small cell lung cancer (NSCLC). Here, we
show that redox imbalance favouring intracellular oxidative stress is an aggressive phenotype.

Later, we suggest antioxidants approaches as a promising therapeutic window.

Chapter 1l studied lung adenocarcinoma in the context of metabolic reprogramming.
Herein, we suggest that the glycolytic metabolism dependent on transporters of glucose
(GLUT's) and lactate / pyruvate (MCT's) is an aggressive phenotype. Then, we propose that

inhibitors for specific isoforms of GLUT’s and MCT’s may have clinical impact in this malignancy.

Chapter Ill investigated a therapeutic approach for cells that are resistant to hypoxia, a
well-established aggressive phenotype. Using in vitro and in vivo models of triple negative breast
cancer (TNBC), we find that the epigenetic inhibitor JQ1 is able to inhibit important genes and
pathways in hypoxic cancer cell survival. Thus, we propose this epigenetic approach in the

management of TNBC.

Therefore, it was demonstrated here that investigation of aggressive phenotypes can
contribute to the molecular oncology, identifying patterns and pointing targets. It was once said
that "nothing in biology makes sense except in the light of evolution", this study was conducted

under this philosophy to contribute in the search for the cure of cancer.

Tese de doutorado de Leonardo Lisb6a da Motta n
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LISTA DE ABREVIATURAS

AdC —adenocarcinoma

LCC — carcinoma de células grandes, do inglés large cell carcinoma

ROS — espécies reativas do oxigénio, do inglés reactive oxygen species

NSCLC — cancer de pulmdo de células ndo-pequenas, do inglés non-small cell lung cancer
OMS - Organizacdo Mundial da Saude

SQC - carcinoma escamoso, do inglés squamous cell carcinoma

TNBC - cancer de mama triplo-negativo, do inglés triple negative breast cancer

CT —tomografia computadorizada, do inglés computed tomography

GLUT — transportador de glicose, do inglés glucose transporter

MCT —transportador de monocarboxilato, do inglés monocarboxylate transporter
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INTRODUCAO

Céncer
Definigao
Segundo a Organizacdo Mundial da Saude (OMS), Cancer é a uma centena de doencgas
caracterizadas pelo crescimento desordenado de células anormais, podendo invadir tecidos

adjacentes e espalharem-se para outros orgdos do corpo. Este uUltimo fendmeno é conhecido

como metdstase, e é a maior causa de morte por cancer (OMS, 2015).

O cancer é uma doenga moderna. Por milénios, os seres humanos morriam
principalmente por violéncia, acidentes e doencas infecciosas. Em 1900, as principais causas de
morte eram pneumonia, gripe e tuberculose. Mas atualmente, as principais causas sdao doengas

cardiovasculares e cancer (BRODY, 2014).

Epidemiologia

Sem duvida, estamos diante de uma epidemia mundial, que segundo estimativas
crescera 70% nos préximos 20 anos. Mais de 32 milhGes de pessoas vivem com cancer
atualmente, ou 1 em 215*. O cancer hoje é responsavel por aproximadamente 15% de todas as
mortes no mundo e no Brasil. Anualmente, sdo previstos 14, 1 milhdes de novos casos e 8, 2

milhGes de mortes por cancer. Destes, 57% dos novos casos e 65% dos 6bitos ocorrem nas

* Esses numeros ndo incluem cancer de pele ndo-melanoma, devido a dificuldade em coletar e contar tais
tumores. Para constar, cancer de pele é o mais comum, o nimero de novos casos € superior a incidéncia
anual de cancer de mama, préstata, pulmao e célon combinados. Porém, é o mais facil de curar quando

diagnosticado e tratado precocemente (FUNDACAO DO CANCER DE PELE, 2015).
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regides menos desenvolvidas do globo. Entretanto, a mortalidade ¢ maior nos paises mais
desenvolvidos (BRODY, 2014; FERLAY et al., 2014). Em territorio brasileiro, estimam-se 576 mil

novos casos de cancer por ano para o biénio 2014-2015 (INCA, 2014).

Assim como muitos paises em desenvolvimento, o Brasil sofre um processo conhecido
como “envelhecimento da populacdo”. Este, é consequéncia do aumento da urbanizacdo e
avancos técnico-cientificos que traz consigo uma maior exposicdo a fatores de risco. Além disso,
hd uma maior adogdo de dieta e estilo de vida ocidentais. Este processo alterou o perfil de
morbimortalidade, reduzindo a ocorréncia de doengas infectocontagiosas e colocando as

doengas crénico-degenerativas no centro de atencdo dos de salde da populagdo (INCA, 2014).

Origem

Classicamente, o cancer é definido como uma doenca genética. Ou seja, a partir da
alteracdo na expressdao de um gene, uma ou mais células adquirem uma vantagem adaptativa
sobre as demais. A partir dai, outras alteracdes se somam até que surge um grupo de células
que proliferam independente do controle do organismo e sdo capazes de invadir tecidos
adjacentes, ou seja, um tumor maligno (NOWELL, 1976). Hoje sabemos que os canceres sdo
heterogéneos, ou seja, mesmo que todas as células malignas possivelmente tenham um
antecessor comum, existem subpopulacGes com diferentes altera¢cGes. Todo processo ocorre a
semelhanca da selecdo Darwiniana, com mutacdes aleatdrias inserindo variabilidade e pressdes

ambientais selecionando o mais bem adaptado (MCGRANAHAN; SWANTON, 2015).

As muta¢cGes no DNA s3do a forma mais direta de alterar a expressdao génica, mas nao é
a Unica. Portanto, talvez ndo devéssemos caracterizar o cancer como uma doenga genética, mas
sim da expressdo génica. Mecanismos como epigenética e microRNA’s alteram a expressd o

génica sem alterar a sequéncia do DNA. Assim, o estudo desses fenOmenos acrescentou uma
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camada de complexidade atumorigénese e abriu novas possibilidades terapéuticas (AZAD et al.,

2013; DAWSON; KOUZARIDES, 2012; HAYES; PERUZZI; LAWLER, 2014; JONES, 2014).

Fatores de Risco e Prevencao

Diversos fatores estdo associados com maior incidéncia do cdncer, mesmo que muitas

vezes ndo compreendemos 0s mecanismos envolvidos. Assim, dizemos que o cancer é uma

doenga multifatorial, podendo os fatores serem enddgenos ou exdgenos (Tab.1).

Tabela 1 Fatores de Risco e Oportunidades de Prevencdo de Cancer (FUNDACAO DO CANCER DE PELE,

2015; OMS, 2015)

Fatores de Risco
MUTAGENICOS

Exemplo

Prevencao

Observagoes

Pobre em frutas, vegetaise
fibras

Alimentagdo pode
prevenircancer de

Fisicos tuz WV Reduzirexposigdo
Radiagdo posig
Tabaco . . O tabaco responde por 20% dos casos
Reduzirexposi¢do .
.. Asbestos . e 70% das mortes, especialmente
Quimicos . Campanhas anti-fumo A ~ .
Aflatoxina . | . em cancer de pulmao, bexigae
A ontrole sanitario i
HBC e HCV, virus da hepatite Normalmente associados a
BeC inflamagdo no tecido
HPV, papilomarvirus
Bioldgicos humano Vacinagao Muito comum em paises pobres
HIV, virus da
imunodeficiéncia Associado com cancer de figado e
humano cérvix

ESTILO DE VIDA

Associado especialmente acancer de
estdmago, esoéfago, bexiga,

2-3 doses/dia

Dieta . o . . A
Ricaem carne vermelha estdbmago e intestino, pancreas, prostate, mama,
processada, sais, fritura | entre outros pulmao, colorectal, e figado
“ Consumo regular .
Alcool g Reduziro consumo Boca, garganta e mama

Sedentarismo e

Pratica de atividades
fisica

Associado com diversos tipos de

hormonal

médica

Sobrepeso cancer
P Controle do peso
Luz solar em excesso Usar protetor solar Sdo previstos mais casos de cancer de
Bronzeamento Camaras de bronzeamento Evitar exposigdo pele por bronzeamento do que
artificial excessiva cancer de pulmao por tabaco
Contraceptivo oral e
. . Usar com indicagdo
Hormonal Terapia de reposigao Mama

Envelhecimento

Acumulo de dano ao DNA
Menor capacidade de
mecanismos de reparo

Aincidéncia de cancer aumenta
exponencialmente coma idade

Recentemente, a midia divulgou errGnea e inconsequentemente um trabalho cientifico

o qual afirmava que “65% dos casos de cancer ocorrem por azar”. Na verdade, o trabalho
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demonstra que 65% da probabilidade de desenvolver um cancer se deve as mutacdes aleatdrias
na replicacdo do DNA, ou seja, é aleatéria (TOMASETTI; VOGELSTEIN, 2015). Os autores
publicaram uma carta explicando o mal entendido com a seguinte metafora “quanto mais longa a
viagem, maior o risco de um acidente de carro, porém ninguém seria inconsequente de
descartar fatores como a qualidade da estrada, o bom funcionamento do carro ou a destreza do

motorista como fatores que podem determinar a ocorréncia de um acidente”.

Este estudo ndo foi validado experimentalmente e possui diversas limitagdes, mas
atenta para nosso pouco conhecimento acerca dos mecanismos que governam a evolugdo
cancerosa (WODARZ; ZAUBER, 2015). Nestes casos, a prevencdo ndo € uma opc¢do. Ainda, abre
uma janela terapéutica em mecanismos que reduzam a taxa de mutagdo. Uma droga que ja foi

descrita para este fim é a aspirina (JACOBS, 2011; THUN; JACOBS; PATRONO, 2012).

Reside no poder publico em profissionais da salde a responsabilidade de lidar com esta
epidemia. Estudos epidemioldgicos, educagdo em saude, formulacdo de legislacdo especifica e
de opinido publica sdo fundamentais para a prevencdo. Estima-se que aproximadamente 50%
dos casos seriam evitados apenas com alteracdo no estilo de vida: alimentacdo adequada, evitar
sobrepeso, fazer exercicios regularmente, ndo fumar, proteger a pele do sol, e vacinagdo (OMS,
2015). Todas medidas simples e acessiveis que muitas vezes sdo deixadas de lado. Entretanto,

novos casos devem seguir ocorrendo e, para estes, a pesquisa é fundamental.

Deteccdo Precoce E Métodos De Triagem

Muitos tipos de cancer apresentam taxas de cura altas quando sdo detectados
precocemente. Isso ocorre principalmente porque em estagios iniciais eles podem ser
removidos cirurgicamente ou atacados com radioterapia localizada. Infelizmente, a maioria dos
tumores sé apresentam sintomas em estagios avancados. Por isso, é fundamental que sejam

feitos exames de triagem rotina (OMS, 2015).
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Um teste de triagem é definido como uma aplicagdo sistemdtica de um teste
assintomatico em uma populacdo-alvo que ndo define diagndsticos, mas levanta suspeitas.
Assim, é necessaria a confirmacdo por outros métodos, mas trata-se da melhor ferramenta para
identificar individuos com alteracbes que sugerem uma lesdo tumoral ou pré-tumoral para
aplicacdo imediata de tratamento, evitando assim a progressdo do cancer. Infelizmente, ndo
existem ainda métodos de triagem eficientes para todos os tipos de cancer. Como exemplos
podemos citar: inspecdo visual com 4acido acético (VIA) para cancer cervical; teste de HPV para
cancer cervical; teste de Papanicolau para cancer cervical; exame de toque retal para cancer de

préstata; e mamografia para cancer de mama.

Por fim, a pesquisa aqui também é fundamental para a identificacdo de novos
biomarcadores e fatores diagndsticos. Assim, seremos capazes de identificar uma maior gama

de tumores precocemente.

Tratamento

Atualmente dispomos de trés tratamento que podem ser combinados, sdo eles:
quimioterapia, radioterapia e cirurgia. O objetivo principal é curar o paciente ou prolongar sua
vida, sem perda de qualidade de vida. E fundamental também que o paciente receba cuidados
paliativos e suporte psicolégico (OMS, 2015). Como estamos falando de uma centena de

doengas, um diagndstico correto é fundamental para um tratamento eficiente e adequado.

Tipos maiscomuns

Quatro tipos de cancer sdo conjuntamente responsaveis por mais da metade dos casos
existentes na populacdo mundial, sdo eles (em ordem de representatividade): mama, prdstata,
cdlon retal e pulmdo (Fig. 1). Estes 4 tipos sdo também os mais frequentemente diagnosticados,

porém com a ordem sendo alterada para: pulmdo, mama, cdélon retal e préstata (Fig. 2). Por fim,
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cancer de pulmdo é o que apresenta o pior progndstico, sendo o maior responsavel por mortes

dentre todos os tipos e também o mais letal, dentre os 4 mais prevalentes (Fig.2).

Prevaléncia dos tipos de cancer no mundo

Boca '
2%

Mama

L-NH 3% 21%

Melanoma
3%
Rim
3%
Tiredide
4%
Utero

4%
Bexiga

Prostata
13%

Célon Retal

Estdmago 12%

5%  Cérvix uterina
5%

Figura 1 Prevaléncia (casos com até 5 anos de diagndstico) dos tipos de cancer no mundo. Outros: ovario
(1,7%), leucemias (1,5%), es6fago (1,4%), laringe (1,3%), sistema nervoso (1%), faringe (0,9%), mieloma
multiplo (0,7%), nasofaringe (0,7%), testiculo (0,6%), pancreas (0,6%), vesicula biliar (0,6%), linfoma
Hodgkin (0,5%) e sarcoma (0,2%). L-NH — linfoma ndo-Hodgkins (FERLAY et al., 2014).

Incidéncia e Mortalidade dos tipos de cincer no mundo

2000000
1500000
1000000

500000

B Mortalidade ™ Incidéncia

Figura 2 Incidéncia e mortalidade dos tipos de cancer no mundo (nUmeros absolutos do ano de 2012)

(FERLAY et al., 2014).

No Brasil, os mesmos 4 sdo os de maior incidéncia (em ordem de representativida de):
prostata, mama, cdlon e pulmdo (Fig. 3), excluindo-se cancer de pele mdo-melanoma. Na
populagdo brasileira, cancer de prdstata é mais comum. O cancer de mama é o maior
responsavel por mortes relacionadas ao cancer nas mulheres brasileiras, enquanto nos homens

é o de pulmdo (INCA, 2014).
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Incidéncia anual de tipos de cancer no Brasil
(2014-2015)

Outros
30%

Pele ndo
melanoma
31%

Estdmago

39 Prostata

Pulméo 12%

5% Cdlon Retal
6%

Figura 3 Incidéncia anual (nimero de novos casos previstos) de tipos de cancer no Brasil para o biénio

(INCA, 2014).

Este trabalho estudou os dois tipos de cancer com maior incidéncia mundial: pulmao e

mama. Por isso, sera feita uma descricdo mais detalhada destes dois tipos de cancer a seguir.

Cancerde Pulmao

Epidemiologia

Até o comego século XX, essa doenga era muito rara, responsavel por 0,7% das mortes
por cancer nos EUA em 1914 comparado aos 27% de 2014 (DEWEERDT, 2014). Hoje, é o tipo
mais comum e com maior nimero de morte. A sobrevida é baixa (5-10 % sobrevida em 5 anos)
(INCA, 2014; OMS, 2015) (Fig.4). Somente no Brasil, estima-se que 20 mil pessoas morrerdo de

cancer de pulmdo no ano de 2015 (INCA, 2014).

Sintomas e DetecgGo

A doenga é assintomdtica nos estdgios inicias, de modo que 75% dos casos sdo
detectados tardiamente, quando os tratamentos mais eficazes apresentam menor sucesso. Os
principais sintomas apresentados sdo: tosse seca duradoura (3 semanas), dispnéia (falta de ar)
em esforcos comum, dor toracica continua, hemoptise (sangue no escarro), pneumonias

repetitivas, inchaco no pescogo ou na face, perda de peso, rouquiddo por mais de 1 semana.
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Entretanto, quando detectada precocemente a sobrevida em 5 anos é superior a 70%
(DEWEERDT, 2014). Métodos de triagem para detecc¢do precoce ainda sdo pouco sensiveis para

cancer de pulmado (FIELD, 2014).

Ha pouco tempo foi demonstrado que o diagndstico por tomografia computadoriza da
(CT, do inglés computed tomography) de baixa dose foi capaz de reduzir mortalidade em adultos
entre 55 e 80 anos que fumaram 30 magos/ano e ainda fumam ou pararam ha pelo menos 15
anos (ABERLE et al.,, 2013). Entretanto esta recomendag¢do ndo é indicada para paises
subdesenvolvidos, devido a alta incidéncia de doengas pulmonares granulomatosas, o que
aumenta a taxa de falso positivo. Com isso, intervencdes e preocupagdes perigosas e
desnecessdrias a pacientes falso positivos se sobrepde ao beneficio de detec¢des precoces. Por
isso, estdo sendo desenvolvidos programas de computador capazes de analisar forma e textura

do nédulo, melhorando assim a sensibilidade de detecgdo da CT (BOURZAC, 2014b).

Fatores de risco

O consumo de tabaco e derivados estd associado a 90% dos casos diagnosticados. Isto
ajuda a explicar a maior incidéncia na populagdo masculina, embora o aumento da populagdo
tabagista feminina esteja equilibrando esta tendéncia. O fumo passivo também é um fator de
risco. Entretanto, 10% dos casos diagnosticados sdo em ndo-fumantes (FERLAY et al., 2014).
Estes casos, tratam-se de doengas molecularmente distintas, que apenas acontecem no mesmo
orgdo (DE BRUIN et al.,, 2014; HERBST; HEYMACH; LIPPMAN, 2008). Além disso, o tabagismo
dificulta ainda mais a terapia deste tipo de cancer, uma vez que pacientes fumantes exibem

maior depuracdo de quimioterapicos, resultando em menor eficacia (O’MALLEY et al., 2014).

Isoladamente, cancer de pulmdo em ndo-fumantes seria a sétima maior neoplasia em

nimeros de morte (DEWEERDT, 2014). Portanto, devemos investigar outros fatores de risco.
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A poluicdo ambiental estd associada a ocorréncia de cancer de pulmd3o. N3o se
encontrou um limiar inferior. Ou seja, a quantidade de poluicdo atmosférica encontrada em

cidades grandes é motivo de preocupacdo publica (WATSON, 2014).

Outras causas incluem exposicdo ocupacional (metais pesados e asbestos responde m
por 5-10% dos casos) e fatores ambientais como decaimento de materiais radioativos. Ainda,
irmaos, irmas e filhos de pessoas que tiveram cancer de pulmdo apresentam risco levemente
aumentado para o desenvolvimento desse cancer. Entretanto, ndo se conhece nenhum fator
hereditario especifico e a explicacdo pode ser o fumo passivo ou mesmo a transmissdo do habito
tabagista. Ainda, outras doencas, como a tuberculose, bronquite cronica e enfisema, aumenta m
o risco de cancer de pulmio, provavelmente devido a inflamagdo cronica do 6rgdo (FERLAY et

al., 2014; INCA, 2014; OMS, 2008).

Cendario atual

Em alguns paises ocidentais, as taxas de incidéncia e mortalidade estdo diminuindo
devido a politicas anti-tabagista, e avancos terapéuticos (OMS, 2008). Porém, esta evolugdo é
observada quase que exclusivamente na populagdo masculina. Dentre as mulheres, aincidéncia
e a mortalidade segue aumentando, provavelmente porque a populagdo feminina comegou a

fumar mais tarde (FERLAY et al., 2014).

Tratamento

A terapia depende do estagio em que a doenga é diagnosticada (Fig.4). Como muitas
vezes o cancer de pulmdo é detectado em estagio avancado, a quimioterapia citotoxica € a Unica
opgao vidvel, com sucesso limitado. Assim, a identificacdo de fendtipos especificos e terapias

dirigidas é a esperanca nestes casos (HERBST; HEYMACH; LIPPMAN, 2008).

Por muito tempo o tipo histolégico (Fig.5) e o estadiamento patoldgico foram a Unica
maneira de direcionar a terapia. Hoje, conhecemos mais de 30 alteracdes frequentes em cancer

de pulmdo (Fig.6), porém somente 2 delas obtiveram sucesso com terapia dirigida. Conhecido
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hd mais tempo, tumores com mutacdo em EGFR podem se beneficiar do tratamento com
erlotinib, gefitinib e afatinib. O outro caso, sdo pacientes com mutacdes em ALK que podem se
beneficiar de terapia com crizotinib e ceritinib. Infelizmente, muitos casos desenvolve m
resisténcia ao tratamento em 9-12 meses (GRIDELLI et al., 2014). Ainda, terapias
imunossupressoras surgiram como uma promessa otimista para diversos tipos de cancer,
incluindo pulmdo (SUNDAR et al., 2014). Porém, esta terapia ainda devera se mostrar eficaz para

carcinomas pulmonares e, caso seja, apenas uma parcela destes pacientes serd beneficiada.

Estdgio de diagndtico, Sobrevida e Terapia em Cancer de Pulmao

M Sobrevida em 5 anos (%) M Estagio diagnosticado (%)

TERAPIA:
(A —
Cirurgia e quimioterapia adjuvante - —
_ _ - _ _ A —
Cirurgia e quimioterapia adjuvante
B —
Quimio/radioterapia, +/- cirurgia A —
ne D
Quimioterapia, dirigida se disponivel Y _
0 10 20 30 40 50 60 70 80

Figura 4 Estagio de diagndstico, opgles terapéuticas e sobrevida em cancer de pulmdo (HEIST;

ENGELMAN, 2012).

No entanto, a maior parte dos pacientes com cancer de pulmdo recebem quimioterapia s
convencionais citotdxicas, muitas vezes pouco eficaz e com indmeros efeitos colaterais.
Portanto, a maioria dos pacientes de cancer de pulmdo ainda carecem de uma melhor

caracterizacdo que possam indicar um terapia eficiente (CHEN et al., 2014; EISENSTEIN, 2014).

Tipos histoldgicos

Os casos de cancer de pulmdo sdo classificados em: cancer de pulmdo de pequenas-
células, que abrange 15% dos casos e é o subtipo mais agressivo; sendo todos os outros
coletivamente denominados cancer de pulmdo de células ndo pequenas (NSCLC, do inglés non-
small cell lung cancer) (Fig.5). O NSCLC, representa 85% dos casos e inclui diversos tipos
histoldgicos, os trés principais sdo: carcinoma escamoso (SQC, do inglés squamous cell

carcinoma), Adenocarcinoma (AdC) e carcinoma de células grandes (LCC, do inglés large cell
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carcinoma). Porém, NSCLC é um grupo de doencas distintas com heterogeneidades genéticas e

celulares (Fig.6), cuja etiologia, tratamento e progndstico difere muito (CHEN et al., 2014).

Os dois tipos histologicos predominantes sdo AdC (~50%) e SQC (~40%). Geralmente,
AdC se originam nas vias aéreas mais distais. Por outro lado, os SQC se originam nas vias
proximais e estdo mais relacionados com o habito de fumar. No entanto, o tabagismo esta
associado com todas as formas de cancer de pulmdo (HERBST; HEYMACH; LIPPMAN, 2008). A
incidéncia de adenocarcinomas tém aumentado devido a alteragdo na composi¢do dos produto s
contendo tabaco (como, a presenca de filtros no cigarro e diferentes carcindgenos) (BURNS,
2014; HOFFMANN; DJORDIJEVIC; HOFFMANN, 1997). LCC é diagnosticado por exclusdo, ou seja,
guando o tumor ndo apresenta diferenciacdo morfoldgica glandular nem escamosa e tampouc o
expressa marcadores moleculares dos outros dois subtipos (KERR, 2012). Entretanto, ndo se

sabe ainda qudo geneticamente diferente os LCC sdo dos outros subtipos (CHEN et al., 2014).

® Adenocarcinoma (40%)

Este é o tipo de cancer de

pulmao mais prevalente e

f& — normalmente ocorre nas células

20 redor dos alvéolos.

£ bastante comum em nao-fumantes, mas

Carcinoma de células pequenas (15%)
Normalmente ocorre em células proximas aos

brénguios, este tipo de cancer quase sempre é
causado por tabagismo e é muito agressivo.
Somente 6% dos pacientes sobrevivem 5 anos apas

ocorre também em fumantes.

S

o diagnéstico, comparado com 21% dos pacientes
de NSCLC /
Brénquio -'";\,"_ I‘}“ PRINCIPAIS TIPOS
”~
e ¥ — DE ® Carcinoma
% i z Escamoso (SQC) (30%)
.
Bronquios ‘& CANCER DE PULMA“ Estes tumores ocorrem
sscundinios w5 . nas células que revestem
as vias aéreas, normalmente
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Brcﬂqylos / N % | causado por tabagismo e
terciarios P { i s & mais comum em homens

¥l Ir do que mulheres.

®Carcinoma de %, Estes tumores tendem a

Bronguiolos sThe e It células grandes \; crescer lentamente.
“en Siee M Ta (LCO) (15%) -
Thgea 8 Shm, 7 Este tipo de cancer
\/ Alvéolos "'A‘Q"’u‘ A pode iniciar em
A Tgee” qualquer regido

do pulmio, e
normalmente cresce
e se espalha
rapidamente

Figura 5 Principais caracteristicas do tipos histoldgicos de cancer de pulmdo (BENDER, 2014).
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Espectro de mutagées em Adenocarcinoma
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Figura 6 Diferencas moleculares entre subtipos de cancer de pulm3ao e terapia dirigida para cada mutacdo

(HEIST; ENGELMAN, 2012).

Cancerde Mama

Epidemiologia

Este é o tipo de cancer é o mais comum e o maior responsavel por mortes na populagdo
feminina. Somente 1% dos pacientes sdo homens (MAXMEN, 2012). A sobrevida média apds
cinco anos é de 61%. Anualmente, mais de 1,3 milhdes de mulheres sdo diagnosticadas com
cancer de mama em todo mundo (GRAYSON, 2012). Acima dos 35 anos a incidéncia cresce
exponencialmente e estima-se que 1 em 8 mulheres irdo desenvolver cancer de mama ao longo
da vida, nos EUA (MAXMEN, 2012). A incidéncia mais elevada é observada na América do Norte,

regides da América do Sul, incluindo Brasil e Argentina, na Europa ocidental e Australia.

No Brasil, estima-se 57 mil casos e 13 mil mortes por cancer de mama por ano. A

mortalidade no Brasil ainda é elevada devido ao diagndstico tardio (INCA, 2014).
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Sintomas e Detecgéo

Os sintomas mais comuns sdo: presenga de nddulo no seio, calor, inchago, rubor e
escamacao, alteragdo no tamanho, forma ou textura do mamilo, ocorréncia de nédulo na axila,

saida de secrecdo pelo mamilo ou inversdo do mamilo para dentro da mama.

O Unico método de rastreio é a mamografia, a cada 2 anos em mulheres entre 50 e 74
anos ou em mulheres de qualquer idade com histérico familiar de cancer de mama. Antes desta
idade, a taxa de falso positivo pode gerar intervengbes e preocupagdes desnecessdrias. Por fim,
0 auto-exame das mamas ndo é aconselhado, devido a auséncia de beneficio e maior ocorréncia

de falsos positivos em mulheres que adotam esta pratica (BOURZAC, 2014b; OMS, 2008).

Fatores de Risco

Os principais fatores de risco associados com céncer de mama sdo™:

e Histdrico familiar e mutacdo dos genes BRCA1/2

e Alta densidade da mama (em mamografia)

e Nuliparidade (nunca parir) e primeira gravidez tardia (> 30 anos)

e Menarca precoce (< 12 anos) e menopausa tardia (>50 anos)

e Contraceptivos orais aumenta proporcionalmente o risco (DOLLE et al., 2009)

e Ingestdo de alcool regular (2-3 doses/dia)

e Reposicdo hormonal pds-menopausa, principalmente por mais de cinco anos

e Sedentarismo e dieta ndo-saudavel

Por outro lado, alguns fatores estdo associados com menor incidéncia, sao eles:

e Amamentar

e Menopausa induzida

* Uma lista mais detalhada dos fatores de risco e prevengdo associados com cancer de mama pode ser
acessada em: http://www.pathophys.org/breast-cancer/
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e Atividade fisica

e Para quem ingere alcool regularmente, o consumo de folato pode ser protetor

(presente em grande quantidade em figado de boi, espinafre e feijdo)
Acredita-se que tanto obesidade quanto o consumo de bebidas alcodlicas
predisponham ao cancer de mama através de mecanismos envolvendo controle hormonal e do
metabolismo. Por fim, o consumo de tabaco e a exposicdao a pesticidas ndo apresentam relagao

com a incidéncia de cancer de mama (INCA, 2014; OMS, 2008).

Cenario atual

Nos dltimos 50 anos, a taxa de sobrevida dobrou, apresentando valores em torno de
80% nos paises desenvolvidos e 55% nos paises em desenvolvimento (MAXMEN, 2012). O
investimento na pesquisa em cancer de mama é um dos maiores, comparado com outras
patologias. Atribui-se a isso a sua alta prevaléncia conjuntamente com campanhas publicas,
como “outubro rosa”. Entretanto, aproximadamente meio milhdo de mulheres ainda morrem

desta doenca a cada ano (GRAYSON, 2012).

Tipos histoldgico & Terapia

O desfecho dos pacientes de cancer de mama varia muito de acordo com o subtipo. O
cancer de mama ¢ classificado quanto a expressio dos receptores de estrogénio (ER) e
progesterona (PR) e superexpressdo de HER2 (Fig.7). Quando o tumor expressa um ou mais
destes marcadores existem terapias direcionadas (SHARP; HARPER-WYNNE, 2014).
Infelizmente, 15-20% dos casos ndo apresentam expressdo de nenhum deles. Estes ultimos, sdo
classificados como cdncer de mama triplo-negativo (TNBC, do inglés triple negative breast
cancer). Argumenta-se que “é cientificamente insano definir algo pelo que ele ndo é. Mas,

clinicamente, é o que temos.”(POWELL, 2012).

Aproximadamente 65% dos casos de cancer de mama expressam ER (ER+) e sdo

chamados de luminal, devido a origem histoldgica (Fig.7). Estes casos, respondem a terapia
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hormonal e apresentam o melhor progndstico: sobrevida em 5 anos de até 85% (SANDHU et al.,

2010). Outro tipo comum é o HER2+, respondendo 10-15% dos casos. HER2 é um receptor de
fator de crescimento epidérmico (EGFR) envolvido na sinalizacdo de proliferacdo e apoptose e é
o alvo do anticorpo monoclonal trastuzumab (comercializado como herceptin®) (FIGUEROA-
MAGALHAES et al., 2014). Para ilustrar a importancia desta droga, cAncer de mama HER2+ n3o

tratados era o pior progndstico dentre todos os subtipos de cancer de mama (ROY; PEREZ, 2009).

pammits
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inar o subtipo hi jeo e s quais
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Figura 7 Representacdo da origem histolégica dos tipos de cancer de mama e suas principais

caracteristicas (WONG; CHAUDHRY; ROSSI, 2015).

Por fim, temos o grupo TNBC, normalmente de origem basal (Fig.7) e que apresenta o
pior progndstico dentre os casos de cancer de mama, em decorréncia da auséncia de uma
terapia dirigida (GRAYSON, 2012; SANDHU et al., 2010). A primeira meng¢do a TNBC no PubMed
é de 2005, desde entdo o numero de publicagGes sobre o tema cresceu exponencialmente,
evidenciando o reconhecimento da importancia deste subtipo. TNBC abrange um grupo
bastante diverso, e ainda estamos no inicio da caracterizagdo molecular para identificacdo de

subgrupos que sejam passiveis de terapia dirigida (LEHMANN et al., 2011).
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Hoje sabemos que o TNBC é mais prevalente em jovens, negras e hispanicas e
portadoras de mutacdo em BRCA. Para piorar, seu crescimento rdpido e prevaléncia em jovens,
dificulta a detecgdo por mamografia. Ainda, os casos de TNBC sdo mais propensos a metastasea r
para pulmdes e cérebro, em oposicdo a outros tipos de cancer de mama que frequenteme nte
metastaseiam para os ossos (FOULKES; SMITH; REIS-FILHO, 2010). Os primeiros ensaios clinicos

em TNBC datam de 2006 e algumas alternativas promissoras comegaram a aparecer.

Farmacos anti-EGFR (cetuximab) ou analogos de nucleosideos (gemcitabina)
apresentam pouca eficacia como agente Unico, mas a combina¢do com alquilantes leva a uma
resposta melhor (BASELGA et al., 2013; WANG et al.,, 2010). O tratamento anti-angiogénic o
(bevacizumab) em combinagdo com a quimioterapia apresentou alguns efeitos benéficos, que

ndo foram reproduzidos em estudos de fase Ill (ROBERT et al., 2011).

Os genes BRCA1/2 estdo envolvidos em reparo de DNA, assim como a PARP (do inglés
poly ADP ribose polymerase). Assim, o desenvolvimento de inibidores de PARP para portadoras
de mutacdo em BRCA recebeu muito investimento. A esperanca é que o nivel basal de dano
seria toxico ao tumor, mas ndo as normais. Estas drogas foram promissores inicialmente, mas
falharam em um ensaio clinico de fase Ill (GUHA, 2011). S3do aguardados estudos com outros
inibidores, mais especificos in vitro (KELLY; BUZDAR, 2013). Além disso, estudos propondo co-
tratamento com inibidor de PARP e diversos outros agentes quimioterdpicos (inibidores de
HDAC, cisplatina, inibidores de mTOR, inibidores de EGFR) e até mesmo radioterapia tém sido

publicados (AL-EJEH et al., 2013; DE et al., 2014; HA et al., 2014; XIA et al., 2014).

Um novo composto chamado glembatumumab vedotin (CDX-011), apresentou
resultados promissores em estudo de fase I/Il. Trata-se de um composto conjugado da droga
auristatina E com um anticorpo monoclonal anti-gopNMB, cujo alvo é uma glicoproteina de

membrana recém descoberta, a NMB (gpNMB). Esta, é super-expressa em 40-60% dos casos de
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cancer de mama, promove metastase em modelos animais e é marcador progndstico (BENDELL

et al., 2014). Novos estudos estdo sendo aguardados.

Outra alternativa é atacar o metabolismo do TNBC, pois este subtipo apresenta maior
consumo de glicose comparado aos outros (BASU et al., 2008), indicando maior utilizacdo da via
glicolitica, provavelmente relacionado com agressividade (ver Capitulo 1l). O farmaco
metformina é utilizado no controle da diabetes e vém sendo investigado para tratamento de
TNBC. Esta droga demonstrou afetar a proliferacdo, apoptose (LIU et al., 2009), angiogénese e
metastase (ORECCHIONI et al., 2014) e atuar em sinergia com o quimioterapico paclitaxel

(ROCHA et al., 2011). Ensaios clinicos com metformina em TNBC estdo em andamento.

Apesar disto, a quimioterapia ¢ a Unica alternativa na clinica, quando cirurgia e radiacdo
ndo sdo possiveis. Porém, a mortalidade ainda é grande e ndo é uniforme, indicando que TNBC
abrange multiplas doencgas. Portanto, é necessdrio uma melhor compreensdo de diferentes

fendtipos tumorais para uma classificagdo adequada e um direcionamento terapéutico correto.

Acredita-se que um mesmo subtipo pode conter diferentes perfis moleculares. Estudos
encontraram pelo menos 6 assinaturas moleculares em TNBC (SORLIE et al.,, 2003), porém a
relevancia clinica destes dados é desconhecida. Assim, estudos de caracterizagdo molecular

poderdo impactar profundamente a terapia de TNBC (TURNER; REIS-FILHO, 2013).

Caracterizacao Celular e Molecular

Hoje reconhece-se aimportancia de aspectos celulares e moleculares para a progressa o

do tumor e eficacia da terapia. Um artigo seminal definiu 6 hallmarks® do cancer (HANAHAN ;

* Neste trabalho o termo em inglés hallmark serd utilizado por ndo haver uma traducdo correspondente
que preserve o sentido e impacto do termo original.
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WEINBERG, 2000) (Fig.8), os quais, segundo os autores resume a complexidade do cancer em

principios basicos que ajudam a entender a carcinogénese e direcionar a terapia.

Sdo eles: (1) auto-suficiéncia em sinais proliferativos; (2) insensibilidade a sinais anti-
proliferacdo; (3) evasdo de apoptose; (4) potencial replicativo ilimitado; (5) indugdo de
angiogénese; e (6) invasdo e metastase. Apesar da vasta aceitacdo (é o artigo mais citado do
periddico Cell com mais de 15 mil citagdes em uma década), a releviancia terapéutica dos
hallmarks é questionada, uma vez que apenas a invasividade é exclusiva de tumores malignos,
sendo 0s outros 5 existentes também em tumores benignos (LAZEBNIK, 2010). Mais tarde, os
autores revisaram o trabalho e incluiram mais 2 hallmarks e 2 fatores possibilitadores
(HANAHAN; WEINBERG, 2011) (Fig.8), sdo eles: (1) reprogramag¢do metabdlica; (2), evasdo ao
sistema imune; (3) instabilidade gendmica; e (4) inflamagdo cronica. Estes trabalhos permitiram
uma melhor compreensdo dos processos envolvidos na carcinogénese e permitiram direcionar
o desenvolvimento de farmacos capazes. Hoje, podemos atacar farmacologicamente todos os

hallmarks (Fig.8), muito embora isso ndo signifique que somos capazes de curar os pacientes.
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Figura 8 Hallmarks do cancer e possibilidades terapéuticas (HANAHAN; WEINBERG, 2011).
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Dificuldade de Cura & Complexidade da doenca

O conhecimento de causas e intervencOes terapéuticas é extenso e ndo para de crescer
sob financiamento multimilionarios ao redor do globo. Estudos de triagem para descoberta de
novas drogas capazes de tratar diferentes neoplasias sdo extremamente ineficientes (DAHLIN;
INGLESE; WALTERS, 2015; PAUL et al., 2010), mas mesmo assim todo ano centenas de trabalhos
com esse tipo de abordagem sdo publicados em todo o mundo (EDWARDS et al., 2009; HARVEY;
EDRADA-EBEL; QUINN, 2015). Ainda, o cancer é a doenga que tem maior mobilizacdo popular e
arrecada¢dao de doagdes, mesmo ndo sendo a mais letal. Entretanto, como o cancer ainda é

capaz de matar mais de 8 milhdes de pessoas anualmente?

Ineficiénciadas terapiasatuais

Obviamente estamos diante de um problema complexo. Primeiro, por muito tempo
procuramos uma cura Unica para uma centena de doencgas. Depois, o desenvolvimento de uma
terapia dirigida enfrenta diversas barreiras como limitagGes farmacoldgicas ou fisioldgicas. Por
fim, o entendimento fisiopatoldgico do cancer ainda tem muitas lacunas (BOURZAC, 2014a).

Mas esta lamentagdo nao responde nossa questao.

Na verdade, a medicina atual é muito boa em curar cdnceres quando eles sdo
detectados cedo e classificados corretamente (OMS, 2015). Infelizmente, muitos casos de
cancer sdo diagnosticados em estagios avancados. Dois fatores contribuem para este fendbmeno :
a natureza assintomdtica da doenga; e a negligéncia do paciente aos sintomas iniciais. Para
reverter este quadro, devemos investir em biomarcadores diagndsticos, sensibilidade das
técnicas atuais e ampla divulgacdo de sintomatologia. Porém, temos que ter uma melhor

alternativa para aqueles pacientes que mesmo assim sejam diagnosticados tardiamente.

Para estes casos, o foco deve ser na correta classificagdo e na compreensdo do

comportamento dos tumores agressivos. Quanto a correta classificagdo dos tumores, na pratica
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o estadiamento clinico se baseia majoritariamente na anatomia, histologia e morfologia do
tumor ou mesmo no histérico do paciente (DEWEERDT, 2014), ignorando a heterogeneida de
molecular, mesmo sabendo que este direciona diferentes comportamentos em tumores com a
mesma classificagdo. Quanto a compreensdo do comportamento de tumores agressivos, ja

conhecemos diversos fatores que impedem uma melhor resposta as terapias disponiveis:

1. Os hallmarks sao fisiologicos. Estudos pré-clinicos prevéem uma especificidade
nao observada na prdatica. Isto ndo surpreende, pois todos os hallmarks sao
mecanismos fisiolégicos. O problema reside no tipo celular e no momento
fisiolégico que estes comportamentos sdao expressos. Desta forma, as terapias

dirigidas sdo limitadas pela toxicidade as células saudaveis (CHEN et al., 2014).

2. Compensacao. Ao atacar uma rota de sinalizacdo, a célula é capaz de induzir o
mesmo comportamento por outra via (HANAHAN; WEINBERG, 2011). Assim,

mesmo inibindo o alvo desejado, a terapia pode ndo ter a eficacia esperada.

3. Heterogeneidade intratumoral. O cancer ndo é uma massa de clones, mas uma
populacdo de diferentes células (GERLINGER et al., 2012). Ainda, existem células
sauddveis que favorecem a agressividade (HANAHAN; WEINBERG, 2011).
Fibroblastos, células endoteliais e mieldides controlam a composicdo da matriz
extracelular, angiogénese, resposta imune, proliferacdo e morte tecidual e sua
associacdo com tumores predizem pior progndstico (CHEN et al., 2014). Assim,
a heterogeneidade prediz ndo somente que nem todas as células respondera o
a terapia, mas também que pode haver uma selecdo (ROBERTSON-TESSI et al.,

2015), de modo a facilitar que o tumor reincida (Fig.9).

4. Resisténcia a drogas. Muitas vezes, os beneficios do quimioterdpico sdo

temporarios, e os tumores desenvolvem resisténcia. Assim, quando o tumor
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reincide, a terapia ndo funciona mais (DEWEERDT, 2014). Esta resisténcia pode
surgir por adaptag¢do ou por sele¢cdo, neste o tumor reincidente seria a “vitéria

evolutiva” de uma minoria resistente (EISENSTEIN, 2014) (Fig.9).

Diferentes células
tumorais

Célula Célula
normal tumoral

O— Tumerigénese

TRANSFORMACAO PRO_

TRATAMENTO

Figura 9 Representagdo da evolugdo tumoral, com acimulo de alteragGes, heterogeneidade e selegdo.

Aprendemos o suficiente sobre a biologia do cancer para saber que combaté-lo com
coquetéis quimioterdpicos que atacam indiscriminadamente células proliferativas é pouco
eficiente. Os processos descritos acima ajudam a explicar porque falhamos tantas vezes até o

momento na busca da cura do cancer.

Fendtipos agressivos

Hoje conhecemos muitos fatores associados a um fendtipo agressivo, desde alteragdes
génicas até comportamentos celulares. Porém, as mutagdes muitas vezes ndao tém valor
terapéutico aprecidvel, apesar do seu inestimdvel acréscimo para a compreensdo da biologia
tumoral. Temos exemplos de sucesso, como o trastuzumab (Herceptin®), para cancer de mama

HER2+, e o imatinib (Gleevec®), para leucemia mieldides crbnica positiva para o cromossomo
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Filadélfia. Por outro lado, temos mutagdes bem conhecidas que sdo ndo-drogaveis”, e, portanto,
inuteis do ponto de vista terapéutico. Este é o caso da familia Ras e da proteina p53: eles sdo,
respectivamente, o oncogene e o supressor tumoral mais prevalente e bem estudado e, apesar
do esforgo investido na busca de terapias (KHOO et al., 2014; LEDFORD, 2015), até o momento

nenhuma abordagem foi bem sucedida (EISENSTEIN, 2014).

No entanto, distintas alteragdes convergem a um mesmo fendtipo, o qual prediz
progressdo tumoral (SANDHU et al.,, 2010), mesmo que ndo se saiba qual mutacdo seja a
responsavel (GRAVITZ, 2014). Assim, a correta identificacdo dos comportamentos associados a
um fendtipo agressivo, pode levar ao desenvolvimento de novas e melhores abordagens

terapéuticas (GRAVITZ, 2014; LOPEZ-LAZARO, 2010) (Fig.10).

Fatores Fatores
Carcinogénicos Carcinogénicos

| /o \

Alteragées no DNA -
mutagoes, Alteragdes no DNA I — Alteta_goes no
) epigenética, metabolismo do O,
aneuploidias,
TERARLA instabilidade genética I
TERAPIA
CANCER CANCER
Modelo classico de Modelo proposto de
carcinogénese/terapia carcinogénese/terapia

Figura 10 Proposta de atacar terapeuticamente o fendtipo agressivo (LOPEZ-LAZARO, 2010).

Um bom exemplo desta abordagem sdo os TKI'S (do inglés tyrosine kinase inhibitors)
gefitinib e erlotinib. Inicialmente, a maioria dos casos de NSCLC tratados com TKI's ndo
apresentavam boa resposta. Ao estudar os casos onde a droga era eficiente, descobriu-se que

TKI’s sdo eficazes especificamente contra carcinomas com hiperativacdo de EGFR (do inglés,

* Drogabilidade é a possibilidade de algo ser modulado farmacologicamente. Acredita-se que somente
10% do genoma humano seja drogavel (http://www.nature.com/nrd/journal/v6/n3/full/nrd2275.html ).
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epidermal growth fator receptor), comum especialmente em adenocarcinomas e pacientes ndao
fumantes (LYNCH et al.,, 2004). Assim, testes para alteracbes em EGFR tornou-se rotina no
direcionamento terapéutico de cancer de pulmdo (DEWEERDT, 2014). Ou seja, a identificagdo

da mutagdo-chave veio posteriormente e direciona a terapia.

Portanto, levando em consideragdo o impacto da doenca e a dificuldade em criar novas
terapias baseadas em mutac¢Bes, a caracterizagdo de fendtipos agressivos contribuird para a

evolugdo da oncologia.
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OBJETIVO & JUSTIFICATIVA

O céancer ainda é umas das maiores causas de mortalidade da humanidade, apesar de
muito investimento e esforgo. Por ser considerada uma doencga genética, ou da expressdo génica
(ver Introdugcdo pagina 11), é natural que muitas abordagens terapéuticas tenham focado em
mutagdes. Porém, o numero de muta¢les existentes — aproximadamente 5 milhGes
(ALEXANDROV et al., 2013) — torna esta tarefa muitas vezes ingldria. Para piorar, muitas vezes

uma mutacdo relevante tem pouca utilidade terapéutica (EISENSTEIN, 2014).

Entretanto, muitas alteragBes convergem para um mesmo fendtipo (HANAHAN;
WEINBERG, 2011). Alguns destes, ja possuem terapias direcionadas eficazes, como a inibi¢d o
dos promotores de proliferagdo EGFR por trastuzumab ou gefitinib. Assim, a alteragdo do prisma
para o estudo de fendtipos agressivos é uma alternativa promissora para a evolugdo da

oncologia (LOPEZ-LAZARO, 2010).

Portanto, o objetivo do presente trabalho foi investigar fendtipos agressivos em

tumores sdlidos, buscando caracterizar alteracGes e propor alvos e terapias.

Neste contexto, diferentes aspectos bioldgicos sdo promissores e cada capitulo deste

trabalho focou em um fendtipos agressivo :

> Capitulo 1: Metabolismo Redox (DE OLIVEIRA; AMOEDO; RUMIJANEK, 2012;

JORGENSON; ZHONG; OBERLEY, 2013)

> Capitulo Il: Reprogramacdo Metabélica (WARD; THOMPSON, 2012)

> Capitulo lll: Hipoxia e Epignética (MCINTYRE; HARRIS, 2015; WARD et al., 2013)

Os objetivos especificos serdo apresentados em cada capitulo.
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PARTE Il
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CAPITULO I: METABOLISMO REDOX

Artigos publicados:

1 - Imbalance in redox status is associated with tumor aggressiveness and poor

outcome in lung adenocarcinoma patients.

J Cancer Res Clin Oncol. 2014 Mar;140(3):461-70. doi: 10.1007/s00432-014-1586- 6.

Epub 2014 Jan 22.

Periddico: Journal of Cancer Research and Clinical Oncology.

Fator de Impacto (JCR-2015): 3.009

Qualis: B1 (Ciéncias Bioldgicas, Medicina)

2 - Oxidative stress associates with aggressiveness in lung large-cell carcinoma.

Tumor Biol. 2015 Feb 1. [Epub ahead of print]

Periédico: Tumor Biology

Fator de Impacto (JCR-2015): 2.840

Qualis: B1 (Ciéncias Bioldgicas, Farmacia, Medicina)
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OBJETIVO GERAL DO CAPITULO

Caracterizar o perfil redox e relaciona-lo com agressividade em 4 linhagens de NSCLC.

Posteriormente, validar os achados em coortes clinicas e propor abordagens terapéuticas.

OBJETIVOS ESPECIFICOS

» Avaliar em linhagens celulares:
0 Agressividade celular: invasividade e quimioresisténcia
O Expressdo da rede HAG (do inglés Human Antioxidant Genes)
0 Perfil redox: atividade de enzimas antioxidantes, lipoperoxidagdo, sulfidrilas
reduzidas, potencial antioxidante total e producdo de espécies reativas (ROS).
O Resposta a modulagdo do ambiente redox
» Avaliar em coortes clinicas:
O Expressdao da rede HAG (do inglés Human Antioxidant Genes)
0 Niveis do estresse oxidativo 4-HNE e seu valor progndstico

0 Valor progndstico dos genes alterados nas linhagens

FENOTIPO AGRESSIVO CARACTERIZADO

Sugerimos que NSCLC agressivos possuem um desbalango redox favorecendo o estresse

oxidativo intracelular.

PROPOSTA TERAPEUTICA

Areversdo do referido desbalango pode afetar a progressao tumoral, por retirar-lhe um

combustivel que alimenta mutacdes, proliferacdo e migracdo, as espécies reativas (ROS).

Estes achados incentivaram uma dissertacdo de mestrado que demonstrou efeitos

sinérgicos da combinac¢do do antioxidante catalase com quimioterapicos (ver Anexo A).
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Abstract

Purpose The expression leveis of human antioxidant
genes (HAGs) and oxidative markers were investigated in
light of lung adenocarcinoma aggressiveness and patient
outcome.

Methods We assayed in vitro the tumoral invasiveness
and multidrug resistance in human lung adenocarcinoma
(AdC) cell lines (EKVX and A549). Data were associated
with severa( redox parameters and differential expression
leveis of HAG network. The clinicopathological signifi-
cance of these findings was investigated using microarray
analysis of tumor tissue and by immunohistochemistry in
archival collection of biopsies.

Results  An overall increased activity (expression) of
selected HAG components in the most aggressive cell
line (EKVX cells) was observed by bootstrap and gene
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set enrichment analysis (GSEA). In vitro validation of
oxidative markers revealed that EKVX cells had high lev-
eis of oxidative stress markers. In AdC cohorts, GSEA of
microarray datasets showed significantly high leveis of
HAG components in lung AdC samples in comparison
with normal tissue, in advanced stage compared with early
stage and in patients with poor outcome. Cox multivariate
regression analysis in a cohort of early pathologic (p)-stage
of AdC cases showed that patients with moderate leveis
of 4-hydroxynonenal, a specific and stable end product
of lipid peroxidation, had a significantly less survival rate
(hazard ratio of 8.87) (P < 0.05).

Conclusions High leveisof oxidative markers are related
to tumor aggressiveness and can predict poor outcome of
early-stage lung adenocarcinoma patients.
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Introduction

Lung cancer is the leading cause of cancer-related deaths
worldwide, presenting in many countries a mortality
rate that outranks prostate, colorectal and pancreatic can-
cer cases combined (Siegel et ai. 2013). Despite recent
advances in therapy protocols (Coate et ai. 2009), 5-year
survival rates of advanced stages remain as low as 2 %
(Siegel et ai. 2013). Thus, it is essential to uncover any
biological processes or molecular mechanisms associated
with the initiation and progress of the aggressive malignant
phenotype of lung cancer cells in order to identify potential
targets for novel interventional strategies.

Lung tumor cells are able to grow in a highly oxidative
environment (Melloni et ai. 1996; Brennan et ai. 2000; Ho
et al. 2007; Esme et ai. 2008; Chan et ai. 2009), which is
believed to contribute with tumor progression and metasta-
sis (Sotgia et ai. 2011). Lung tumors are especially exposed
to a pro-oxidative milieu due to the factors such as tobacco
smoke, high atrnospheric oxygen pressure (Rahman et al.
2006) and the bulk amount of reactive species (RS) gener-
ated by pro-inftammatory cells in the pulmonary circulation
(llonen et ai. 2009). Moreover, clinicai data have shown that
lung cancer patients have increased oxidative stress markers
in peripheral blood (Esme et ai. 2008), erythrocytes (Kaynar
et ai. 2005; Ho et ai. 2007), epithelium lining ftuid (Mel-
loni et ai. 1996), breath condensate (Chan et ai. 2009) and
tumor biopsies (Jaruga et ai. 1994; Coursin et ai. 1996; Blair
et ai. 1997), and the inadequate ingest of antioxidants con-
stitutes a risk factor for lung cancer development (Brennan
et ai. 2000). Although pulmonary cells have these reductionl
oxidation (redox) particularities, the inftuence of oxidative
stress in lung cancer biology is poorly understood.

The present study focused on redox state and cancer cell
growth in vitro, comparing a more aggressive human lung
AdC cell line (EKVX) to a less aggressive one (A549). We
found that the most aggressive AdC cell line presents high
leveis of oxidative stress markers. Follow-up experiments
indicate that this oxidative imbalance may support malig-
nant features of AdC cells and has clinicai significance,
since we found that human antioxidant gene (HAG) com-
ponents and 4-hydroxynonenal (4-HNE) leveis have prog-
nostic value in predicting lung AdC patient outcome.

Materiais and methods
Cell lines and chemicals
The human lung adenocarcinoma cell lines A549 and
EKVX were obtained from NCI-Frederick cell line reposi-

tory. Exponentially growing cells were maintained in RPMI
1640 medium (Invitrogen®) containing 10 % fetal bovine
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serum, I J.g/mL of amphotericin B and 50 11-g!L of gar-

amycin at 37 0C in a humidified atmosphere of 5 % of COZ2.

Protein concentration was deterrnined by Lowry's method.
Chernicals were obtained from Sigma® Chemical Co.

Cellular aggressiveness and redox parameters

The BioCoat Matrigel Invasion Chamber System (BD Bio-
science®) was used to access the invasion index. Briefty,
cells were seeded in the upper wells, while the chemoat-
tractant (medium RPMI with 10 % of SFB) was added
to the lower wells. After 22-h incubation, the trans-well
movement of cells through the pore was determined. Cells
that penetrated to the underside surfaces of the inserts were
fixed and stained with HEMA 3 staining kit (Fisher Scien-
tific®) and counted under the microscope. Cells were con-
sidered migratory when moved through uncoated pores and
invasive when moved through Matrigel-coated pores. Data
are expressed as the percentage of invasive/migratory and
expressed as “‘invasion index."

Multidrug resistance was determined based on drug
dose-response curves of Cisplatin, Carboplatin, Daunoru-
bicin, Doxorubicin, 5-Fluorouracil, Hydroxyurea and Taxol
(Sigma® Chemical Co.) using the sulforhodamine B (SRB)
assay, following NCI-60 protocol (Vichai and Kirtikara
2006).

Superoxide dismutase (SOD) (E.C. 1.15.1.1) activity
was measured by inhibition of superoxide-dependent epi-
nephrine auto-oxidation at 480 nm (Misra and Fridovich
1972). Catalase (CAT) (E.C. 1.11.1.6) activity was meas-
ured by H,O, consumption at 240 nm. Glutathione per-
oxidase (GPX) (E.C. 1.11.1.9) activity was measured by
NADPH oxidation at 340 nm (Wendel 1981).

Nonenzymatic antioxidant potential was determined by
total radical-trapping antioxidant potential (TRAP) assay
(Dresch et ai. 2009). EIman's sulthydryl group (-SH) levei
was determined with 5-thio-2-nitrobenzoic acid at 412 nm
(E412 nm = 27,200/M em) and expressed as nmol -SH/
mg protein. Thiobarbituric acid reactive species (TBARS)
assay was used as a lipoperoxidation index. TBARS were
assayed at 532 nm and expressed as nmol MDA equiva-
lents/mg protein. DCF-DA (2',7'-dichlorodihydroftuores-
cein diacetate) oxidation and Amplex Red® were used to
determine intracellular generation of RS in a 96-well plate
reader (Spectra Max GEMINI XPS, Molecular Devices®).

Proliferation and growth inhibition assays

Cells were treated with active or heat-inactivated Catalase,
Trolox® or N-acetylcysteine (NAC). Cell growth inhibi-
tion was evaluated for 72 h with SRB assay. To investigate
whether the growth inhibition by CAT was reversible, the
assay was repeated removing CAT. The effect of bolus
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Fig.1 Differential gene expression of HAG network in human lung
AdC cell lines. a STRING representation of HAG network gene
interactions. b Two-state landscape analysis of HAG expression
between cell lines (GSE5846 dataset). Coordinates (X- and Y-axis)
represent normalized values of the input network topology. Color

amount of H,0, addition or CAT inhibition with aminotria-
zole on cell growth was also evaluated.

Human antioxidant gene (HAG) network and microarray
datasets

The HAG was designed to cluster functional gene network
to facilitate high-throughput analysis of redox processes
(Gelain et ai. 2009). HAG is composed of 63 genes whaose
products are thiol-containing proteins or enzymes that react
directly with RS and was subclassified into three functional
groups: peroxidases, superoxide dismutases and thiol-con-
taining redox proteins (Fig. la).

Microarray expression profiles were extracted from
the gene expression omnibus (GEO) (http://wwwncbi.n
Im.nih.gov/geo/). For the human lung AdC cell lines, we
used GSE5846 dataset. For cohort analysis, we used three
microarray datasets: 21 surgically resected tumor tissue and
adjacent normal tissue from primary NSCLC patients, with
histological and staging details (GSE21933); 269 NSCLC
specimens containing histological, staging, survival and
recurrence details (GSE41271); and 174 NSCLC speci-
mens containing histological, staging and survival details
(GSE42127).

Differential gene expression and enrichment analysis

Differential gene expression was evaluated using ViaCom-
plex® software (Castro et ai. 2009, 2010). Gene set enrich-
ment analysis (GSEA) was used to identify genes that con-
tribute individ ually to global changes in expression leveis
in a given microarray dataset (Subramanian et ai. 2005).
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gradient (2-axis) represents the relative functional state mapped onto
graph according to the data input from the adenocarcinomas EKVX-a
versus A549-b, where z = a/(a + b). The landscape was generated
with ViaComplex® V1.0

Retrospective cohort and immunohistochemistry

Formalin-fixed paraffin-embedded lung AdC tumors from
patients diagnosed between 1998 and 2004 were obtained
from the Pathology Service at the Santa Casa de Misericor-
dia de Porto Alegre (Porto Alegre, Brazil) (Sanchezet ai.
2006). The pathological diagnoses were reviewed and clas-
sified by two independent pathologists, according to World
Health Organization criteria. Inclusion criteria were lung
adenocarcinomas as primary tumor and clinicai follow-
up data of at least 5 years available. Gender, age, height,
weight, histology, pathological stage, smoking history and
lung function information were collected. The research
program was approved by the local Research Ethics Com-
mittee  (#1852/08). The Helsinki Declaration of Human
Rights was observed when performing these experiments,
and written informed consent was provided.

Sections of 4 11-m were deparaffinized and rehyd rated,
antigen retrieval was performed by pepsin (Zytonvision®),
endogenous peroxidase was blocked with 5 % H,0O, in
methanol, and nonspecific blocking was done with | %
bovine serum albumin (BSA). The slides were incubated
owvernight at 4 °C with rabbit polyclonal antibody against
4-hydroxynonenal (4-HNE) (Abcam ab46545) 1:1,200
in 1 % BSA and rinsed and incubated with HRP-labeled-
polymer-conjugated kit (Invitrogen®). Sections were coun-
terstained with hematoxylin. Negative contrai was obtained
performing the same protocol without the primary anti-
body. The assessment of immunostaining intensity was per-
formed semiquantitatively and in a blinded fashion (O = no
staining; 1 = weak staining; 2 = moderate staining; and
3 = intense staining) (Rahman et ai. 2002).
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Table 1 In vitroevaluation

of tumoral aggressiveness and
redox parameters in human lung
AdC celllines

Data represent mean = SEM
of at least four independent
experiments (n =4). Invasion
index is defined as ""number

of invading cells/number of
migrating cells™ as described in
“"Materiais and methods."”" TRAP
unit is expressed as *"1-AUC™"
where high values correspond
to higher antioxidant potential.
Differences between both

cells considered statistically
significant when * (P < 0.05);

** (P < 0.01); *** (P <0.001)
(Student's t test)

SOD superoxide  dismutase,
CAT catalase, GPX glutathione
peroxidase, T BARS thiobarbitu-
ric acid reactive species, MDA

Human lung AdC cell lines p
A549 EKVX
Invasiveness (invasive/migratory cells)
Invasion index 370 £1.2 19.22 + 1.8*** 0.0004
Multidrug resistance (Glg, value) (L.1.M)
Cisplatin 3.04 +0.14 494 +0.13*** <0.0001
Carboplatin 819+9.1 1528 + 16.5** 0.0093
Daunorubicin 0.052 0.1 0408 + 0.06** 0.0012
Doxorubicin 0.07 =0.01 0.64 =+ 0.04*** <0.0001
5-Fiuorouracil 518%x1.1 355.7 & 35%** <0.0001
Hydroxyurea 366.5 +53 2425 + 435** 0.0034
Taxo! 0.019 +=0.1 0203 + 0.06* 0.0256
Antioxidant enzyme activities
SOD (U/mg) 277+ 13 332 £0.7* 0.0201
CAT (U/mg) 1.05 + 0.10 0.62 + 0.04** 0.0070
GPX (U/mg) 173 +021 089 + 0.16* 0.0129
Nonenzymatic parameters TBARS
(nmol eq.MDA/mg) Sulfhydryl 0.43 +£0.09 105 + 0.08** 0.0015
groups (L.1.mol —SH/mg) Total 250+47 194 + 11.4%** 0.0010
antioxidant potential (TRAP) 0.73 +£0.04 046+ 0.07* 0.0234
Reactive species production
DCF oxidation (RFU/min/1¢ cells) 28226 403 = 18* 0.0196
Amplex Red® (RFU/min/10° cells) 199 +2.9 36,5+ 2.6%* 0.0056

malondialdehyde

Statistical analysis

Data are expressed as mean == SEM of at least three inde-

pendent experiments carried out in triplicate, and Student's

t test was used (P < 0.05) (GraphPad® Software 5.0).
Multivariate Cox proportional hazards regression mod-
els were used to test the independent contribution of each
variable on mortality, and the results were summarized by
calculating hazard ratios (HR) and corresponding 95 %
confidence intervals. Chi-squared test was used to assess
the independence of the staining groups related to the
cohort baseline characteristics. A chi-squared approxima-
tion for low-frequency groups was obtained using Monte
Carlo simulated P values, based on 2,000 replicates in R
(http7/www.R-project.org/).

Results

Cellular aggressiveness, HAG activity and oxidative stress
markers

In vitro analysis of basal invasion index and multidrug
resistance was used to establish the aggressiveness between
two human lung adenocarcinoma cell lines (Table 1).
Comparing cells, EKVX presents fivefold higher invasive
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potential (P = 0.0004) and a significant cross-resistance
to ali seven drugs evaluated (range of 1.61- to 68.66-fold
increase in drug Glg, values) and was established as the
most aggressive cellline.

In addition, we assayed the cellular redox status of both
cell lines by analyzing HAG network activities. To do that,
landscape maps of gene expression were built (Fig. la),
and using the open-source software ViaComplex®, we
observe that EKVX cell line has increased expression
of HAG components (P = 0.016) (Fig. Ib). The specific
genes that contribute to this difference, obtained by GSEA
analysis, are summarized in Supplementary Table I . As an
example, metallothioneins (IE/F/H/X and 2A), the mito-
chondrial SOD (SOD2) and components of the thioredoxin
system (TXN2/TXNIP/TXNRD2) were found to be up-
regulated in the most aggressive phenotype. To further vali-
date the differences obtained with microarray data, severa®
redox parameters were accessed in vitro in our AdC cell
pane! (Table 1).We found a significant imbalance in anti-
oxidant enzyme (AOE) activities between cell lines, more
specifically an increased SOD activity with a concomitant
decrease in CAT/GPX activities, suggesting H,O, accu-
mulation in EKVX cells. Consistent with this, EKVVX cell
line generates higher steady-state leveis of RS and H,O,
(Table 1). In addition, regarding nonenzymatic param-
eters, basal lipoperoxidation (TBARS leveis) is twofold
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Fig.2 Cell growth is dependent on H,O, in human lung adenocar-
cinoma cell ltines. a Exogenous addition of catalase (125-1,000 U/
mL) for 72 h causes dose-dependent inhibition in cell proliferation
of AdC cell Yines. b CAT washout after 48 h of incubation allowed
cells to retum to its original proliferation rate. ¢ Dose-response curve

higher and there is a significant decrease in total antioxi-
dant capacity (TRAP) and reduced sulfhydryl leveis (-SH)
in EKVX cells. Therefore, high leveis of intracellular oxi-
dative markers might be associated with cellular aggres-
siveness in AdC cells, possibly due to the combination of
imbalance in AOE activities and high RS generation.

Intracellular oxidative state modulates the proliferative
rates of lung AdC cell lines

To deepen the question whether oxidative state influences
cellular aggressiveness or is a by-product, we evaluated
the effect of antioxidant treatments in the growth rates of
human lung AdC cells. Exogenous addition of CAT spe-
cifically decreases H,O, leveis since this oxidant diffuses
through membranes (Policastro et ai. 2004) and caused a
dose-dependent inhibition of both lung AdC cells® growth
(Fig. 2a). CAT washout restored proliferation rate of cells
(Fig. 2b), arguing that CAT addition caused a cytostatic
(not cytotoxic) effect, since there was no decrease in cell
viability (data not shown). This phenomenon seems to be
specifically related to H,O, scavenging and not to a gen-
eral antioxidant effect, since Trolox® (synthetic analog
of alpha-tocopherol) and N-acetylcysteine (NAC, a
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against H,O, lung AdC cell lines. d Sublethal doses (<40 11-M) of
H,0, and aminotriazole stimulate cell growth on EKVX. Data repre-
sent mean = SEM of at least three independent experiments (n = 3),
performed in triplicate *different from respective control group
(P <0.05) (Student'st test)

glutathione precursor) treatment did not inhibit cell prolif-
eration (Fig. 2a). Although the proliferative rates of A549
and EKVX were equally inhibited by CAT treatment, a
dose-response curve showed that the most aggressive AdC
cell line presents a significantly higher resistance to H,0,
toxicity (increase in Gl value) (P < 0.05) (Fig. 2c). More-
over, sublethal doses of H,O, (<40 -tM) and aminotriazole
(a specific catalase inhibitor) can consistently enhance the
proliferative rates in EKVX cells (Fig. 2d). Collectively,
these data suggest that an intracellular pro-oxidative state
accompanies tumor progression and H,O, plays a major

role in cellular aggressiveness in lung AdC.

HAG is up-regulated in clinicallung adenocarcinoma
samples

In order to access the clinicai value of the redox imbal-
ance found in vitro, we analyzed differential gene expres-
sion leveis of HAG components using several microarray
datasets derived from human cohorts of lung AdC sam-
ples (Table 2). Even though we found collectively a sig-
nificant difference in HAG activity between groups, the
contributions of each subgroup of HAG components (e.g.,
peroxidases, thiol-containing proteins and superoxide
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Table2 Gene set enrichment analysis of the HAG network in different human lung adenocarcinoma cohorts

GEOID Cohort description Experimental groups Enrichment analysis (adjusted P value)
HAG PER Thiol SOD
GSE21933 21 tumor tissues and adjacent normal tissue Tumor versus normal tissue 0.335 0.022* 0.781 0.096
GSE41271 269 lung cancer specimens Advanced versus early stages 0.030* 0.538 0.016* 0.032*
GSE42127 174 lung cancer specimens with Dead versus aiive 0.014* 0.502 0.005** 0.772

clinicopathological information

Transcript profiles of human lung adenocarcinoma patients were obtained from GEO. Nominal P value of enrichment analysis obtained from

GSEA (P < 0.05)

HAG human antioxidant gene network, PER peroxidase gene set, Thiol thiol-containing gene set, SOD superoxide dismutase gene set

 Patients were grouped asearly (1-1) or advanced (111-JV) clinicai stages

dismutases) were specific to each comparison performed

(Table 2). As an example, the peroxidase set of genes was enriched

only in tumor samples as compared to healthy tis-

sues (P =0.022). In contrast, increases in thiol-containing
gene set were found to be significantly up-regulated in
advanced (I11-1V) stages as compared to early (1-11) stages
(P = 0.016), and in patient with poor prognosis (death) as
compared to good prognosis (alive) (P = 0.005). SOD gene
set was found to be up-regulated only in advanced stage of
disease. Ali in ali, our metadata analysis showed that HAG
components are significantly altered in different aspects of |
ung tumor cells and have a strong prognostic impact for
AdC patients.

Imbalance in redox marker has prognostic value for lung
adenocarcinoma patient

The immunostaining of 4-HNE (a specific end product of

early-stage lung AdC (Fig. 3a). Table 3 shows the com-
plete description of the patient cohort basline characteris-
tics, which are well balanced among the staining groups.
Ali baseline conditions are independent from the HNE
leveis. The moderate immunostaining of 4-HNE was the
only parameter significantly associated with higher risk of
poor outcome (HR 8.87; 95 % Cl 1.04-75.35; P < 0.05)
(Fig. 3b).

Discussion

In many malignancies, footprints of oxidative damage, the
markers of the imbalance between oxidants and antioxi-
dants, have been detected and associated with severa¥can-
cer-related processes, such as resistance to chemotherapy
(Yoo et ai. 2008; Wang et ai. 2009), angiogenesis (Marik-
ovsky et ai. 2002), cellular immortalization (Pani et ai.
2010) and cell death (Klamt and Shacter 2005; Circu and
Aw 2010). Additionally, we recently described that patients
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(b) Hazard Ratio for patient's survival
Overall survival

Variables HR (95% ClI) P-value
Age (years) 1.08 (0.97-1.2) 0.140
Marker (4-HNE)
weak 352 (0.54-23.08) 0.190
moderate 8.87 (1.04-75.35) 0.046
strong 1.00
Smoking 126 (0.17 —9.59) 0.821
BMI 0.95 (0.81-1.1) 0.423
Tumor staging
1A 1.00
B 0.47 (0.06-3.85) 0.483
liA 5.56 (0.65- 0.118
47.72) 1IB 2.10(0.29-15.07) 0.461
FEV1 0.99(0.94-1.041) 0.755
FVC 0.98(0.93 -1.03) 0.326

= Cohort description in Table 3 (n = 34)

Fig. 3 4-Hydroxynonenal leveis in human lung adenocarcinoma

samples. a Representative immunostaining of 4-HNE in AdC biop-
sies is shown. IHC images represent negative controls (absence of
primary antibody) (grade 0), weak (grade 1), moderate (grade 2) and
strong stain (grade 3). Images are at x400 magnification. b Cox mul-
tivariate regression analysis was used to estimate HR for cohort clini-
cai covariates and 4-HNE leveis. C/ confidence interval, BMI body
mass index, FEVI forced expiratory volume in | s, FVC forced vital
capacity
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Table 3 Cohort baseline

7 . Characteristic Total 4-Hydroxynonenal staining P value"
characteristics according to
4-hydroxynonenallevels Weak Moderate Strong
Cohort (n = 34) 100 % 13 (382 %) 12 (35.3%) 12 (35.3 %) 0.755
Age (years) 645 +951 63 +9.8 63.4 +10.5 683+ 7.4
Sexb 0.657
Men 20 (58.8 %) 9 (692 %) 6(50 %) 5 (55.5 %) 0621
Women 14 (41.2 %) 4 (30.8 %) 6(50 %) 4 (44.5 %) 0.838
Tumor stagingb 0.355
1A 8 (23.5 %) 3(231 %) 2 (222 %) 3(33.3 %) 1.000
m 13(382 %) 6(46.1 %) 5(41.7 %) 2(22.2 %) 0.477
» Chi-sauared test for given liA 6 (17.7 %) 1 (7.7 %) 4 (333 %) I (11.1 %) 0.395
probabilities with Monte Carlo 118 7 (20.6 %) 3(231 %) 1(8.3%) 3(333 %) 0.720
simulated P values (based on Smokingb 0.060
4,000 replicates) Smoker 23 (67.7 %) 10 (769 %) 5 (41.7 %) 8 (88.9 %) 0.467
D 2U-tapulatea accoraing 1o the Nonsmoker 1i (32.3 %) 3 (231 %) 7 (583 %) 1(11.1 %) 0478
respective groups o
with p53 mutations, the most common mutational status of  transduction pathways. Although dysregulation in these

human cancer and the underlying defect of Li-Fraumeni
syndrome (LFS), present high leveis of oxidative mark-
ers (Macedo et ai. 2012). Nonetheless, it is surprising that
no antioxidant drug or intervention has been successfully
translated to the oncologic clinicai setting (Sotgia et ai.
2011). So, the specific role played by oxidative stress in
human lung adenocarcinoma biology is currently unknown
and under investigation. In the present study, we took the
advantage of an in vitro cell system to establish an asso-
ciation between tumoral aggressiveness and cellular redox
imbala nce. Despite intrinsic limitations of in vitro studies
(e.g. lack of intercellular interactions), cell lines are reli-
able experimental models for cancer research since they
retain relevant properties of primary tumors (Wistuba et ai.
1999). Moreover, we used a bioinformatics tool, the HAG
network, to explore the expression leveis of major antioxi-
dant system in cell systems and in clinicai samples. Finally,
we demonstrated that quantification of the oxidative marker
4-hydroxynonenal (an end product of lipoperoxidation) has
prognostic value for lung AdC patient outcome.

The redox state in the lung is controlled by complex and
cell-specific antioxidant mechanisms. In addition to classi-
cal antioxidant enzymes (AOEs) (e.g., SOD, CAT, GPX),
human lung tissue expresses severa! thiol-containing pro-
teins and small molecules, including thioredoxins (TRXI
and TRX2), metallothioneins (MTs 1-4), glutathione
(GSH) and peroxidases such as thioredoxin reductases
(TRXR1 and TRXR2) and peroxiredoxins (also called
thioredoxin peroxidases) (PRXs I-VI), which ali contain
the amino acid cysteine in their active centers (Blair et ai.
1997; Kinnula et ai. 2004; Ho et ai. 2007). These mole-
cules collectively participate not only in reactions to break
down or scavenge H,0O,, but also in the regulation of signal

redox processes can be hypothesized to have fundamental
role in carcinogenesis, tumor progression and drug resist-
ance, very little is known about their in vivo properties,
especially with respect to alteration in their expression and
functions in human lung AdC (Lehtonen et ai. 2004). As an
example, the multifunctional protein thioredoxin (TRX) is
responsible for catalyzing protein disulfide reductions. In
tumors, TRX increases cell proliferation and resistance of
various cells to oxidants and drugs. Moreover, metallothio-
neins (MTs) are proteins involved in metal binding and free
radical scavenging activities, being associated with drug
resistance and associated with lung cancer progression and
poor patient outcome (Cherian et ai. 2003). Corroborating
with these, in our study we found both protein families to
be enriched in the most aggressive AdC cell line, which
could be related to the multidrug resistance presented by
EKVX cells, and involved clinically in tumor progres-
sion and poor patient outcome. Our data also pointed to
the involvement of peroxidase gene set in the initiation
of carcinogenesis (tumor vs. normal tissue). The previ-
ous study suggests that, in general, human lung AdC may
contain increased leveis of PRXs, specifically in PRXI, 11,
IV and VI (Lehtonen et ai. 2004). Moreover, in the same
study, PRX liexpression was shown to be associated with
advanced tumor stage (11B-1V) in lung AdC, corroborating
with our data that showed enrichment in PRXII expression
in the most aggressive cellline.

To overcome the oxidizing microenvironment of lung
tissue, it was thought that malignant cells have overexpres-
sion of antioxidant defenses. However, our data and from
others (Laurent et ai. 2005; Myung et ai. 2010) show that
high leveis of oxidative markers are present in cancer cells
and are associated with tumoral aggressiveness (Chaiswing
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et al. 2007; Jorgenson et al. 2013). Chemically, oxidative
stress is associated with increased production of oxidiz-
ing species or a significant decrease in the effectiveness of
antioxidant defenses and repair systems. Moreover, some
RS act as cellular messengers (e.g., H,02). Thus, oxidative
stress can cause disruptions in normal mechanisms of cel-
lular signaling. In our study, the stimulatory effect of RS
in tumor growth seems to be specifically related to H,O,,
because we could not find any effects of the supplementa-
tion of NAC and Trolox® on the proliferation rates of AdC
cells. In this context, it was already suggested that tumors
could not properly detoxify H,O, (Coursin et al. 1996).
This specific physiological oxidant can stimulate cell prolif-
eration (Burhans and Heintz 2009), migration and invasion
(Polytarchou et al. 2005; Connor et al. 2007) and is involved
with the resistance against chemotherapy (Yoo et al. 2008;
Wang et al. 2009). We showed that both lung AdC celllines
are highly dependent on H,O, to proliferate, since we could
not find any differences between the two cell lines in rela-
tion to the growth inhibition in response to CAT treatment
and the stimulatory effect of the CAT inhibitor AMT. More-
over, the most aggressive cell line (EKVX) has increased
leveis of oxidative markers, generates higher steady-state
leveis of H,O, and, more importantly, presents an addi-
tional stimulatory effect in the proliferation rate in response
to sublethal doses of H,0,. Ali in ali, collectively our data
support that an imbalance in redox status is important for
the pathological homeostasis of lung AdC and is associated
with tumor progression. So, in fully developed cancer cells,
the generation of high rates of reactive oxygen species may
act as a driving force to induce oxidative damage to lipids,
mutations in DNA bases and posttranslational modifications
in proteins, contributing so to the genetic instability and
metastatic potential of tumor cells (Cairns et al. 2011).
Despite the positive correlation between tumor aggres-
siveness and oxidative stress demonstrated here in vitro,
we found a bell-shape curve effect of the oxidative stress
marker 4-HNE in predicting the outcome of early-stage
lung AdC patients. Only moderate leveis of 4-HNE were
significantly associated with poor patient outcome. The
biological effects of oxidative stress depend upon the size
of these changes, with a cell system being able to overcome
small perturbations by inducing the expression of AOE and
regain its original state, a process known as cellular adap-
tation. However, more severe oxidative stress or chronic
exposure to oxidants can cause extensive cellular damage,
leading to cell death by apoptosis or necrosis (Kiamt et al.
2009) (Englert and Shacter 2002). Possibly, strong 4-HNE
leveis in tumors reftect an extremely increased ROS levei
that reaches toxic effect in cellular functions. On the other
hand, moderate leveis of 4-HNE possibly reftect the stimu-
latory levei where high amount of RS fuels malignant fea-
tures specifically in tumor cells (Lisanti et ai. 2011). Even
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though, to our knowledge, this is the first demonstration of
the prognostic role of 4-HNE leveis in lung AdC, unfortu-
nately, the determination of RS leveis and oxidative mark-
ers does not provide mechanistic insight conceming cancer
development and progression.

A recent meta-analysis of randomized controlled tri-
als that evaluated the efficacy of antioxidant supplementa-
tion in cancer indicated that there is no clinicai evidence
to support preventive effect of antioxidant supplementation
(Myung et ai. 2010). Moreover, the relationship of redox
imbalances with different aspects of cancer biology can
be systematically studied with the use of high-throughput
experimental tools, such as redox proteome (Kiamt et ai.
2009) or differential gene expression leveis of the HAG
network with microarray data (Gelain et ai. 2009). Along
with other studies, we support the idea that compou nds
with H,Orscavenging capacity might be a good approach
for cancer management. As already shown in the litera-
ture, catalase overexpression reverted malignant features
in different cell lines (Policastro et ai. 2004) and prevented
tumor growth and metastasis in mouse lung (Nishikawa
et ai. 2009). Moreover, mitochondrial-targeted catalase
suppresses invasive breast cancer in mice (Goh et al. 2011),
and the role of catalase has alread y been established for in
vivo models (Nishikawa et ai. 2009) and should be further
considered for human clinicai trials in lung AdC patients.

In summary, we demonstrated an association between
redox imbalance and tumor aggressiveness in human lung
adenocarcinoma samples. To our knowledge, this is the first
study suggesting 4-HNE as a possible prognostic marker.
Thereby, it seems plausible that imbalance in redox metab-
olism is pivotal to tumor malignancy, and besides consist-
ent evidence of increased oxidative stress exists for lung
cancer patients, future studies should focus on the specific
mechanism of redox imbalances that mediates different
aspects of tumor aggressiveness for the improvement of
cancer therapy.

Acknowledgments Brazilian funds MCf /CNPq Uni-
versal (470306/2011-4), PRONEX/FAPERGS (1000274),
PRONEM/FAPERGS (1 1/2032-5), PqG/FAPERGS (2414-2551/12-8)
and MCT/CNPg INCT-TM (573671/2008-7) provided the financiai
support without interference in the ongoing work.

Conflict of interest The authors declare none.

References

Blair SL, Heerdt P, Sachar S et ai (1997) Glutathione metabo-
lism in patients with non-small cell lung cancers. Cancer Res
57:152-155

Brennan P, Fortes C, ButlerJ et al (2000) A multicenter case-<:on-
trol study of diet and lung cancer among non-smokers. Cancer
Causes Control 11:49-58

Tese de doutorado de Leonardo Lisbéa da Motta



Fenodtipos Agressivos e Propostas Terapéuticas em Tumores Sélidos

J Cancer Res Clin Oncol

Burhans WC, Heintz NH (2009) The cell cycle is a redox cycle:
linking phasespecific targets to cell fate. Free Radic Biol Med
47:1282-1293. d0i:10.1016/j.freeradbiomed.2009.05.026

Caims RA, Harris IS, Mak TW (2011) Regulation of cancer cell
metabolism. Nat Rev Cancer li :85—95. doi:10.1038/nrc2981

Castro MAA, Filho JLR, Dalmolin RJS et ai (2009) ViaComplex:
software for landscape analysis of gene expression networks in
genomic context. Bioinformatics 25:1468-1469. doi:10.1093/
bioinformatics/btp246

Castro MAA, Dal-Pizzol F, Zdanov S et ai (2010) CFLI expression
leveis as a prognostic and drug resistance marker in nonsmall cell
lung cancer. Cancer 116:3645-3655. doi:10.1002/cncr.25125

Chaiswing L, Bourdeau-Heller JM, Zhong W, Oberley TD (2007)
Characterization of redox state of two human prostate carci noma
cell lines with different degrees of aggressiveness. Free Radic
Biol Med 43:202-215. doi:10.1016/j.freeradbiomed.2007.03.031

Chan HP, Tran V, Lewis C, Thomas PS (2009) Elevated leveis of
oxidative stress markers in exhaled breath condensate. J Thorac
Oncol4:172-178.d0i:10.1097/JTO.0b013e3181949eh9

Cherian MG, Jayasurya A, Bay B-H (2003) Metallothioneins in
human tumors and potential roles in carcinogenesis. Mut Res
533:201-209. doi:10.1016/).mrfmmm.2003.07.013

Circu ML, Aw TY (2010) Reactive oxygen species, cellular redox
systems, and apoptosis. Free Radic Biol Med 48:749-762.
doi:10.1016/j.freeradbiomed.2009.12.022

Coate LE, John T, Tsao M-S, Shepherd FA (2009) Molecular predic-
tive and prognostic markers in non-small-cell lung cancer. Lancet
Oncol 10:1001-1010. doi:10.1016/S1470-2045(09)70155-X

Connor KM, Hempel N, Nelson KK et ai (2007) Manganese super-
oxide dismutase enhances the invasive and migratory activity of
tumor cells. Cancer Res 67:10260-10267. doi:[0.1158/0008-
5472.CAN-07-1204

Coursin DB, Cihla HP, Sempf J et ai (1996) An immunohistochemi-
cal analysis of antioxidant and glutathione S-transferase enzyme
leveis in normal and neoplastic human lung. Histol Histopathol
11851-860

Dresch MTK, Rossato SB, Kappel VD et ai (2009) Optimization and
validation of an altemative method to evaluate total reactive anti-
oxidant potential. Anal Biochem 385:107-114. doi:10.1016/j.
ab.2008.10.036

Englert RP, Shacter E (2002) Distinct modes of cell death induced
by different reactive oxygen species: amino acyl chloramines
mediate hypochlorous acid-induced apoptosis. J Biol Chem
277(23):20518-20526. doi:10.1074/jbc.M200212200

Esme H, Cemek M, Sezer M et ai (2008) High leveis of oxida-
tive stress in patients with advanced lung cancer. Respirology
13:112-116.doi:10.1111/j.1 440-1843.2007.01212.x

Gelain DP, Dalmolin RJS, Belau VL et ai (2009) A systematic
review of human antioxidant genes. Front Biosci (Landmark Ed)
144457-4463

Goh J, Enns L, Fatemie S et ai (2011 ) Mitochondrial targeted catalase
suppresses invasive breast cancer in mice. BMC Cancer 1i:191.
doi:10.1186/1471-2407-11-191

Ho JC, Chan-Yeung M, Ho SP et ai (2007) Disturbance of systemic
antioxidant profile in nonsmall cell lung carcinoma. Eur Respir J
29:273-278.d0i:10.1183/09031936.00000106

llonen IK, Riisiinen JV, Sihvo El et ai (2009) Oxidative stress in non-
small cell lung cancer: role of nicotinamide adenine dinucleotide
phosphate oxidase and glutathione. Acta Oncol 48:1054-1061.
doi:10.1080/02841860902824909

Jaruga P, Zastawny TH, Skokowski J et ai (1994) Oxidative DNA
base damage and antioxidant enzyme activities in human lung
cancer. FEBS Leu 341:59-64

Jorgenson TC, Zhong W, Oberley TD (2013) Redox imbalance and
biochemical changes in cancer. Cancer Res 73:6118-6123.
doi:10.1158/0008-5472.CAN-13-11 7

Kaynar H, Mera!M, Turhan H et ai (2005) Glutathione peroxidase,

glutathione-S-transferase, catalase, xanthine oxidase, Cu-Zn
superoxide dismutase activities, total glutathione, nitric oxide,
and malondialdehyde leveis in erythrocytes of patients with small
cell and non-small cell lung cancer. Cancer Lett 227:133-139.
doi:10.1016/j.canlet.2004.12.005

Kinnula VL, Piiiikko P, Soini Y (2004) Antioxidant enzymes and

redox regulating thiol proteins in malignancies of human lung.
FEBS Lett 569:1-6. doi:10.1016/j.febslet.2004.05.045

Klamt F Shacter E (2005) Taurine chloramine, an oxidant derived

from neutrophils, induces apoptosis in human B lymphoma cells
through mitochondrial damage. J Biol Chem 280:21346-21352.
doi:10.1074/jbc.M501170200

Klamt F, Zdanov S, Levine RL et ai (2009) Oxidant-induced apopto-

sis is mediated by oxidation of the actin-regulatory protein cofi-
lin. Nat Cell Biol 11:1241-1246. doi:10.1038/nchl968

Laurent A, Nicco C, Chereau C et ai (2005) Controlling tumor growth

by modulating endogenous production of reactive oxygen spe-
cies. Cancer Res 65:948-956

Lehtonen ST, Svensk A-M, Soini Y et ai (2004) Peroxiredoxins, a

novel protein family in lung cancer. Int J Cancer 111:514-521.
doi:10.1002/ijc.20294

Lisanti MP, Martinez-Outschoom UE, Lin Z et a (2011) Hydro-

gen peroxide fuels aging, inflammation, cancer metabolism and
metastasis: the seed and soil also needs “fertilizer". Cell Cycle
10:2440-2449

Macedo GS, Lisbdéa da Motta L, Giacomazzi J et ai (2012)

Increased oxidative damage in carriers of the germline TP53
p. R337H mutation. PLoS One 7#47010. doi:10.1371/
joumal.pone.0047010

Marikovsky M, Nevo N, Vadai E, Harris-Cerruti C (2002) Cu/Zn
superoxide dismutase plays a role in angiogenesis. Int J Cancer
97:34-41. doi:10.1002/ijc.| 565

Melloni B, Lefebvre MA, Bonnaud F et ai (1996) Antioxidant activ-

ity in bronchoalveolar lavage fluid from patients with lung can-
cer. Am J Respir Crit Care Med 154:1706-1711. doi:10.1 164/ajr
ccm.| 54.6.8970359

Misra HP, Fridovich | (1972) The role of superoxide anion in the

autoxidation of epinephrine and a simple assay for superoxide
dismutase.J Biol Chem 247:3170-3175

Myung S-K, Kim Y, Ju W et ai (2010) Effects of antioxidant supple-

ments on cancer prevention: meta-analysis of randomized con-
trolled trials. Ann Oncol21:166-179. doi10.1093/annonc/mdp286

Nishikawa M, Hashida M, Takakura Y (2009) Catalase delivery for

inhibiting ROS-mediated tissue injury and tumor metastasis. Adv
Drug Deliv Rev 61:319-326. doi:10.1016/j.addr.2009.01.001

Pani G, Galeotti T, Chiarugi P (2010) Metastasis: cancer cell's escape

from oxidative stress. Cancer Metastasis Rev 29:351-378.
doi:10.1007/s10555-010-9225-4

Policastro L, Molinari B, Larcher F et ai (2004) Imbalance of anti-
oxidam enzymes in tumor cells and inhibition of proliferation and
malignant features by scavenging hydrogen peroxide. Moi Car-

cinog 39:103-113.d0i:10.1002/mc.20001

Polytarchou C, Hatziapostolou M, Papadimitriou E (2005) Hydrogen

peroxide stimulates proliferation and migration of human pros-
tate cancer cells through activation of activator protein-1 and
up-regulation of the heparin affin regulatory peptide gene. J Biol
Chem 280:40428-40435.d0i:10.1 074/jbc.M505120200

Rahman |, van Schadewijk AAM, Crowther AJL et ai (2002)
4-Hydroxy-2-nonenal, a specific lipid peroxidation product, is
elevated in lungs of patients with chronic obstructive pulmonary
disease. Am J Respir Crit Care Med 166:490-495. doi:| 0.1164/r
ccm2110101

Rahman 1, Biswas SK, Kode A (2006) Oxidant and antioxidant bal-
ance in the airways and airway diseases. Eur J Pharmacol
533:222-239. d0i:10.1016/j.ejphar2005.12.087

Springer

Tese de doutorado de Leonardo Lisbéa da Motta



Fenodtipos Agressivos e Propostas Terapéuticas em Tumores Sélidos

J Cancer ResClin Oncol

Sanchez PG, Vendrame GS, Madke GR et ai (2006) Lobectomy for
treating bronchial carcinoma: analysis of comorbidities and their
impact on postoperative morbidity and mortality. J Bras Pneumol
32:495— 504. doi: | 0.1590/S1806-371
32006000600005

Siegel R, Naishadham D, Jemal A (2013) Cancer datistics, 2013. CA
Cancer J Clin 63:11-30. doi:10.3322/caac21 166

Sotgia F, Martinez-Outschoom UE, Lisanti MP (2011) Mitochondrial
oxidative stress drives tumor progression and metastasis: should
we use antioxidants as a key component of cancer treatment and
prevention? BMC Med 9:62. d0i:10.1186/1741-7015-9-62

Subramanian A, Tamayo P, Mootha VK et ai (2005) Gene set enrich-
ment analysis: a knowledge-based approach for interpreting
genome-wide expression profiles. Proc Natl Acad Sei USA
102:15545-15550. doi:10.1073/pnas.05065801 02

Vichai V, Kirtikara K (2006) Sulforhodamine B colorimetric assay for
cytotoxicity screening. Nat Protoc 1:111 2-1116. doi:10.1038/np
rot.2006.179

Springer

Wang D, Xiang D-B, Yang X-Q et ai (2009) APEI overexpres-
sion is associated with cisplatin resistance in non-small cell
lung cancer and targeted inhibition of APEI enhances the
activity of cisplatin in A549 cells. Lung Cancer 66:298-304.
doi:10.1016/j.lungcan.2009.02.019

Wendel A (1981) Glutathione peroxidase.
77:325—333

Wistuba li, Bryant D, Behrens C et ai (1999) Comparison of features
of human lung cancer cell lines and their corresponding tumors.
Clin Cancer Res 5:991-1000

Yoo DG, Song YJ, Cho EJ et ai (2008) Alteration of APEI/
ref-1 expression in non-small cell lung cancer: the implica-
tions of impaired extracellular superoxide dismutase and
catalase antioxidant systems. Lung Cancer 60:277-284.
doi:10.L016/j.lungcan.2007.10.015

Methods Enzymol

Tese de doutorado de Leonardo Lisbéa da Motta



Fenodtipos Agressivos e Propostas Terapéuticas em Tumores Sélidos

Artigo2

TumorBiol.
DOI 10.1007/s13277-015-3116-9

RESEARCH ARTICLE

Oxidative stress associates with aggressiveness in lung

large-cell carcinoma

Leonardo Lishoa da Motta * Marco Antonio De Bastiani ¢
Fernanda Stapenhorst « Fabio Klamt

Received: 17 November 2014 | Accepted: 14 January 2015
© Intemational Society oftincology and BioMarkers (ISOBM) 2015

Abstract Oxidative stress is involved in many cancer-related
processes; however, current therapeutics are unable to benefit
from this approach. The lungs have a very exquisite redox
environment that may contribute to the frequent and deadly
nature oflung cancer. Very few studies specifically address lung
large-cell carcinoma (LCC), even though this is one of the
major subtypes. Using bioinformatic (in silico) tools, we dem-
onstrated that a more aggressive lung LCC cell line (HOP-92)
has an overall increase activity of the human antioxidant gene
(HAG) network (P=0.0046) when compared to the less aggres-
sive cell line H-460. Gene set enrichment analysis (GSEA)
showed that the expression of metallothioneins (MT), glutathi-
one peroxidase | (GPx-1), and catalase (CAT) are responsible
for this difference in gene signature. This was validated in vitro

where HOP92 showed a pro-oxidative imbalance, presentin

higher antioxidant enzymes (superoxide dismutase (SOD),
CAT, and GPx) activities, lower reduced sulfhydryl groups
and antioxidant potential, and higher lipoperoxidation and re-
active species production. Also, HAG network is upregulated
in lung LCC patients with worst outcome. Finally, the prognos-
tic value of genes enriched in the most aggressive cell line was
assessed in this cohort. Isoforms of metallothioneins are asso-
ciated with bad prognosis, while the thioredoxin-interacting
protein (TXNIP) is associated with good prognosis. Thus, re-
dox metabolism can be an important aspect in lung LCC ag-
gressiveness and a possible therapeutic target.
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Introduction

Oxidative stress is involved in many processes during carci-
nogenesis; however, it is not yet possible to benefit patients
with this approach [I, 2). Free radicais are believed to initiate
tumorigenesis, causing DNA mutations, and promote cancer
by regulating cell survival, proliferation, apoptosis [3, 4], an-
giogenesis [5], migration, and metastasis [6, 7). Although it
was thought that antioxidant treatrnent could impair cancer
cell homeostasis [8], severalstudies showed that this approach
can enhance tumor progression [2, 9]. Since cancer cells sur-
vives inan already highly stressed environment, pro-oxidative
treatments could push cancer cells over the edge via selective
toxicity [I]. Thus, the way cancer responds to oxidative stress
is still in debate.

The lungs have a unique redox balance, since it is exposed
to a variety ofboth endogenous and exogenous oxidants that
can contribute to tumor promotion [10]. These factors include
environmental pollutants, tobacco smoke, high oxygen pres-
sure [11], and reactive species (RS) from pro-inflammatory
cells in the pulmonary circulation [12]. Moreover, lung cancer
patients were found to have elevated oxidative stress markers
in peripheral blood [13], erythrocytes [14, 15], epithelium
lining fluid [16], breath condensate [17], and tumor biopsies
[18—20], and the inadequate ingest of antiox.idants may con-
stitute a risk factor for lung cancer [21). Despite this, the
association between a redox imbalance and lung LCC was
never investigated.

Lung cancer is the most prevalent and deadly malignancy
worldwide [22] and often classified into small-cell and non-
small-ell lung cancer (NSCLC). Of the latter, large-cell
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carcinoma (LCC) is one of its most common subtypes (5-

10% of ali Jung cancer cases). Despite its importance, there
are few studies focusingon lung LCC and its classification by
the WHO is vague: undifferentiated NSCLC that lacks the
cytological and architectural features of small-cell lung cancer
and glandular or squamous differentiation [23). Besides, half
diagnosed lung LCC have been shown to belong to another
category when molecular markers were used [24,

25).Therefore, studies focusing specifically on lung LCC are

needed [26).

In light of the above, this study aimed to establish a rela-
tionship bctwcecen oxidative stress and lung LCC aggressive-
ness. To achieve this, we characterized the aggressiveness of
two human lung LCC cell lines and found that HOP-92 is
more aggressive than H-460. Then, we investigated the redox
profile of the cell lines with bioinformatic and in vitro tools.
These demonstrated that the most aggressive cell line has a
pro-oxidative imbalanced profile and that changes in the redox
environment can modulate the behavior of the cells. Also,
human antioxidant gene (HAG) network is upregulated in
lung LCC patients with worst outcome and genes enriched
in the most aggressive cell line have prognostic value in this
cohort. Thus, redox metabolism can be an important aspect in
lung LCC aggressiveness and a possible therapeutic target.

Materiais and methods
Cell lines and chemicals

The human lung LCC cell lines H-460 and HOP-92 were
obtained from the NCI-Frederick cell line repository. Expo-
nentially growing cells were cultivated in RPMI 1640 medium
(Invitrogen®) containing 10 % fetal bovine serum (FBS),
amphotericin B (1 -tg/mL), and garamycin (50 11-¢/L) at
37 °C in a humidified atrnosphere of 5 % of C02.

Cellular aggressiveness

The invasion index was measured with the BioCoat Matrigel
Invasion Chamber System (BD Bioscience®). Briefly, cells
were seeded in the upper wells, while the chemoattractant
(RPMI medium with 10 % of FBS) was added to the lower
wells. After 22-h incubation, the movement of cells through
the pore was determined. Cells that penetrated to the underside
surfaces of the inserts were fixed and stained with HeMa3
staining kit (Fisher Scientific®) and counted under the micro-
scope. Cells were considered migratory when moved through
uncoated pores and invasive when moved through Matrigel-
coated pores. Data are expressed as the percentage of invasive/
migratory and expressed as *‘invasion index."

Multidrug resistance was determined based on drug dose-
response curves of cisplatin, carboplatin, daunorubicin,

Springer

doxorubicin, 5-fluorouracil, hydroxyurea, and taxo!(Sigma®
Chemical Co.) using the sulforhodamine B (SRB) assay, fol-
lowing NCI-60 protocol [27].

HAG network and microarray datasets

The HAG network was designed to cluster functional gene
network to facilitate high-throughput analysis of redox pro-
cesses [28). HAG is composed of 63 genes whose products
are thiol-containing proteins or enzymes that react directly
with rcactivc spccics and is subclassificd into thrcc functional
groups: peroxidases, superoxide dismutases, and thiol-
containing redox proteins (Fig. 1a).

Microarray expression profile was extracted from the Gene
Expression Omnibus (GEO) (http//www.ncbi.nlm.nih.gov/
geo/). For the comparison with the human lung LCC cell
lines H-460 and HOP-92, GSE5846 dataset was used. For
the validation including H661, GSE4824 and GSE14925
datasets were used. For cohort analysis, we used a microarray
dataset with 24 lung LCC specimens containing survival de-
tails (GSE37745).

Differential gene expression and enrichment analysis

Differential gene expression was evaluated using ViaComplex®
software [29]. To determine the significantly altered groups of
functionally associated genes (GFAGs), ViaComplex uses re-
sampling analysis with replacement (bootstrapping) in order to
estimate the sampling distribution ofboth relative diversity and
relative activity in the microarray dataset. Given that this anal-
ysis considers genes in the context of functional groups, the
statistical design is constructed to compare groups of genes.
The raw P values from the bootstrap analysis are controlled
for multiple comparisons by false discovery rate (FDR) analy-
sis. This procedure is used to identifY GFAGs exhibiting signif-
icant differential expression with a FDR no greater than 5 %
(ie., a’ 5% FDR indicates that among ali GFAGs identified as
being differentially expressed, 5 % of them are truly not signif-
icant) [30).

Gene set enrichment analysis (GSEA) was used to iden-
tifY genes that contribute individually to global changes in
expression leveis in a given microarray dataset. GSEA con-
siders experiments with genome-wide expression profiles
from samples belonging to two classes (i.e., more aggres-
sive and less aggressive cancer cells). Genes are ranked
based on the correlation between their expression and the
class distinction by using a suitable metric. Given a prior
defined set of genes (i.e., HAG network), the goal of GSEA
is to determine whether the membersof these set of genes
are randomly distributed or primarily found at the top or
bottom of the ranking [31].
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Fig.1 Expression ofhuman antioxidant gene (HAG) networl< in human
lung large-cell carcinoma (LCC) cell lines.a STRING representation of
HAG network gene interactions. b Landscape analysis demonstrating
elevated expression of HAG network in HOP-92 compared to H-460
(GSE5846 dataset), generated with ViaComplex® VI.0. Color gradient

Redox parameters

Superoxide dismutase (SOD) (E.C. 1.15.1.1) activity was
measured by inhibition of superoxide-dependent epinephrine
auto-oxidation at 480 nm [32). Catalase (CAT) (E.C. 1.11.1.6)
activity was measured by H>O> consumption at 240 nm. Glu-
tathione peroxidase (GPX) (E.C. 1.11.1.9) activity was mea-
sured by NADPH oxidation at 340 nm [33).

Non-enzymatic antioxidant potential was determined by
total radical-trapping antioxidant potential (TRAP) assay
[34). Sulfhydryl group (-SH) levei was determined with 5-
thio-2-nitrobenzoic acid at 412 nm (E412 nm=27,200/M/
em) and expressed as nanomoles of -SH per milligram of
protein. Thiobarbituric acid reactive species (TBARS) assay
was used as a lipoperoxidation index. TBARS were assayed at
532 nm and expressed as nanomoles of MDA equivalents per
milligram of protein. 2',7'-dichlorodihydrofluorescein
diacetate (DCF-DA) oxidation was used to determine intracel-
lular generation of RS in a 96-well plate reader (Spectra Max
GEMINI XPS, Molecular Devices®).

Proliferation and growth inhibition assays

Cells were treated with aclive or heat-inactivated CAT, and
cell growth inhibition was evaluated for 72 h with SRB assay.
To investigate ifthe growth inhibition by CATwas reversible,
the assay was repeated removing CAT. The effect of bolus
amount of H,0, addition on cell growth was also evaluated.

Statistical analysis

Cellline data are expressed as meanstSEM of at least three
independent experiments carried out in triplicate, and Stu-
dent's 1 test was used (?<0.05) (GraphPad® Software 5.0).
Expression analysis were evaluated as mentioned above.
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(Z-axis) represents the relative functional state mapped onto graph
according to the data input from the lung LCC HOP-92-a versus
H-460-b, where z=a f (a+h). P value refers to bootstrap analysis
comparing cell lines

Survival graphs were made in GraphPad® Software 5.0, and
log-rank (Mantel-Cox) test and hazard ratio (Mantel-
Haenszel) were obtained.

Results
Cellular aggressiveness

Comparing in vitro invasion index and multidrug resistance
between the two human lung large LCC cell tines, HOP-92
was established as the most aggressive (Table 1). HOP-92
cells had 6-fold higher invasive index and a significantly
higher resistance to ali seven drugs evaluated (2.79-40.11-
fold increase in drug Glgg values).

HAG expression

The most aggressive cell line (HOP-92) has higher expression
of antioxidant genes, as demonstrated in the landscape map
(?=0.0046) (Fig. I'b). To confirm this fmding, we looked for
another lung LCC cell tine with freely available expression
data and direct aggressiveness comparison between two or
more celllines as part ofone published study. Then, we com-
pared HAG expression in H-460 and H661 lung LCC cell
lines. Among the cell lines used in this study, H661 is the less
aggressive one, since H-460 has higher migratory behavior,
higherexpression ofthe pro-angiogenic protein EphA4, and is
more resistant to radiotherapy and the antineoplastic agent
AZDII52-HQPA [35, 36). Once more, the more aggressive
cellline has a higher expression of HAG (Fig. SI).
The genes that specifically contribute to enrichment in

HOP-92 compared to H-460 are summarized in Table 2 and

Springer

Tese de doutorado de Leonardo Lisbéa da Motta



Fenodtipos Agressivos e Propostas Terapéuticas em Tumores Sélidos

TumorBiol.

Tablel Aggressiveness of human lung large-cell carcinoma cell lines

Large-cell carcinoma cell lines

H-460 HOP-92 Fold increase

Invasiveness (invasive/migratory cells)

Invasion Index 2.15+0.3 12.48+2.6** 5.80
Multidrug resistance (Glsq value) (JLM)

Cisplatin 0.90+0.11 2.51+0.5* 2.79

Carl>oplatin 23.9+4.9 754+18.3* 3.15

Daunorubicin 0.027+0.007 0.109+0.03* 4.04

Doxorubicin 0.029+0.01 0.123+0.03* 4.24

5-Fluorouracil 4.41+1.35 1769+65.4* 40.11

Hydroxyurea 3159+11.1 713.4+£98** 2.26

Taxo! 0.026+0.021 0.095+0.02* 3.65

Data are presented as means+SEM of at least four independent experiments (n=4). Invasion index is "invading cellsimigrating cells.”" Bold values

indicate higher values in each comparison
*P<0.05; **P<0.0l (Student'st test)

include metallothioneins, peroxidases, and components ofthe
thioredoxin system (obtained with GSEA).

Oxidative stressin lung LCC cell lines

To validate in silico results, severalredox parameters were
evaluated in vitro in the lung LCC cell lines (Fig. 2). We found
a significant upregulation in ali antioxidant enzyme (AOE)
activities in the most aggressive cellline. HOP-92 has higher
activities of SOD, CAT, and GPx (1.83, 4.76, and 2.1-fold
increase, respectively) (Fig. 2a). This suggests an adaptation
to higher leveis of RS. Consistently with this, HOP-92 was
found to have higher DCF oxidation rate indicating elevated
production of RS (Fig. 2b). On the other hand, basal

Table 2 Genes from human antioxidant gene (HAG) significantly
enriched in most aggressive lung large-cell carcinoma cell line (HOP92)

Gene symbol Gene name

CAT Catalase

GPXI Glutathione peroxidase |
MTIE Metallothionein 1E
MTIF Metallothionein | F
MTIG Metallothionein 1G
MTIH Metallothionein IH
MTIM Metallothionein IM
MTIX Metallothionein 1X
MT2A Metallothionein 2A

SEPPI Selenoprotein P, plasma, |
TXNIP Thioredoxin interacting protein

Data generated with gene score enrichment analysis (GSEA) comparing
HOP92 versus H-460 transcripts obtained from GSE5846 dataset (Gene
Expression Omnibus) (P<0.05)

Springer

lipoperoxidation (TBARS leveis) was found to be 2.26-fold
higher and the total antioxidant capacity (TRAP) and the
leveis of reduced sulfhydryl groups (—SH) in HOP-92 cells
(Fig. 2c) were found to be decreased. Collectively, this indi-
cates that despite the enzyrnatic adaptation, the most aggres-
sive phenotype has higher leveis of intracellular oxidative
stress.

Also, CAT treatrnent caused a dose-dependent inhibition of
cell’s growth and CAT washout restored proliferation. Finally,
the treatrnent with sublethal dose ofH,O, increased growth of
HOP-92, but not H-460 (Fig. S2). Therefore, the redox envi-
ronment can modulate the behavior of cancer cells.

Oxidative stressin clinicai lung LCC patients

Ultimately, the value ofthe pro-oxidative imbalance was test-
ed in a patient cohort. In accordance with the previous find-
ings, HAG was found upregulated in patients with worst out-
come (Fig. 3a).

Also, the prognostic value ofthegenes enriched inthe most
aggressive cell tines was assessed. Different isoforms of
metallothioneins (MTIF, MTIG, MTIM, and MTIX) were
found to be associated with bad prognosis, while TXNIP was
associated with good prognosis (Fig. 3b).

Discussion

Despite evidence of oxidative stress involvement in several
cancer-related processes, such as resistance to chemotherapy
[37, 38], angiogenesis [5], cellular immortalization [7], and
cell death [39, 40], it is disappointing that to date no
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antioxidant approach has been successfully translated to the
oncologic clinicai setting [8]. Additionally, it has been shown
that lung cancer patients have elevated oxidative stress
markers in peripheral blood [13], erythrocytes [14, 15], epi-
thelium lining tluid 116J, breath condensate 117J, and in tumor
biopsies [18—20],and the inadequate ingestion of antioxidants
constitutes a risk factor for lung cancer development [21].
Here, we demonstrated that the most aggressive cellline has
a pro-oxidative imbalance and that oxidative stress can mod-
ulate tumoral cell's behavior. Ako, this imbalance was con-
fmned ina lung LCC cohort and genes enriched in the most
aggressive cellline were shown to have prognostic value. The
results will be further explored below.

Redox biology is intricately overlapped with severa( meta-
bolic pathways, so we felt this was best evaluated using a
systems biology approach [41]. We demonstrated an associa-
tion between tumoral aggressiveness and higher expression of
antioxidant genes using an in vitro cell system and in silico
took. This was corroborated by in vitro redox characterization.

Several isoforms ofMTwere found to be upregulated in the
most aggressive cell line and were associated with bad

prognosis. We found it to be upregulated also in a more ag-
gressive lung adenocarcinoma cell line [3]. This is in accor-
dance with data showing that MT are associated with drug
resistance, lung cancer progression, and poor patient outcome
142J. Theretore, metallothioneins seems to be a very good
candidate for lung cancer studies focusing on oxidative stress.
The thioredoxins (TXN) are antiox idants usually
overexpressed and correlated with bad prognosis in several
malignancies including lung cancer [43, 44]. On the other
hand , the TXN inhibitor thioredoxin-interacting protein
(TXNIP) has a negative correlation with TXN, being found
underexpressed in tumors and correlating with good progno-
sis. Moreover, TXNIP is considered a tumor suppressor in-
volved in reduced tumor growth, metastasis, and angiogenesis
in different types of both solid tumors (as breast, gastric, thy-
roid, bladder, and liver) and leukemia [45—50]. However, we
found TXNIP to be overexpressed in the most aggressive cell
line. Despite the clear contrast with the abovementioned, this
is not the first ime we report this. TXNIP was found to be
overexpressed in more aggressive lung adenocarcinoma cell
line and patients [3]. Also, TXNIP overexpression results in

g) Springer
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increased leveis of reactive species [45], corroborating our
main hypothesis. In the meantime, TXNIP associates with
good prognosis in the lung LCC cohort tested. Thus, more
studies are necessary to fully comprehend how this gene,
and the TXN pathway as a whole, can affect lung LCC
aggressiveness.

Catalase and GPx were found to have higher expression
and activity in the most aggressive cell line and could be an

Springer

interesting target for future studies, particularly because both
can detoxify H,O2. The higher activity and expression of an-
tioxidant enzymes coupled with higher production of ROS
suggest that most aggressive lung LCC are adapted to deal
with more oxidizing environments. Since malignant turnors
are resistant to cell death, they can benefit from ROS stimuli
for proliferation and cell growth [51). In accordance with this,
patients with worst outcome presented higher expression of
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HAG and the most aggressive cell line was the only one that
enhanced its growth rate when treated with H,O2. Taken to-
gether, this indicates that aggressive lung LCC can have a pro-
ox idative imbalance, which could have therapeutic
implications.

Nevertheless, recent studies demonstrated that the antioxi-

dants N-acetylcysteine (NAC) and vitamin E increases tumor
progression and worsen outcome in in vivo model of lung
cancer [2]. On the other hand, catalase overexpression [52]
and H,O, scavenging [53] were shown to revert malignant

features in different celllines; mitochondrial-targeted catalase

suppresses invasive breast cancer in mice [54] and prevented
tumor growth and metastasis in mouse lung studies [55]. An-
other important detail is the quality of the antioxidant: catalase
and other H,O, scavengers have a specific target, while NAC
and vitamin E do not. Our data supports the hypothesis that
oxidants,especialy H,O2, fuel the behavior of tumor cells and
thus specific antioxidants could impair malignant cell homeo-
stasis by ROS starvation.

To the knowledge of the authors, this is the frrst study

demonstrating an association between redox imbalance and
tumor aggressiveness in human lung LCC. FinaUy, besides
consistent evidence of elevated oxidative stress occurring in
lung cancer patients, future studies should focus on the spe-
cific redox mechanism that mediates tumor aggressiveness for
the improvement of lung LCC therapy.
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Figure S1: Landscape analysis comparing the expression of Human Antioxidant Gene (HAG) network in
human lung large cell carcinoma (LCC) cell lines H-460 and H661, using two datasets, GSE4824 (a) and
GSE14925 (b), generated with ViaComplex® V1.0. Color gradient (Z-axis) represents the relative functional
state mapped onto graph according to the data input from the lung LCC H-460-a vs. H-661-b, where

z=a/(a+b). P value refers to Bootstrap analysis comparing cell lines.
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Figure S2: Redox stateinfluences growth of lung large cell carcinoma cell lines. Treatment with exogenous

catalase (125-1000 U/mL) for 72 h cause dose-dependent inhibition in cell proliferation of lung LCC cell
lines (a). CAT washout after 48 h of incubation allowed cells to return to its original proliferation rate (b).
Dose response curve against H202 in lung LCC cell lines. Sub-lethal doses (<40 uM) of H202 stimulate cell
growth of HOP-92 (c). Data is mean + S.E.M. of at least three independent experiments (n =3), performed

in triplicate. * P <0.05 (Student’s t-test compared to untreated group).
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CAPITULO II: REPROGRAMACAO METABOLICA

Dados prontos para elabora¢cdo de manuscrito a ser submetido para periddico Qualis A2 ou B1.
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OBJETIVO GERAL DO CAPITULO

Caracterizar o perfil bioenergético de 2 linhagens de adenocarcinoma de pulmao
relacionando-o com a agressividade, caracterizado anteriormente (ver Capitulo ).
Posteriormente, buscou-se validar os achados em coortes clinicas. Por fim, foram propostos

novos alvos terapéuticos com foco na reprogramacgdo metabdlica.

OBJETIVOS ESPECIFICOS

» Avaliar em linhagens celulares:
O Respirometria de alta resolugao
0 Atividade de enzimas relacionadas ao metabolismo bioenergético
O Expressdao génica de isoformas comum a reprogramag¢do metabdlica tumoral
0 Sensibilidade a inibidores metabdlicos
» Avaliar em coortes clinicas:

0 Valor prognédstico dos genes alterados nas linhagens

FENOTIPO AGRESSIVO CARACTERIZADO

Sugerimos que adenocarcinomas pulmonares agressivos apresentam um fendtipo
glicolitico com dependéncia de transportadores para glicose (GLUT’s) e lactato/piruvato

(MCT’s).

PROPOSTA TERAPEUTICA

Como as isoformas expressas em tumores sdo diferentes daquelas de tecidos sadios, o
desenvolvimento de inibidores especificos pode ter um impacto imediato na terapia de

adenocarcinoma de pulmao, que atualmente ndo tem uma terapia especifica.

Tese de doutorado de Leonardo Lisb6a da Motta



Fenodtipos Agressivos e Propostas Terapéuticas em Tumores Sélidos

Introducéo especifica

O cancer pode ser visto como uma doenca metabdlica, sendo os outros hallmarks
fendmenos posteriores (SEYFRIED et al., 2014). A atencdo ao metabolismo energético tumoral
foi despertada especialmente apds a descoberta de ligagGes entre rotas metabdlicas e
oncogénicas (KROEMER; POUYSSEGUR, 2008)(Fig.11). AlteracGes metabdlicas beneficiam as
células tumorais e, portanto, podem ser potenciais alvos terapéuticos. Porém, a compreensa o
deste fendtipo na sua totalidade tem se mostrado um desafio incrivelmente complexo

(SCHULZE; HARRIS, 2012; TENNANT; DURAN; GOTTLIEB, 2010).

Associagdo

i g o Reacodes
Glicolise €——— i vipac € Ai(t mTOR anabélicas
PI3K

OXPHOS

Evitar Auto-
apoptose suficiéncia
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i g — Lactato
Angiogénese Evitar a vigilancia
do sist. imune
F,ATPase ——
Insensibilidade a
Replicagdo sinais anti-
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Invasédo &
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OXPHOS ——— p53 m

yd
l / \ Acidificagdo <

Glicolise HIF-1 extracelular

~ Independéncia e Glicolise
do O, aerébica

Lactato

Figura 11 AssociagGes entre os hallmarks do cancer e diferentes aspectos do metabolismo

bioenergético.(KROEMER; POUYSSEGUR, 2008).

O Efeito Warburg

Ha quase 1 século, Otto Warburg® observou que tecidos tumorais metabolizam dez

vezes mais glicose a lactato que um tecido sadio mesmo na presenca de oxigénio, e sugeriu que

* Vencedor do Prémio Nobel de 1931 em Fisiologia e Medicina por sua descoberta da enzima respiratoria
citocromo c oxidase (KOPPENOL; BOUNDS; DANG, 2011).
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aqueles realizam glicolise aerdbica (KOPPENOL; BOUNDS; DANG, 2011; WARBURG; WIND;

NEGELEIN, 1927). Este fendmeno ficou conhecido como “efeito Warburg” (Fig.12). Estes

achados levaram-no a postular que células malignas utilizam preferencialmente a via glicolitica
e a fermentacdo latica para obtencdo de energia. A época, esta afirmacdo gerou um paradoxo
devido ao efeito Pasteur, segundo o qual o oxigénio inibe a fermentacdo . Porém, o pesquisador
alemdo acreditava que a origem do cancer se dava por um defeito mitocondrial que incapacitava
a célula de realizar respiracdo oxidativa (WARBURG, 1956). Enquanto na realidade, muitos
tumores exibem o efeito Warburg, mas retém a capacidade de respirar (BIRSOY et al., 2014;
DIERS et al., 2012; KOPPENOL; BOUNDS; DANG, 2011; WARD; THOMPSON, 2012). Assim, o efeito
Warburg demorou a ser aceito, pois além de se opor ao efeito Pasteur, a via glicolitica é menos
eficiente do ponto de vista energético, portanto como poderia ser a via preferida em uma célula

com metabolismo acelerado como as células tumorais?

Tecido diferenciado Tecido Tumor

Y . proliferativo
|
+0, -0 o
f/ \ 2 o 0,
Glicose Glicose Glicose
0, Piruvato i 0, Piruvato
\ Piruvato
Lactato l Lactato
Lactato
OXPHOS Glicé,lli:'s_e Glicolise
anaerobica agrobica
36 rlnc;l b 2 mol ATP/ (efeito Warburg)
D.gease mol glicose -4 mol ATP/mol glicose

Figura 12 Destinos da glicose em tecidos diferenciados/sadios e proliferativos ou tumorais. OXPHOS —

fosforilagdo oxidativa (VANDER HEIDEN; CANTLEY; THOMPSON, 2009).

Entretanto, apds algumas décadas de esquecimento, o efeito Warburg foiresgatado nos
anos 90 para fins diagndsticos (GATENBY; GILLIES, 2004). Foi observado que muitos tumores

apresentam uma maior captacdo de um 18F-fluorodeoxiglicose (FDG), analogo da glicose e,
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portanto, podem ser mais facilmente diagnosticado com tomografia por emissdo de pdsitrons
(PET scan, do inglés positron emission tomography) (HAGEN et al., 2004; ROHREN; TURKINGTON;
COLEMAN, 2004). Além disso, é possivel acompanhar remissdo do tumor ao longo de um

tratamento (VANDER HEIDEN; CANTLEY; THOMPSON, 2009)(Fig.13).

Pré-terapia Poés-terapia

Figura 13 Captacdo de glicose por tumores (T), visualizada por PET com FDG em resposta a terapia. O
tumor (T) é facilmente identificado antes da terapia (esquerda) e ndo observado apds terapia (direita). O
excesso de FDG é excretado pela urina e, portanto, é possivel visualizar também os rins (R) e a bexiga (B)

(VANDER HEIDEN; CANTLEY; THOMPSON, 2009).

Além disso, hoje podemos explicar este aparente paradoxo de diversas formas. A
primeira explicacdo é a adaptacdo imposta pelo ambiente, como hipdxia e privacdo de
nutrientes, oriundo do crescimento exacerbado do tumor em relagdo a vascularizagdo existente
(GATENBY; GILLIES, 2004). A privacdo de glicose em células de cancer de célon exerce uma
pressdo seletiva sobre KRAS, gene que pode conferir tolerancia a baixos niveis de glicose (YUN
et al.,, 2009). Da mesma forma, células em cultura podem compensar a perda de glicose ou
glutamina utilizando um ou outro nutriente para suprir a falta de metabdlitos (CHENG et al.,
2011; YANG et al., 2009). Neste contexto, células adaptadas ao metabolismo glicolitico possue m
uma vantagem seletiva. Desta forma, o metabolismo glicolitico pode ser mantido mesmo apds
o término da pressdo seletiva. Até mesmo terapias anti-angiogénicas podem induzir hipdxia,
selecionando células com metabolismo glicolitico (CURTARELLO et al., 2015). Outra variavel

muito importante a uma célula proliferativa é a necessidade de biossintese (Fig.14). Portanto,
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uma rota extremamente catabdlica como a fosforilagdo oxidativa ndo parece interessante neste

contexto (DEBERARDINIS et al., 2008; VANDER HEIDEN; CANTLEY; THOMPSON, 2009).

Reprogramacdo Metabdlica Tumoral

Porém, o efeito Warburg é apenas uma parte do todo, pois sabemos hoje que células
neoplasicas possuem alteragdes em diversas rotas, assim o fendmeno ¢é denominado
reprogramacdo metabdlica tumoral (BOULAHBEL; TENNANT, 2009; CHEN; RUSSO, 2012;
HERLING et al., 2011). Atualmente, a reprogramacgdo metabdlica em tumores é considerada um
dos novos hallmarks do cancer (HANAHAN; WEINBERG, 2011; WARD; THOMPSON, 2012) (Fig.8).
Interessantemente, este fendmeno nao acrescenta novas reguladores, mas sim é regulado por
oncogenes e supressores tumorais classicos — como myc e p53 (JONES; THOMPSON, 2009;

SOGA, 2013) (Fig.14).

O metabolismo da glicose, e também da glutamina, sdo reprogramados por mutac¢les
em MYC, TP53, oncogenes relacionados a Ras, LKB1-AMP quinase (AMPK) e PI3 quinase (PI3K),
ente outros (BOROUGHS; DEBERARDINIS, 2015). As proteinas oncogénicas Ras, AKT e Myc
podem regular o fluxo glicolitico, uma vez que controlam a expressdo de genes responsdveis
pela captacdo e metabolizacdo da glicose, como transportadores de glicose (GLUT’s),
hexoquinase (HK), fosfofrutoquinase (PFK) e lactato desidrogenase (LDH) (BOROUGHS;
DEBERARDINIS, 2015; KROEMER; POUYSSEGUR, 2008; LEVINE; PUZIO-KUTER, 2010). A perda de
supressor tumoral PTEN promove captacdo de glicose via rota da PI3K/Akt/mTOR enquanto a
perda do supressor tumoral Von-Hippel-Lindau (VHL) promove um fendtipo metabdlico similar
via estabilizacdo do fator de transcricdo HIF-1a (do inglés, hypoxia inducible fator)(FAUBERT et
al., 2014). Por fim, o supressor tumoral p53 também tem um papel destacado na regulacdo da
glicolise, respiracdo mitocondrial e via das pentose fosfato (PPP — do inglés pentose phosphate

pathway) (JIANG et al., 2011; MADDOCKS; VOUSDEN, 2011; VOUSDEN; RYAN, 2009), bem como
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na modulacdo de espécies reativas do oxigénio (ROS — do inglés reactive oxygen species)

(SABLINA et al., 2005).
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Figura 14 Rotas alteradas na reprogramagdo metabdlica tumoral. 2DG — 2-desoxiglicose; 3BP — 3-
bromopiruvato CHC —acido a-hidroxicinamico; Flo — floretina; G6PDH — glicose-6-fosfato desidrogenase;
GLUT - transportadores de glicose; HK — hexoquinase; LDHA - lactato desidrogenase A; MCT —
transportador de monocarboxilato; PPP —via das pentoses-fosfato; ROS — espécies reativas do oxigénio;

TCA — ciclo do acido tricarboxilico. (Figura gentilmente elaborada por Fernanda Stapenhorst Franca).

Muitas rotas metabdlicas estdo interligadas entre si e com o equilibrio redox (HERLING
et al., 2011; JIANG et al., 2011; MENENDEZ; LUPU, 2007). A PPP sustenta reac¢des anabdlicas e o
equilibrio redox através da producdo de NADPH. A sintese de lipidios precisa de NADPH e acetil-

CoA, resultando em aumento do consumo de glicose e consumindo piruvato, produto final da
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glicélise. Este processo ocorre numa série de passos catalisados pela enzima dacido graxo sintase
(FASN — do inglés fatty acid synthase), que estd superexpressa em muitos tumores (MENENDEZ;
LUPU, 2007). Além disso, os acidos graxos sdo capazes de modular a producd o de ROS. Sabe-se
qgue alteragGes no metabolismo da glicose podem modular a producdo de ROS, causar
citotoxicicade via estresse oxidativo e alterar o potencial antioxidante intracelular (SCHONFELD;
WOIJTCZAK, 2008). Por fim, as préprias espécies reativas podem mediar rotas oncogénicas,
alterar a populagdo celular peritumoral e participar ativamente na reprogramac¢ao metabdlic a
em células (COSTA; SCHOLER-DAHIREL; MECHTA-GRIGORIOU, 2014). A SOD2 pode alimentar o

fendtipo glicolitico pela producdo de H,0; e consequente ativacdo da AMPK (HART et al., 2015).

Além disso, dentro de um mesmo tumor podem ocorrer células com diferentes
fendtipos bioenergéticos que estabelecem entre si uma relagdo de simbiose. Nesta, as células
hipdxicas sdo glicoliticas e liberam lactato que serad oxidado pelas células oxigenadas (SEMEN ZA,
2005). Ainda, o fendtipo metabdlico exibido por tumores depende tanto do gendtipo quanto do
tecido de origem (YUNEVA et al.,, 2012). Assim, a compreensdo da reprogramacdo metabdlic a

especifica em cada tipo de cancer tem profundas implicagdes terapéuticas.

Terapia Anti-metabdlica

Ainda hoje, o cancer é definido como uma doenca genética e sua terapia foca na
reversdo de mutagbes. Porém, além do nimero de mutagGes ser enorme (ALEXANDROV et al.,
2013), o ataque inespecifico a células em proliferacdo frequentemente leva a efeitos colaterais
indesejados e se mostrou insuficiente até o momento (LOPEZ-LAZARO, 2010). Por outro lado, a
reprograma¢ao metabdlica se mostra fundamental para a tumorigénese e progressdo tumoral
(OBRE; ROSSIGNOL, 2014; TENNANT; DURAN; GOTTLIEB, 2010) e, apesar de sua complexidade,

converge para trés necessidades basicas de células proliferativas: ATP, biossintese e equilibrio
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redox (CAIRNS; HARRIS; MAK, 2011) (Fig.14). Assim, a identificacdo de inibidores metabdlicos

capazes de afetar uma delas pode ser eficiente na terapia anti-tumoral.

Ensaios in vitro com compostos capazes de reverter o metabolismo glicolitico se
mostraram eficientes na inibicdo da migracdo sem afetar a proliferagdo, indicando
especificidade a tumores avangados (YIZHAK et al., 2014). Atualmente, diversos ensaios clinicos

encontram-se em andamento com abordagens anti-metabdlicas (OBRE; ROSSIGNOL, 2014).

As abordagens terapéuticas visando o metabolismo tumoral podem ser baseadas na

disponibilidade de nutrientes ao tumor ou inibicdo farmacoldgica, direta ou indireta.

A primeira estratégia se baseia em uma dieta cetogénica, por matar células
dependentes da via glicolitica por inanicdo (SEYFRIED et al.,, 2014). Existem resultados
promissores em modelos animais e pacientes (KLEMENT, 2014; NEBELING et al., 1995; OTTO et
al., 2008; SEYFRIED et al.,, 2015; ZHOU et al., 2007). Por outro lado, alguns estudos ndo
observaram beneficio algum (CHU-SHORE; THIELE, 2010), sugerindo até mesmo cautela devido
ao risco de ma nutricio (HUEBNER et al.,, 2014). Thomas Seyfried é um defensor da dieta
cetogénica até mesmo como monoterapia (SEYFRIED et al., 2014), mas a maioria dos estudos
sugere que qualquer efeito advindo desta abordagem, se comprovado, devera ser usado como

adjuvante a terapias convencionais (ALLEN et al., 2014; TENNANT; DURAN; GOTTLIEB, 2010).

Os alvos indiretos sdo os reguladores upstream de rotas metabdlicas, incluindo HIF,
MYC, PI3K, Akt, mTOR e AMPK (Fig.14). A inibicdo destes reverteria adapta¢des necessdrias a
homeostase tumoral. Neste contexto, o eixo AMPK/mTOR aparenta ser o alvo mais préximo da
clinica, pois ha menor incidéncia de cancer em paciente tratados com metformina, um ativador
de AMPK e inibidor de mTOR receitada para diabetes tipo 2 (DOWLING et al., 2007; LIBBY et al.,
2009). Ensaios pré-clinicos demonstraram uma série de efeitos antitumorais desta droga em

modelos in vitro e in vivo: inibicdo de proliferacdo, crescimento tumoral e angiogénese, inducdo

Tese de doutorado de Leonardo Lisb6a da Motta




Fenodtipos Agressivos e Propostas Terapéuticas em Tumores Sélidos

de apoptose e ainda sinergia com paclitaxel (LIU et al., 2009; ORECCHIONI et al., 2014; ROCHA
et al., 2011). Entretanto, por estas moléculas influenciarem mudltiplos alvos, usar sua inibicd o
especificamente para atacar o metboalismo energético ndo se mostrou simples até o momento

(DANG, 2012; ENGELMAN, 2009; JONES; HARRIS, 2012).

Por fim, temos os alvos diretos, ou seja enzimas de rotas metabdlicas diretamente
envolvidas com geracdao de ATP ou biossintese. Atacar a biossintese de moléculas necessdrias a
proliferacdo ndo é uma ideia nova e os primeiros quimioterapicos denominados antimetabdlico s
inibem a sintese de nucleotideos, como o 5-fluorouracil (5-FU) (EWALD; SAMPATH; PLUNKETT,
2008). Entretanto, sua eficacia é limitada pela pouca especificidade tumoral (TENNANT; DURAN;
GOTTLIEB, 2010). Assim, o metabolismo da glicose e surge como um alvo muito promissor, por

alimentar diversas rotas fundamentais as células malignas.

Muitos tumores apresentam expressdo aumentada das proteinas responsdveis pelo
primeiro passo no metabolismo da glicose, os transportadores (GLUT, do inglés glucose
transporter). Alguns GLUT’s respondem a demanda metabdlica do momento — GLUT2 e GLUT4
— enguanto outros mantém o fluxo de glicose continuo - GLUT1 e GLUT3 — e sdo fundamenta is
a célula como eritrécitos, desprovidas de mitocondrias e, portanto, dependentes da glicdlise
para obtencdo de ATP. A elevada expressdao de GLUT1 estd associada a progressdao tumoral e
pior prognostico (STARSKA et al., 2015; SZABLEWSKI, 2013). A Floretina, um fenol natural de
origem vegetal, inibe a captacdo de glicose via GLUT1 (Fig.14) e é capaz de inibir crescimento
tumoral em modelo animal (NELSON; FALK, 1993) e sensibilizar células quimioresistentes a

apoptose (CAO et al., 2007). Entretanto, nenhum ensaio clinico com essa abordagem foi iniciado.

Apds ser captada, a glicose é metabolizada pela enzima hexoquinase (HK, do inglés
hexokinase) e pode seguir diversas rotas intracelulares. A glicose-6-fosfato (G6P), produto da
HK, pode gerar ATP e piruvato ao seguir pela via glicolitica ou NADPH, lipideos, nucleotideos e

até mesmo manter o equilibrio redox se for desviado para a PPP (Fig.14). Apesar da PPP estar
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envolvida em vdrias rotas importantes, nenhum inibidor desta rota chegou a ensaios clinicos.
Assim, a glicélise e a fermentagao latica tem sido o principal foco na busca de terapias tumorais

anti-metabdlicas (TENNANT; DURAN; GOTTLIEB, 2010).

O inibidor da HK mais utilizado é a 2-desoxiglicose (2-DG), molécula analoga a glicose
(ZHANG et al., 2014) (Fig.14). Apesar de promissora incialmente (ELY, 1954), a 2-DG tem pouco
efeito como agente monoterapico. Inclusive, ja foi demonstrado que 2-DG pode ativar rotas pro-
sobrevivéncia via AKT/PI3K (ZHONG et al., 2009). Porém, ela é capaz de sensibilizar tumores a
quimio e radioterapia e deve ser pensado como um agente adjuvante. Ja existem estudos
clinicos em andamento com esta abordagem em diversos tipos de cancer, incluindo pulmdo e

mama (TENNANT; DURAN; GOTTLIEB, 2010; ZHANG et al., 2014).

A enzima final da glicdlise é a PK (do inglés pyruvate kinase), e catalisa um passo
importante na producdao de ATP e na regulacao de toda a via. O composto TLN-232 inibe a PK e
estd em fase de ensaio clinico. A isoforma PKM2 é mais comum em células tumorais (MAZUR EK
et al., 2005) e sabe-se que a isoforma comum a tecidos ndo-proliferativos (PKM1) é incompative |
com crescimento tumoral (CHRISTOFK et al., 2008). Destacando assim o potencial terapéutic o

de um inibidor especifico para a isoforma tumoral.

O 3-bromo-piruvato (3-BP) é um inibidor metabdlico que apresenta efeito antitumoral
notavel em diversos modelos de cancer (CARDACI; DESIDERI; CIRIOLO, 2012; GANAPATHY -
KANNIAPPAN; KUNJITHAPATHAM; GESCHWIND, 2013; GANAPATHY-KANNIAPPAN et al., 2010;
SHOSHAN, 2012). A HK-Il é a isoforma associada a reprograma¢do metabdlica tumoral (PATRA
et al., 2013) e inicialmente o 3-BP foi descrito como seu inibidor, porém as evidéncias ndo ddo
suporte a esta afirmacdo (GALINA, 2014). O 3-BP é um potente depletor de ATP inibindo ndo
somente a glicdlise, mas também o metabolismo mitocondrial (SHOSHAN, 2012) (Fig.14).
Evidéncias apontam que seu principal alvo é a enzima GAPDH e que seu mecanismo de ac¢do

envolva estresse oxidativo, estresse de reticulo, inibicdo de sintese protéica (CARDACI;
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DESIDERI; CIRIOLO, 2012; GANAPATHY-KANNIAPPAN et al.,, 2010). A analogia do 3-BP com o
piruvato ndo explica sua letalidade — que se deve ao efeito alquilante. Porém, esta analogia pode
explicar sua especificidade, uma vez que ambas moléculas sdo captadas por MCTs (do inglés
monocarboxylate  transporter), transportadores comumente hiper-expressos em células

tumorais (GANAPATHY-KANNIAPPAN; KUNJITHAPATHAM; GESCHWIND, 2013).

O produto final da glicélise é o piruvato, que é reduzido a lactato em células glicoliticas
pelo processo de fermentacdo latica pela enzima LDH (do inglés lactate dehydrogenase) (Fig.14).
Outra enzima importante no favorecimento da fermentagdo latica é a PDK1 (do inglés pyruvate
dehydrogenase kinase 1), por impedir a metabolizacdo do piruvato a acetil-CoA e consequente
oxidacdo mitocondrial. A fermentacdo latica é muito importante para tumores, pois a inibicd o
destas duas enzimas leva a reducdo do crescimento tumoral em modelos animais (BONNET et
al., 2007; FANTIN; ST-PIERRE; LEDER, 2006; XIE et al., 2014). Existem ensaios clinicos para
diferentes tipos de cancer com o] inibidor da PDK1 Dicloroacetato

(https://clinicaltrials.gov/ct2/results ?term=Dichloroacetate&no _unk=Y ).

Os MCT’s (do inglés monocarboxylate transporter) sdo responsaveis pelo fluxo de
lactato/piruvato comumente expressos acima do normal em tumores e, portanto, constituem
outro alvo terapéutico potencial (Fig.14). Estes transportadores permitem a célula preservar seu
pH intracelular (TENNANT; DURAN; GOTTLIEB, 2010). Os mais importantes para as células
tumorais sdo o MCT1 — fundamental na captacdo de lactato em células tumorais oxidativas
(SONVEAUX et al., 2008) —e o MCT4 — associado a tumores glicoliticos pois otimiza a liberacado
e producdo de lactato devido a sua baixa afinidade por piruvato (PARKS; CHICHE; POUYSSEGUR,
2013). O silenciamento de MCT1 e MCT4 reduz o fluxo glicolitico e o crescimento tumoral in vivo
(LE FLOCH et al.,, 2011). O MCT4 estd associado ao comportamento metastatico pela
manutencdo das taxas glicoliticas necessarias para alimentar este processo (GALLAGHER;

CASTORINO; PHILP, 2009). Entretanto, ndo ha nenhum inibidor descrito para inibir MCT4. O CHC
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(do inglés a-cyano-4-hydroxycinnamic acid) é um inibidor ndo-especifico de MCT1 com efeitos
antitumorais in vivo promissores. O MCT1 em células tumorais capta o lactato secretado por
células hipdxicas e a sua inibicdo por CHC induz comportamento glicolitico, reduz o crescimento
tumoral e sensibiliza as células remanescente a radioterapia (SONVEAUX et al., 2008). Ainda, o

CHC pode induzir necrose tumoral e reduzir invasdo (COLEN et al., 2011).

Apesar dos efeitos promissores oriundos da inibicio de MCT1, esta abordagem é
controversa pois o lactato é importante a drgdos como musculo esquelético e cérebro. Assim,
entende-se que esta inibicdo deveria ter efeitos muito rapidos, de modo a ndo afetar os tecidos
sadios, ou entdo ser utilizada como adjuvante a outras terapias, a fim de reduzir as doses
(TENNANT; DURAN; GOTTLIEB, 2010). J4& foi demonstrado que o co-tratamento de CHC com
inibidores mitocondriais leva a célula a uma “catastrofe metabdlica” (MARCHIQ et al., 2015).
Outra combinagdo terapéutica promissora seria com inibidores de membros da familia anidrase

carboénica (CA), importante reguladores de pH em tumores (CHICHE et al., 2009).

Assim, justifica-se a euforia dos pesquisadores frente a oportunidade terapéutica
apresentada pela reprogramacdo metabdlica. Entretanto, o ramo ainda carece de drogas, ou
outras abordagens, que se mostrem eficazes em pacientes. Por fim, a correta caracterizagdo da
reprogramacdo metabdlica presente em cada tipo de cancer é fundamental para que futuras

abordagens terapéuticas sejam bem sucedidas.

Carcinoma Pulmonar e Reprogramacdo Metabdlica

O pulmdo é um érgdo Unico na sua relagdo com o oxigénio, o que tem implicagcbes
diretas no metabolismo das suas células e consequentemente em qualquer tumor que venha a
se originar neste sitio. Assim, em um momento onde os olhos da oncologia estdo voltados para

o metabolismo, é fundamental que o cancer mais letal seja estudado neste contexto.
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O acimulo de 8F-FDG, um andlogo radioativo da glicose, observado por PET scan é uma
ferramenta diagndstica aceita para vdrios tipos de cancer. Em carcinomas pulmonares, o
acumulo é maior em tumores pouco diferenciados, considerados mais agressivos (KAIRA et al.,
2011). Porém, ndo ha um consenso sobre reprogramacdo metabdlica em cancer de pulmdo, uma
vez que outros trabalhos indicam a OXPHOS como rota preferencial para obtencdo de energia

em cancer de pulmdo (MORENO-SANCHEZ et al., 2007).

Ja foi demonstrado que linhagens de NSCLC sdo dependentes da glicdlise, pois sdo
incapazes de compensar a sintese de ATP quando esta via é inibida. Esta reprogramacd o
metabdlica relaciona-se com crescimento tumoral e resisténcia a apoptose, conferindo,
portanto, um fendtipo mais agressivo (WU et al., 2007). A perda do supressor tumoral LKB1
associa-se com comportamento glicolitico e tumorigénese (FAUBERT et al., 2014) e a inibicdo da
enzima-chave a fermentacdo latica LDH-A (do inglés Lactate Dehydrogenase-A) reduz a
tumorigénese e a progressdo tumoral em modelos animais de NSCLC (XIE et al., 2014). Muitos
casos de NSCLC apesentam expressdao de HIF (GIATROMANOLAKI et al., 2001), mantendo ativa
a via glicolitica e o controle da acidez, quando estes deveriam se restringir a momentos de
hipéxia (BERTOUT; PATEL; SIMON, 2008). Em NSCLC glicoliticos, a enzima Piruvato Carboxilase
se mostrou essencial a tumorigénese por alimentar o Ciclo de Krebs para fins anaplerdticos,

evidenciando a importancia da biossintese (SELLERS et al., 2015).

K-RAS mutada é comum em NSCLC, especialmente em AdC (RIELY; MARKS; PAO, 2009),
e associa-se com desbalanco redox, quimioresisténcia, pior progndstico (MENG et al., 2013;
SHAW et al., 2011) e promove comportamento glicolitico (VIZAN et al., 2005). Muta¢des em K-
RAS e EGFR sdo mutuamente excludentes (KARACHALIOU et al.,, 2013). Porém, pacientes com
EGFR mutado respondem a TKl's (do inglés tyrosine kinase inhibitors). Portanto, qualquer

abordagem terapéutica para NSCLC glicoliticos, tera impacto clinico imediato.
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A elevada expressdao de GLUT1 e MCT4 em NSCLC estd relacionada a tumores pouco
diferenciados, linfonodos comprometidos e menor sobrevida (MEIJER et al.,, 2012). O
metabolismo é diferente mesmo entre os dois subtipos mais comuns de NSCLC: SQC e AdC. SQC
possui maior expressdao de GLUT1 e a sua expressdo de GLUT1 e MCT4 aumenta com a distancia
dos vasos. Por outro lado, as amostras de AdC apresentam expressao de MCT4 independe nte
da distancia da vasculatura. Assim, acredita-se que AdC é o subtipo mais glicolitico de NSCLC e

possa se beneficiar de terapias metabdlicas (MEIJER et al., 2012).

Objetivo

Esta etapa do trabalho buscou caracterizar o perfil bioenergético de duas linhagens de
adenocarcinoma pulmonar com diferentes niveis de agressividade: EKVX mais agressiva quando
comparada a A549 (ver Capitulo |). A partir desta, sera investigado o valor progndstico destes

achados em coortes clinicas para entdo sugerir-se novos alvos terapéuticos.

Metodologia

Culturadecélulas

Foram utilizadas as linhagens humanas de NSCLC: A549 e EKVX (NCI-Frederick Cancer
DCTD tumor/cell line repository). As células foram cultivadas em meio RPMI-1640 com 2mM L-
glutamina suplementado com 10% de SFB inativado e antibidtico (estreptomicina e penicilina ).
As células foram mantidas em fase exponencial de crescimento dentro de estufa com atmosfera

Umida de 5% de CO, a 37°C.

Ensaiodeinibicdo de crescimento

Foram realizados ensaios de inibicido de crescimento celular pela técnica de
sulforodamina B (SRB) (VICHAI; KIRTIKARA, 2006). Para tal as células foram plaqueadas em

placas de 96 pogos apropriadas para cultivo celular e, apds 24h para permitir adesao, as células
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foram tratadas com diferentes concentragdes dos seguintes inibidores metabdlicos: 2-

desoxiglicose, 3-bromopiruvato, Floretina e CHC.

Apds o tempo de incubagdo adequado as células foram fixadas com TCA 10% por 1 hora
a4°C e entdo sdo deixadas secar a temperatura ambiente. Posteriormente, o SRB foi adicionado
(2% p/v em &cido acético 1% v/v). Apds 15 minutos em temperatura ambiente o excesso do
corante foi removido e o conteddo no fundo do pogo ressuspendido em Tris-HCI e agitado por
20 min em agitador automdtico. Por fim, foi feita uma leitura de ponto final a 490nm em
espectrofotometro de placa. Utilizando o grupo controle como referéncia, foi calculado o
percentual de inibicdo de crescimento de cada dose e depois a partir de uma curva de regressa o

linear foi obtido o valor de ICso (dose que inibe o crescimento em 50%).

Respirometria

O consumo basal de oxigénio foi medido utilizando respirometria de alta resolugdo
(Oroboros Oxygraph-02K). Para isto, as células foram cultivadas normalmente até o momento

do experimento e entdo foram tripsinizadas e ressuspendidas em meio de cultura sem SFB.

O consumo de rotina, respiracdo independente de oligomicina (proton leak) e respiragdo
maxima (estimulada por FCCP) foram avaliados. O software DatLab software (Oroboros

Instruments, Innsbruck, Austria) foi utilizado para aquisicdo dos dados e analise.

Expressao génica (RT-PCR)

O RNA foi isolado das células utilizando TRIzol (Invitrogen), seguindo instru¢cdes do
fabricante. O RNA foi quantificado espectofometricamente e tratado (1 pg de RNA) com 1 U de
DNAse livre de RNAse por 30 minutos a 37°C. As rea¢Oes sdo paradas pela adigdo de 1 pL de 20
mM EDTA e aquecendo por 10 minutos a 65°C. A sintese de cDNA foi feita com RNA tratado com

DNAse utilizando o kit “High Capacity cDNA Reverse Transcription” (Applied Biosystems),
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seguindo instrucdes do fabricante. Para o experimento, foi utilizado o equipamento 7500 Real

Time PCR (Applied Biosystems) e o kit power SYBR-GREEN PCR master MIX (Applied Biosystems).

A andlise de expressdo foi realizada utilizando pares de primers desenhados utilizando

o GenBank (http://www.ncbi.nlm.nih. gov/genbank/), cujas sequéncias podem ser encontradas

abaixo (Tab.2). O método de comparagdo de Ct foi utilizado para quantificar a expressdo génica

relativa a actina, utilizado como controle enddgeno.

Tabela 2 Sequéncia de primers utilizados para RT-PCR

Gene-alvo Sequéncia
. Forward 5’- TTCCTTCCTGGGCATGGAGTC -3'
Actina Reverse 5'- AGACAGCACTGTGTTGGCGT A -3'
GLUT 1 Forward 5’- AATGCTGATGATGAACCTGCT -3’
Reverse 5’- CAGTACACACCGATGATGAAG -3’
GLUT 3 Forward 5’- CTTTCTCATCCCACGCACTC -3’
Reverse 5’- CACTCGGTCTCTCCTAAGCA -3’
HK | Forward 5’- GATCATCGGCACTGGCACCAA -3'
Reverse 5’- CCAAAGGCTCCCCATTCTGTA -3'
Forward 5’- ATGAGGGGCGGATGT GTATCA -3'
HICI Reverse 5- GGTTCAGTGAGCCCATGTCAA -3'
Forward 5- GCAGATTTGGCAGAGAGT ATAATG -3'
LDH A Reverse 5’- GACATCATCCTTTATTCCGTAAAGA -3
Forward 5’- GATGGATTTTGGGGGAACAT -3'
LDH B Reverse 5’- AACACCTGCCACATTCACAC -3'
Forward 5-TGGGTACTGGAACAAGCAAA -3'
McT 1 Reverse 5’- GCAGGTCAAATCCAAATATC G -3'
MCT 4 Forward 5- GAGTTTGGGATCGGCTACAG -3'

Reverse 5- CGGTTCACGCACACACTG -3'

Atividade enzimatica

O lisado das células foi preparado expondo as culturas a nitrogénio liquido em tampao
de lise (Tris 10mM pH 8, DTT 1ImM) com 5 pl/mL inibidor de proteases (Sigma® P8340). As
reagOes foram iniciadas adicionando-se 10-100 pg de proteina ao meio de rea¢do adequado
(Tab.3), de acordo com a linearidade de cada ensaio, a 37°C em placa de 96 pogos. A absorbancia
foi medida a 340nm. A atividade especifica da enzima foi definida como quantidade de substrato

formado por miligrama de proteina por minuto.
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Tabela 3 Meios de reagdo utilizados para ensaios de atividade enzimatica

Reagentes

Tris-HCI pH7.4
Triton X-100
MgC|2
B-NAD*

ATP

Glicose
G6PDH

KCI

ADP

PEP

LDH

B-NADH
EDTA
Piruvato
B-NADP*
G6P

ENZIMAS

50 50 20 mM

0.05 0.05 0.05 %
5 10 mM
mM

mM

mM
U/mL

50 mM
2.5 mM
5 mM
0.5 U/mL
0.2 0.2 mM
1 mM

1 mM

1 mM

5 mM

HK —hexocinase; PYK — piruvato cinase; LDH — lactato desidrogenase; GGPDH
— glicose-6-fosfato desidrogenase; PEP — fosfoenolpiruvato

Anadlisederisco associado a expressao de transportadores

A taxa de risco (hazard ratio) prevé a probabilidade de um evento, em uma populagdo

no tempo “t”, associado a variavel investigada.

Os valores de expressdo génicas de pacientes foram obtido junto a plataforma Gene

Expression Omnibus (GEO) (http://www.ncbi.nlm.ni h.gov/geo/). Foram utilizados os seguintes

banco de dados: GSE37745 (106 casos); GSE41271 (177 casos); GSE42127 (132 casos). Antes de

serem utilizados, os valores foram normalizados (z-score). Todos receptores foram testados em

todas coortes utilizando o pacote estatistico R (http://www.r-project.org/)

e aqueles que

apresentaram diferenga estatistica foram levados adiante.

Analise estatistica

Os resultados estdo expressos como media *

desvio padrdo de pelo menos 3

experimentos independentes em triplicata. Os dados foram analisados por teste t de student ou
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ANOVA de uma via, seguidos de teste Neuman-Keuls. Diferencas foram consideradas

estatisticamente significativas quando p < 0,05 (GraphPad Prism® v6.01).
Resultados

Respirometria demonstra que A549 é mais oxidativa que EKVX

A linhagem A549 apresenta perfil de consumo de O, mais oxidativo quando comparado
com a linhagem EKVX (Fig.15). O consumo de rotina ja evidencia que A549 utiliza mais oxigénio
em estado basal. O segundo pardmetro aumentado é o consumo acoplado a sintese de ATP
oxidativa, obtido a partir da adi¢cdo do inibidor da cadeia transportadora de elétrons oligomicina .
Neste, a linhagem A549 reduz mais seu consumo de O,. Isto indica que A549 apresenta maior
consumo de O destinado para a sintese de ATP pela OXPHOS. Ainda, a respiracdo maxima é
maior na A549 e, consequentemente a capacidade de reserva. Este parametro é obtido a partir
do uso de um desacoplador mitocondrial (FCCP). A reserva indica quantas vezes acima do basal

o consumo pode ser elevado. Novamente, eles indicam que a A549 é mais oxidativa.

Por fim, o consumo ndo associado a OXPHOS estd aumentado na EKVX, indicando que
além desta linhagem ter um consumo menor, ela usa mais do seu consumo em reagdes nao

relacionadas ao metabolismo oxidativo.

A atividade enzimdtica e a expressdo génica confirmam que EKVX é mais glicolitica

Foi investigado a atividade enzimatica e a expressdo génica de proteinas-chave no
metabolismo energético para melhor caracterizar as linhagens. A linhagem EKVX apresenta
maior atividade de HK, enquanto a A549 apresenta maior atividade da G6PDH, PK, LDH (Fig. 16).
Tanto HK como LDH apresentam maior atividade em tumores glicoliticos e, paradoxalmente,
cada uma destas enzimas apresentou maior atividade em uma linhagem. Ainda, A549 apresenta

maior atividade de G6PDH, indicando uma maior utilizagdo da via das pentoses.
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Figura 15 Respirometria de alta resolugdo das linhagens de AdC de pulmao. (A) Analise representativa do
consumo de oxigénio das linhagens A549 e EKVX.(B) Parametros respiratdrios: Rotina — consumo basal;
ATP — consumo acoplado a sintese de ATP medido com adi¢do de oligomicina; Maxima —consumo maximo
apos uso do desacoplador FCCP; Proton leak — consumo de oxigénio apds adicdo de oligomicina, portanto,
ndo acoplada a sintese de ATP; Non-OxPhos — consumo ap0ds adicdo de KCN, ou seja, independente do
consumo via cadeia transportadora de elétrons; Reserva — aumento relativo do consumo apés

desacoplamento. Média + desvio padrdo; N=9, teste t ndo-pareado. * p<0,05; **p < 0,01; *** p<0,001.

A EKVX apresenta maior expressdao de diversos genes associados ao perfil glicolitico
(Fig.17). Especialmente HK 2, isoforma mitocondrial associada a reprogramacdo metabdlica em
tumores glicoliticos (GALINA, 2014; PATRA et al.,, 2013). A expressdo de transportadores de
glicose ndo-responsivos ainsulina (GLUT 1 e 3), normalmente aumentada em tecidos glicoliticos,
é maior na linhagem EKVX. A isoforma LDH-A também estd aumentada na EKVX e é associada a

fermentacdo latica. Por fim, o transportador induzivel por hipéxia MCT4, normalme nte expresso
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em tumores glicoliticos (PARKS; CHICHE; POUYSSEGUR, 2013), também estd aumentado em
EKVX. Por outro lado, A549 tem maior expressdao do MCT1, associado ao metabolismo oxidativo

(PINHEIRO et al., 2012; SONVEAUX et al., 2008).
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Figura 16 Atividades enzimaticas das linhagens de adenocarcinoma pulmonar. HK —hexoquinase; G6PDH
— glicose-6-fosfato desidrogenase; PK — piruvato quinase; LDH — lactato desidrogenase. Os valores

representam média + desvio padrdo; N = 3, teste t ndo-pareado. * p <0,05; *** p <0,001.
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Figura 17 Expressdo génica das linhagens de adenocarcinoma pulmonar. GLUT —transportador de glicose;
HK — hexoquinase; LDH — lactato desidrogenase; MCT — transportador de monocarboxilato. Os valores

representam média  desvio padrdo; N = 3, teste t ndo-pareado. * p <0,05; ** p <0.01; *** p <0,001.

Sensibilidade a anti-metabdlicos aponta transportadores como um possivel alvo

A linhagem glicolitica EKVX foi mais sensivel (menor 1Cso) ao 3-BP, FLO e CHC, enquanto

a A549 foi mais sensivel a 2-DG e a oligomicina (Fig.18). A maior sensibilidade a oligomicina
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indica uma maior dependéncia da OXPHOS. Baseado nos alvos conhecidos de cada composto, a

linhagem mais glicolitica EKVX é mais sensivel a inibicdo de transportadores, GLUT’s e MCT's.
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Figura 18 Sensibilidade a moléculas anti-metabdlicas das linhagens de adenocarcinoma de pulmao. As
linhagens foram tratadas com diferentes doses de cada composto e a partir da curva de crescimento
celular foi inferido a dose que inibe o crescimento em 50% (ICso). 2-DG — 2-deosoxiglicose; 3-BP — 3-
bromopiruvato; FLO — floretina; CHC — acido a-hidroxicinamico. Os valores representam média + desvio

padrdo; N = 3, teste t ndo-pareado. * p <0,05.

Expressdo de transportadores se correlaciona com pior prognostico

Sabendo-se que a linhagem mais agressiva é também mais glicolitica e mais sensivel a
inibidores de transportadores, naturalmente foi questionado qual seria o valor clinico desta
informagdo. Assim, foi obtido dados de expressdao de 3 coortes de adenocarcinoma de pulmao

no qual foi investigado o valor progndstico dos GLUT e MCT.

Os transportadores GLUT1, GLUT2, MCT1, MCT3 e MCT10 se correlacionaram com pior

progndstico em coortes de adenocarcinoma pulmonar (Fig.19). O transportador MCT3 foi o mais

consistente, estando relacionado a pior progndstico em duas coortes.
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Figura 19 Valor progndstico de genes de transportadores de glicose (GLUT) e monocarboxilato (MCT) em
adenocarcinoma de pulmao. (A) A expressdo do gene do transportador GLUT1 e MCT1 se correlaciona
com pior progndstico na coorte GSE37745, composta por 106 casos de adenocarcinoma . (B) A expressado
do gene dos transportadores GLUT2 e MCT3 se correlaciona com pior progndstico na coorte GSE42127,
composta por 132 casos de adenocarcinoma. (C) A expressdo do gene do transportador MCT3 se
correlaciona com pior progndstico na coorte GSE41271, composta por 177 casos de adenocarcinoma. Os
dados de expressdo foram obtidos no banco de dados GEO (http://www.ncbi.nlm.nih.gov/geo/ ). Os

graficos e analises estatisticas foram feitos no GraphPad Prism® v6.01. HR — hazard ratio.

Discussdo

O presente estudou reprogramac¢do metabdlica em AdC pulmonar e demonstrou que a
linhagem menos agressiva A549 é mais oxidativa, enquanto a linhagem mais agressiva EKVX é
mais glicolitica por diferentes ferramentas: respirometria de alta resolugdo, atividade
enzimatica, expressdo génica, sensibilidade a compostos anti-metabdlicos e dados de
microarranjo. Por fim, foi demonstrado o valor prognéstico de diferentes transportadores em
coortes de adenocarcinoma pulmonar. Baseados nestes resultados, sugerimos que a
reprograma¢ao metabdlica é um fendmeno relevante em cancer de pulmdo e sugerimos os
transportadores (GLUT’s e MCT’s) como um promissor alvo terapéutico. Estes resultados serdo

discutidos em maior profundidade a seguir.
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Primeiramente, nossos dados indicam uma associacdo entre agressividade e
metabolismo glicolitico, validando o estudo sobre reprogramacdo metabdlica nestas linhagens
de AdC pulmonar. Previamente, nosso grupo caracterizou a linhagem EKVX como mais agressiva
comparada a A549 (CASTRO et al., 2010a; LISBOA DA MOTTA et al., 2014). A linhagem A549
demonstrou maior consumo de O; em uma série de pardametros associados com
comportamento oxidativo e ainda foi mais sensivel ao tratamento com oligomicina. As
atividades enzimdticas ndao mostram claramente uma linhagem mais glicolitica pois tanto HK
como LDH apresentam atividade aumentada em tumores glicoliticos e cada linhagem
apresentou atividade aumentada em uma delas. Entretanto, a expressiao de diversos genes
associados ao metabolismo glicolitico é maior na EKVX. Coletivamente, estes resultados indicam
que, nesta comparag¢ao, a EKVX é a linhagem de AdC pulmonar mais glicolitica. Este achado tem

impacto imediato para estudos in vitro de reprogramacdo metabdlica em cancer de pulméo.

A expressdo de GLUT1, GLUT3 e MCT4 é maior na linhagem mais agressiva EKVX e esta
linhagem se mostrou mais sensivel aos inibidores de transportadores (FLO e CHC) e expressdo
de GLUT1 se relaciona com pior progndstico em coorte clinica de AdC pulmonar. Sabe-se que
GLUT1 e GLUT3 tem expressao aumentada em diversos tumores, sdo marcadores de hipdxia e
de metabolismo glicolitico e correlacionam-se com pior progndstico (GATENBY et al., 2007).
Ainda, em AdC pulmonar, alta expressdo de GLUT1 se correlaciona com agressividade (MEIJER
et al., 2012), corroborando os resultados apresentados aqui. Por fim, anticorpos contra GLUT1
sdo capazes de inibir proliferacio em NSCLC e também de aumentar a sensibilidade a
quimioterapicos como daunorubicina, cisplatina, paclitaxel e gefitinib (CAO et al., 2007;
SZABLEWSKI, 2013). Portanto, nossos achados suportam o transportador GLUT1 como um

possivel alvo terapéutico em adenocarcinoma de pulmao.

O MCT4 também associa-se ao comportamento glicolitico. Este é induzido por hipdxia

e, devido a sua baixa afinidade por piruvato, estimula a produgdo de lactato (PARKS; CHICHE;
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POUYSSEGUR, 2013). Em adenocarcinomas de pulm3o, a expressio elevado de MCT4 e GLUT1
associa-se com menor sobrevida, indicando maior agressividade (MEIJER et al., 2012). Ainda, a
expressdo de MCT4 pode estar associada a metastase e invasdo (COLEN et al., 2011;
GALLAGHER; CASTORINO; PHILP, 2009), a maior causa de morte em casos de cancer avancados. E
sabemos que a linhagem EKVX apresenta a maior capacidade invasiva do painel de linhagens de
cancer de pulmdo do NCI-60 (CASTRO et al., 2010a; LISBOA DA MOTTA et al., 2014). Assim,
estratégias inibindo estes transportadores podem atacar seletivamente AdC pulmonares mais
glicoliticos e agressivos. No entanto, ndo hd até o momento opgdes terapéuticas para inibir

especificamente este transportador.

Os resultados relativos a expressdo de MCT1 sdo paradoxais. Por um lado, a sua
expressdo é maior na linhagem menos agressiva e menos glicolitica, a A549, corroborando
achados da literatura que descrevem a do MCT1 a células oxidativas do tumor (SONVEAUX et
al., 2008). Por outro, sua maior expressdo relaciona-se com pior progndstico em coorte de
pacientes de adenocarcinoma. Recentemente, a expressdo de MCT1 no estroma tumoral foi
apontado como um fator progndstico independente para cancer de pulmdo (EILERTSEN et al.,
2014). Assim, remete-se a ideia de simbiose tumoral, apesar das células maligna estar mais

associada com MCT4, o tumor pode apresentar aumento de MCT1 e, este, ter valor progndstico.

Paradoxalmente, a linhagem EKVX foi mais resistente a 2-DG, o que é inesperado por
ela ser mais glicolitica. Entretanto, a 2-DG é um inibidor competitivo da HK e, como a EKVX tem
maior atividade desta enzima em condi¢des basais, mais inibidor é necessario. Ainda, apesar da
2-DG ser capaz de inibir um passo importante do metabolismo da glicose, no contexto geral este
composto é capaz de causar outros efeitos e até mesmo ativar vias pro-sobrevivéncia (ZHONG
et al., 2009). A EKVX também se mostrou mais sensivel ao 3-BP, um composto descrito como um
depletor de ATP generalizado (GALINA, 2014), indicando uma célula mais metabolicamente

ativa. Devido a seus efeitos inespecificos, é dificil interpretar este resultado em termos de
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mecanismo. Entretanto, sabe-se que o 3-BP apresenta efeitos notdveis em tumores glicoliticos
com pouco ou nenhum efeito colateral (GESCHWIND et al., 2002; JAE et al., 2009; KO et al.,
2004). O 3-BP ndo somente impede crescimento, mas também é capaz de erradicar tumores,

portanto sendo um antimetabdlico importante neste tipo de estudo (SHOSHAN, 2012).

A expressdo de GLUT2 ter apresentado valor progndstico é inesperada, pois ndo é a
isoforma de GLUT mais associada com reprogramac¢do metabdlica tumoral. Este transportador
possui baixa afinidade (alto Km) por glicose, sendo regulado pela concentragdo de glicose, sendo
particularmente importante no intestino pds-prandial, figado, ilhotas pancredticas e retina. No
entanto, a expressao de GLUT2 em tumores ja foi reportada em cancer de estdmago, mama,
célon, figado e lesGes pré-tumorais de pancreas (SZABLEWSKI, 2013). Por outro lado, a
expressdao deste transportador pode ser reprimida por oncogenes e estd associada com menor
potencial invasivo (MACHEDA; ROGERS; BEST, 2005). E a primeira vez que a expressdo de GLUT2

é reportada como fator progndstico para cancer de pulmao.

O MCT3 é codificado pelo gene SLC16A8 que apresentou valor progndstico para
pacientes de adenocarcinoma de pulmdo, porém poucos estudos investigaram este
transportador. Sabe-se que ele exporta lactato, é expresso na retina e plexo cordide e possui a
menor afinidade por monocarboxilato dentre os 4 MCT’s comprovadamente funcionais em
humanos, MCT 1 — 4 (HALESTRAP, 2013). A expressdo de MCT3 em cancer de pulmdo ja foi
reportada e associada com melhor progndstico (EILERTSEN et al., 2014), em contraste com os
resultados apresentados aqui. Este mesmo estudo descreve a expressio do MCT3 como

citosdlica, o que dificulta a compreensdo do seu papel na reprogramagdo metabdlica tumoral.

Assim, este estudo corrobora a importancia da reprograma¢dao metabdlica em NSCLC e
sugeriu alvos terapéuticos. Ao conhecimento dos autores, é a primeira vez que a linhagem EKVX
é caracterizada sob esta Otica, o que contribuird para investigagGes in vitro. Por fim, o MCT3

surge com um alvo pouco estudado em NSCLC que pode contribuir para pesquisa e terapia.
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OBJETIVO GERAL DO CAPITULO

Investigar o potencial do modulador epigenético JQ1 para inibir a expressdo de CA9 e

matar células resistentes a hipdxia em cancer de mama triplo-negativo.

OBJETIVOS ESPECIFICOS

» Avaliar o efeito de JQ1 em linhagens de TNBC, quanto aos seguintes parametros:
0 Transcriptoma completo por microarranjo
0 Inibicdo de crescimento de culturas 2D e 3D
O Expressdao de CA9 e outros genes regulados por hipdxia
O Ligacdo de HIF ao promotor de CA9 (ChIP assay)
0 Atividade de HIF (luciferase gene repdrter)
» Avaliar o efeito de JQ1 em modelo animal de TNBC, quanto aos seguintes paradmetros:
0 Taxa de crescimento do tumor
O Expressdao de CA9 e outros genes regulados por hipdxia

0 Quantificar presenga de vasos sanguineos

FENOTIPO AGRESSIVO ESTUDADO

A resisténcia a hipdxia associa-se com pior progndstico em TNBC e contribui para
progressdo tumoral, quimio/radioresisténcia e metastase. Esta agressividade é mediada por vias
normalmente utilizadas somente em momentos de estresse — regulacdo do pH, glicdlise e
angiogénese — que acabam ficando ativas continuamente, conferindo vantagem seletiva as

células malignas (KEITH; JOHNSON; SIMON, 2012; MILANI; HARRIS, 2008; WILSON; HAY, 2011).

PROPOSTA TERAPEUTICA

JQ1 é um potente inibidor de CA9, e outros genes induzidos por hipdxia, sendo capaz
impedir a ligagdo de HIF ao seu promotor. Além disso JQ1 foi eficaz na redugdo do crescimento

tumoral e angiogénese em modelo animal de TNBC.
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Introduction

Epigenetic alterations have recently emerged as one of the most promising targets in
cancer therapy !. Bromodomain and exra-terminal (BET) proteins comprise a family that
recognizes acetylated histone residues and then recruit transcriptional complex. BET inhibitors
have performed extremely well in preclinical settings and clinical trials are on the way to access
its therapeutic value 23. Breast cancer is the leading cause of cancer deaths in women and 10-
20% of these are triple-negative breast cancer (TNBC). This is the most lethal breast cancer
subtype and owe its name to the lack of known specific markers, which means there is no targeted
therapy currently available for TNBC 4.

JQ1 is a selective BET inhibitor (BETi) ° that showed antitumoural effects in both solid
and non-solid malignancies, including breast ®7, lung 8, skin °, prostate 1° and ovarian cancer 1,
medulloblastoma 1213, neuroblastoma 415, glioblastoma 16, osteosarcoma 17 and finally myeloma
18 leukemias 1°-22 and lymphomas 2124, JQ1 demonstrated inhibit tumour growth and increase
survival in animal models 11214, JQ1 also can induce cell cycle arrest 8912171821  differentiation
L5 senescence 1718 autophagy 6 and reduce clonogenicity 1. One non-consensual effect of JQ1
is apoptosis, it was already reported that JQ1 reduced apoptosis 12, while other studies found JQ1
to stimulate apoptosis 8101421 and some did not find any effect 217,

Although most of JQ1 effects is attributed to its capacity to downregulate MYC 6.9-12.14-
16,18 it is unlikely that this is the only mechanism JQ1 impairs cancer 1. MYC is a master regulator
of cell proliferation and metabolism usually overexpressed in malignancies, including breast
cancer 2526, MYC expression was suggested as predictor of JQ1 efficacy 9111218, However, some
studies do not corroborate this 2, since not always MYC downregulation is sufficient to inhibit cell
growth 2% and it is possible to observe JQ1 effects without alteration of MYC expression 7. In fact,
BET protein can associate with different transcription factors 191327 and a variety of genes were
already found to be regulated by BET inhibitors, such as: p21%1721 BCL-x'® and BCL216, AKT6,
FOSL18, cyclin D1, p27 and p57°, RUNX2 17 and IKK 24, Once tumours overexpress different sets
of genes to establish malignancy and JQ1 displaces BET proteins from chromatin °, one can
presume JQ1 acts downregulating pathways overexpressed in cancer.

Hypoxia occurs in most solid tumours due to outgrowth of vasculature and drives

upregulation of glycolysis, angiogenesis and pH regulation genes, among other pathways. Most
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of these are regulated by the hypoxia inducible factor (HIF) 28. Physiologically, HIF adapt the cell
to survival in a hostile environment, but under uncontrolled circumstances hypoxia may support
tumour progression 2230, |n fact, HIF-1a and HIF2 a expression associates with poor prognosis in
breast cancer 2230 as well as some HIF-induced genes like, VEFG3!, GLUT1 32 and CAIX 3234,
Eventually, hypoxia lead to chemo and radioresistance, increased risk of invasion and metastasis.
Therefore, impairing hypoxic response in tumours is desirable, but since it is difficult to target
transcription factors like HIF 28, targeting downstream HIF-targets seems to be more feasible and
equally promising 3.

In this regard, the transmembrane protein carbonic anhydrase 9 (CA9) is a good
candidate. CA9 regulates intra / extracellular pH gradient and is induced by HIF1a to protect the
cells from acidic conditions. It is considered an endogenous marker of hypoxia and is
overexpressed in many malignancies and associating with poor prognosis 32-34, In breast cancer,
CAQ9 significantly associated with the triple negative phenotype and is inversely correlated with
the BRCAL expression 34 CA9 promotes tumour growth and invasion and associates with tumor
size, grade, chemoresistance and metastasis 332637, CA9 inhibition reduces primary tumour
growth and metastasis resulting in prolonged survival and minimal recurrence in animal model
83,38, Also, CA9 inhibition sensitizes tumours to radiotherapy and anti-angiogenic treatment 3638,
Finally, an antibody against CA9 administered in combination with interferon-a (IFNa) increased
survival in patients with metastatic cancer 38. This has clear impact in metastatic breast cancer
management.

Therefore, this work aimed to investigate the effect of the BETi JQL in hypoxic tumour
response, especially CA9 expression, in TNBC. Here, we demonstrate that JQ1 impairs tumor
growth, reduces CA9 and other hypoxia-induced genes and can inhibit angiogenesis. Thus, we

believe BET inhibition is a promising approach to TNBC therapeutic management.
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Results

JQ1 affect response to hypoxia and downregulate CA9 in breast cancer cell lines

In order to investigate possible effects of JQ1 on hypoxic response of tumor cells, we first
did a whole transcriptome analysis (Fig.1). Initially we observe that JQ1-treated cells present large
differences in gene expression, 2,338 differentially expressed genes (DEG) in MDA-MB-231 and
2,993 in MCF-7. Hypoxia status has a lesser effect, 119 DEG in MDA-MB-231 and 1,286 in MCF-
7. A large fraction of the DEG in hypoxia have their expression modulated by JQ1 in hypoxia,
44% in MDA-MB-231 and 29% in MCF-7 (Fig 1A and S1A). Interestingly, within these genes,
approximately half of them are downregulated by JQ1 compared to untreated cell, while the other
half is further upregulated.

In order to investigate whether JQ1 affects tumor cells response to hypoxia, we first
defined which pathways were hypoxia—tregulated and then investigated the expression of these
pathways in JQ1-treated cells. Then, it was created a Hypoxia Network (HyN) (Fig.1B) containing
the previously published Hypoxia Signature?® and the complete list of genes (obtained from
KEGG, Table S1) for each pathway found to be hypoxia-regulated. Hypoxic condition up-
regulated most of the HyN clusters in both cell lines (Fig.1C and S1B), as expected. Gene Set
Analysis (GSEA) informs that hypoxia upregulates angiogenesis, glycolysis, OXPHOS and PPP
set of genes (Table S2) in MDA-MB-231. Interestingly, the Hypoxia Sighature set of genes was
upregulated, validating its use in cell lines. JQ1 treatment prevented hypoxic up-regulation of
Hypoxia Signature, angiogenesis, OXPHOS and PPP gene data sets, but did not alter glycolysis
neither MYC. Additionally, it downregulated cell cycle and TCA set of genes (Fig.1B and Table
S2). MCF-7 results confirm most of these findings (Fig. S1B and Table S2).

CA9 was the most prominently gene downregulated by JQ1 in hypoxia (Fig.1A). Within
the JQ1-DEG genes in hypoxia consistently affected in both tested cell lines 2 of them are
associated with poor prognosis in TNBC: CA9 and LOX (Fig.1D). Therefore, JQ1 can affect

response to hypoxia in breast cancer and modulate genes with clinical implication.
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JQ1 reduce growth in 2D and 3D models of TNBC

Next, it was investigated if JQ1 affects TNBC cell lines growth. JQ1 dose-dependently
reduced cell growth in monolayer (2D) cultures in all the 4 TNBC cell lines tested, both in hypoxia
and normoxia (Fig.2A and S.2A). The non-active enantiomer (-)-JQ1 5 was also tested and
showed no effect on cell growth. Thus, the observed effect can be attributed to BET-bromodomai n
inhibition by JQ1 (Fig.2A and S2A). Interestingly, JQ1 effect on cell growth was not altered by
hypoxia (Fig.2A and S2A).

On the contrary of other findings, MYC status was no predictor of JQ1 sensitivity (Fig.
2B). In fact, MDA-MB-231, which have no MYC alteration as informed by the CCLE®*-4! and
corroborated by c-Myc immunoblot (Fig.2B and S2B), seems to be more sensitive to JQ1-induced
growth inhibition than the MYC amplified cell line HCC1806. Although no statistic test was applied
for this as it is not the focus of the present study. Another tested TNBC cell line tested Cal51 is
also informed as non-amplified MYC.

JQ1 also inhibited tumor growth in spheroid (3D) model, which is “widely accepted as
more physiologically relevant than conventional 2D cell culture methods and are believed to
improve the prediction of drug candidates’#? (Fig.2C, 2D and S2). The effect was consistent
among the 3 cell lines tested. The cell line SUM159 was part of 2D panel but not the 3D because
it was not able to grow spheroids. Once again, the non-active enantiomer (-)-JQ1 did not cause

any observable effect (Fig.2C, 2D and S2), indicating the observed effect is due to BET inhibition.

JQ1 reduces CA9, Ki67 and cell number in spheroids of TNBC cell lines

Immunohistochemistry show that JQ1 extinguished any CA9 immunocontent in spheroids
of both tested cell lines (Fig.3 and S3). Also, JQl1 reduced Ki67 staining, indicating anti-
proliferative effect (Fig3 and S3). Finally, JQl-treated MDA-MB-231 spheroids have less

cell/'spheroid, corroborating previous findings.

JQ1 reduces CA9 and other hypoxia up-regulated genes

To validate the expression findings and further investigate the JQl-induced, quantitative

PCR (gPCR) was performed. Results show that CA9 expression is consistently inhibited by JQ1,
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without alteration of HIF expression in both mRNA level and protein immunocontent in all cell
lines tested (Fig.4 and S4A).

A panel of 16 genes were selected including not only CA9, HIF-1a and Hif-2a, but also
genes differentially expressed in the array analysis and other genes related to HIF or BET
proteins. This panel is almost entirely upregulated by hypoxia and a set of genes has its
expression prevented by JQ1 (Fig.4). Within these, CA9 is the most prominent and the others
are: CXCR7, TMEM45A, LOX and VEGF A. Interestingly the profile for JQ1 effect in normoxia is
very similar (Fig.S3). Other HIF-regulated genes like LDH-A or BNIP3 were not affected by JQ1
(Fig.3A), indicating that not all HIF-regulated genes are associated with BET proteins function.
MYC is also downregulated either in normoxia or hypoxia, but only in MYC-amplified cell lines
HCC1806 and MCF-7 (Fig.2B, 3A, S3A).

Other BET inhibitors (BETi) were tested (I-BET151 and I-BET762) and validate the
previous findings (Fig.S4B, S4C). CA9 is consistently inhibited, either in normoxia or hypoxia, with
the use of both BETi in MDA-MB-231 (Fig.S3C) and HCC1806 (Fig.S3B). Once again no
difference was observed in HIF-1a, but there is a significantly up-regulation of HIF-2a. Regarding
the rest of the panel, a similar pattern was observed: BETi reduced VEGF-A, LOX, CXCR7,
TMEM45A and up-regulated PFKFB3. MYC was downregulated only in the MYC-amplified cell
line HCC1806.

Although LOX and CXCR7 genes were consistently downregulated by JQI1, their
immunocontent were not (data not shown). Maybe they rely on another level of regulation not
investigated here or the incubation time should be longer than 24h to observe any difference. On

the other hand, this strengthens CA9 as a JQ1 target.

JQ1 reduce binding of HIF-18 to CA9 promoter, but not activity in TNBC cell lines

CA9 is known to be regulated by HIF-1a, which dimerizes with HIF-1B prior to
transcription induction. So, to further investigate how JQ1 prevents hypoxia-induced CA9
upregulation, chromatin immunoprecipitation (ChlP) assay was performed. As expected, both
tested cell lines presented higher “%input” in hypoxia (Fig. 5A), indicating there was more binding
between CA9 promoter and HIF-18. When the cells were treated with JQ1, the values are similar

to untreated normoxic cells and lower comparing to untreated hypoxia (Fig.5A). This indicates
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that in the presence of JQ1 HIF is not able to bind, and thus express, CA9 and other genes found
downregulated by BETi in hypoxia (Fig.1A, S1A, 3A, 3B, S3A and S3B, S3C).

To deepen the question, we used a stable MDA-MB-231 with HRE-luciferase reporter.
Using this system, we observe that JQ1 induces higher chemoluminescece, 10-fold in normoxia
and 4-fold in hypoxia (Fig.5B), indicating higher HIF transcription activity. Despite higher HIF
activity, JQ1 still down-regulates CA9 expression in these cells (Fig.S5A), but not HIF. Other
genes of selected panel follows the same pattern as wild type MDA-MB-231 (Fig.4 and S4). Thus,
indicating the CA9 downregulation by JQ1 is unrelated to HIF activity.

Next, it was used transient silencing to investigate which BET protein is responsible for
the observed effects. When BRD2, BRD3 and BRD4 is knockdown, CA9 expression is reduced
in hypoxia without changes in HIF-1la (Fig.5C). JQ1 is known to block all BET proteins and this
data suggest these 3 can regulate CA9 expression. On the other hand, only BRD4 knockdown
reduced VEGF-A expression (Fig.5C).

Thus, it is likely that the presence of BET proteins is necessary for HIF binding to CA9,
what explains why it is downregulated in JQ1 treated cells. On the other hand, itis not necessary
for the ability of HIF to bind to all HRE-containing genes neither for HIF transcription activity. Thus,

we suggest some HIF-target genes are BET-dependent, as CA9, while others don't, like LDHA.

JQ1 reduces tumor growth, CA9 and VEGF-A expression and the blood vessel

marker CD31 immunostaining in TNBC xenograft model

Next, we investigated in vivo value of JQ1. In TNBC xenograft model, JQ1 reduced tumor
growth (Fig.6A) and CA9 expression, but not HIF (Fig.6B). Other genes downregulated in cell
lines were also downregulated by JQ1 in vivo: VEGF A, CXCR7 and MYC (Fig.6B). Interestingly ,
some HIF-regulated genes that were unaltered in HCC1806 cells were found upregulated in
HCC1806 xenografts: LDH-A, BNIP3, PFKFB4 and TMEM45A.

Finally, it was investigated the role of JQl in angiogenesis due to the consistent
downregulation of VEGF-A found in cell lines (Fig.4A and S4A, S4B ,S4C and S5A) and xenograft
(Fig.6B) model along with the reduction of angiogenesis pathway expression (Fig.1C). For this, it
was measured CD31 immunostaining. Tumors from JQl-treated xenografts have less CD31

immunostaining, indicating and anti-angiogenic effect (Fig.6C).
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Discussion

Hypoxia occurs in most solid tumors and triggers a response that supports tumor
progression through chemoresistance, radioresistance, metabolic reprograming and associates
with recurrence 26-30, Here we demonstrate an epigenetic approach that modulate the Tumour
Response to Hypoxia (TRH) and reduce tumour growth in TNBC models. The membrane protein
CA9 is greatly induced by hypoxia, through HIF-1a, associates with poor prognosis and enhance
tumour growth 323336, CA9 was downregulated by the BET inhibitor JQ1 in all tested models, with
no alteration of HIF expression. Additionally, other important hypoxia-regulated genes like VEGF-
A followed a similar pattern, but not all. It was also demonstrated that JQ1 impairs the ability of
HIF to bind to CA9 promoter, but not its transcriptional capacity. Thus, we suggest some HIF-
targets are BET dependents. Finally, JQ1 was found to downregulate angiogenesis in vivo, a
basic hallmark of cancer associated with hypoxia. These findings will be further explored below.

There is large evidence for the importance of CA9 in tumor adaptation to hypoxia 36. CA9
expression is considered an endogenous marker of hypoxia and is associated with poor prognosis
in breast cancer 32. Among breast cancers, it is particularly associated with the basal subtype3”
and can be associated with BRCA mutation 34, which is more common in TNBC. To date, there is
no CA9 downregulating molecule for use in patients. Thus, JQ1l-induced downregulation of CA9
can be exploited for benefit of cancer therapy.

Although BETI reduce the transcriptions of BET targets, they do not alter acetylation
levels 43. Thus, it seems likely that JQ1 acts by blocking BET proteins ability to bind to chromatin.
In fact, we observed a reduction in the binding of HIF to CA9 promoter region. JQ1 was already
found to impair the recruitment of a transcription factor to its target gene loci by disruption of the
physical interaction between the BET protein BRD4 and the N-terminal domain of the androgen
receptor (AR). On the other hand, HIF activity can be elevated by JQ1 treatment. Then, JQ1
probably do not interact physically with HIF to inhibit CA9 expression, but rather makes some HIF
binding sites inaccessible due to the lack of BET protein to the transcriptional complex. This, way,
we propose some HIF targets are BET dependents.

Angiogenesis happens in response to hypoxia and support tumour progression 4445 and
JQ1 was able to downregulate it. Many studies with JQ1, and other BETI, showed an anti-tumoral

effect in models of solid tumors 78101417 however none of them considered a possible anti-
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angiogenic effect. On one side, it makes BETi an even more attractive approach as it has an
additional anti-tumor effect. On the other hand, it hinders the understanding of JQ1 effects, as
anti-angiogenic therapy increases hypoxia and can select glycolytic phenotype 4446,

In fact, we observed that JQ1 treatment increases the expression of LDHA and PFKFB4
in xenografts. Since this was not observed in cell culture, we believe this is not a direct effect of
JQ1, but a response of the tumor to the effect of JQ1. It was already described that JQ1
downregulate LDHA4". However, we found that JQ1 reduced expression of OXPHOS, PPP, TCA
gene data sets but not GLY. If this is the case, we might expect that a co-treatment with anti-
glycolytic drugs could lead to a synergistic effect.

We demonstrated that JQ1 reduced tumour cell growth in several models, in accordance
with the literature. Although we investigated JQ1 effect in hypoxia, we did not observe any
differential effect in cell growth between cells in normoxia and hypoxia. The BET protein BRD4 is
required for the transition from mitosis to G1 48 and JQL is known to induce G1 cell cycle arrest
917 However, hypoxia already induces cell cycle arrest. Thus, it might be the case that in hypoxic
slowing proliferation cells, JQ1 does not further increases the growth inhibition. On the other hand,
the main finding is that genes induced by hypoxia can be downregulated by JQ1. Meaning that
the genes needed to maintain survival in hypoxia have their expression prevented by JQ1.

Most of the described effects of BETi are attributed to downregulation of MYC 6.2-12.14-
16,18 however it is not the only target 8-10.16.17.2449 MYC expression was believed to predict JQ1
sensitivity 11, however our results are not in accordance with this. The MYC-amplified cell lines
(MCF-7 and HCC1806) had their MYC expression downregulated by JQ1. However, the effects
observed here are MYC-independent as MDA-MB-231 has no amplification of MYC, had no
change in MYC expression and showed the described effects. Therefore, we do not exclude MYC
as an important target for BETi. However, we believe other effects can be as important.

In conclusion, we showed for the first time that JQ1 can impair tumor response to hypoxia,
inhibit CA9 expression and angiogenesis. Also, for the knowledge of the authors this is the first
study investigating the interaction between HIF and BET proteins. Thus, we believe our findings
have clear impact on the understanding of tumor response to hypoxia and opens a new possibility

for epigenetic therapy in TNBC.
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Methods

Cell culture

Cells were cultivated in DMEM with 10% (wVv) FBS, penicilin (100 U/ml), streptomycin
(100mg/ml) (Life Technologies) in humidified incubator at 5% CO2 and 37°C. Hypoxic incubations
(0.1% Oz, 5% CO2, 37°C) were performed in INVIVO2400 workstation (Baker Ruskinn, USA).

Cells treated with JQ1 were seeded for 72h using the concentrations indicated in the
figures. Treatments with |-BET's followed the same protocol. For monolayer (2D) cell growth
evaluation, cells were seeded (1.5 x 10%.wellt) in 96 well plate, treated with JQ1, as described
above. Cells were kept in appropriate culture condition (normoxic or hypoxic) for 72h and cell
number was indirecty measured following the Sulforhodamine B (SRB) assay %0 or the

CyQUANT® kit (Invitrogen™ | Molecular Probes®, USA) following manufacturer’s instructions.

Spheroid culture

Spheroids were generated seeding 5 x 10%.0.1mL%.well* in 96-well round bottom plate
(Costar® 7007, Corning, USA) in complete media supplemented with 1:20 v/v cold Matrigel® (BD
Bioscience). Aggregation was induced by centrifugation (2000 rpm / 10 min). Cells were incubated
under normal cell culture conditions for 48h prior to any manipulation for spheroids formation. JQ1
treatment started on day 2 and was daily renewed. Pictures were taken 3-days/week with an
inverted microscope (EVOS® xI Core, AMG, USA). Neubauer chamber picture was used as
reference for diameter measurement and spheroid volume estimation.

For immunohistochemistry, spheroids were fixed overnight with formalin 10%. After, they

were embedded in agarose and wax and cut in microtome.

Gene expression array analysis and bioinformatics

To evaluate the effect of JQ1 in gene expression, lllumina whole genome gene
expression profiling carried out transcriptome analysis was performed. Cell were incubated for
24h in normoxia or hypoxia (0.1% Oz) with or without 200nM JQ1. Triplicates were used for each
experimental condition. Cels were lysed and RNA was extracted using TRIzol® (Life

technologies) following manufacturer’s instructions. RNA quality and quantity were confirmed with
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the NanoDrop® ND-1000 Spectrophotometer (Thermo Scientific). Complementary DNA (cDNA)
was produced using High-Capacity cDNA Reverse Transcription Kit (Applied Biosystems™).

Next, biotin labelled aRNA was hybridized according to lllumina whole-genome gene
expression direct hybridization assay from lllumina #11286340 to high-density lllumina Human
oligonucleotide arrays Human HT-12 V4 0 R1 15002873 _B; designed to detect 47,231
transcripts. Of those 33,223 probes were analysed after the results were filtered to remove probes
not detected in any sample. The Fluorescence emissions were quantitatively detected using
iScanner and data were extracted using BeadStudio v2011.1 Software (lllumina Inc) which were
imported to GeneSpring GX 12.1 (Agilent Technologies, Inc., Santa Clara, CA) ; normalized with
Shift to 75 percentile and baseline transformed to median of all samples to identify significantly
differentially expressed genes (DEG) with FDR (Benjamini-Hochberg) corrected P-value cut off
at <0.01.

Functional and pathway analysis carried out on DEG to identify statistically over-
represented ontologies in the list using Database for Annotation, Visualization and Integrated
Discovery (http://david.abcc.ncifcrf.gov/). Differentially expressed genes (DEG) fulfilled the
following criteria: fold change (FC) logz 21 and p < 0.05.

The prognostic value of the consistently differentially expressed genes (DEG) between
the two cells lines were based upon data generated by The Cancer Genome Atlas pilot project
established by the NCI and NHGRI. Information about TCGA and the investigators and institutions
who constitute the TCGA research network can be found at http://cancergenome.nih.gov/.

Genecodis (http://genecodis.cnb.csic.es/) was used to investigate pathways that were
possibly altered in our experimental conditions. Here, hypergeometric test was used and false
discovery rate threshold was set to 0.05. Then the list of genes comprising those pathways were
obtained from KEGG (http://www.genome. jp/kegg/), GO or from the literature 2°. Ensembl IDs
were used as reference for gene names. Finally, the Hypoxic Response (HyR) network was
designed in STRING (http://string-db.org/) containing all the selected pathways (Fig. 1B).

Gene Set Enrichment Analysis (GSEA) was used to evaluate pathway enrichment and to
identify genes that contribute individually to global changes in each experimental condition 5.
Then, ViaComplex® 52 was used to generate representative landscape images of these results

(Fig. 1C and S1B).
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Real-time PCR (gPCR)

RNA extraction and quantification and cDNA synthesis were carried out as mentioned
above. Real-time PCR (gPCR) reactions were performed with SensiMix™ SYBR® Hi-ROX Kit
(Bioline, UK) following manufacturer’s instructions in triplicate using the 7900HT Fast Real-Time
PCR System (Applied Biosystems). Conditions of the PCR reaction were 2 min at 50°C, 10 min
at 95 °C and then 40 cycles, each containing of 15 s at 95 °C, and 1 min at 60 °C. B-actin was

used as a reference gene.

Immunoblotting

Cells were taken out of the incubator on ice, washed with cold PBS and lysed in RIPA
buffer (Sigma). After protein quantification, samples were normalized in 2x sample buffer
(125mmol/L  Tris [pH 6.8], 4% sodium dodecyl sulfate, 0.01% bromophenol blue, 10% b-
mercaptoethanol, 10% glycerol). Lysates were separated on 10% SDS-PAGE and transferred to
polyvinylidene difluoride membrane (Milipore), and probed with primary. Then, appropriate
secondary horseradish peroxidase (HRP)-linked antibodies were used (Dako).

Horseradish peroxidase — conjugated anti- rabbit or anti-mouse antibodies (DAKO Inc.)
were used with ECL system (Amersham Biosciences) to visualize immunoreactivea bands.
Proteins were detected using antibodies according to manufacturer’s instructions.

Primary antibodies were used at 1:1,000. The following antibodies were used: mouse
anti-HIF-1a, (BD Transduction Laboratories, USA); anti-HIF-2a (Sigma); mouse anti-CAIX (Gift
form J. Pastrorek, Institute of Virology, Slovak Republic); anti-c-Myc (Sigma); mouse anti-B-actin

(Sigma). Bands were acquired with and quantified with image analysis in ImageJ.

Xenograft studies

Mice were housed at Cancer Research UK Laboratories (Clare Hall)/BMS, University of
Oxford, UK, and procedures were carried out under a Home Office licence. HCC1806 cells were
cultivated as previously described until the day of the inoculation.

On that day, the cells were trypsinized and washed twice in serum-free medium. Six to

seven-week old female CD1 Nude mice were injected subcutaneously in the lower flank with
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2.5x108 cells suspended in 50l of serum-free medium and 50uL Matrigel® (BD Bioscience). Mice
received isoflurane for anaesthesia / analgesia purpose.

Tumor growth was monitored 3 times per week measuring the length (L), width (W), and
height (H) of each tumor with calipers. Volumes were calculated from the formula 1/6 x 1 x L %
W x H. When xenograft size reached 150 mm3, animals received JQ1 or vehicle (10% DMSO,
10% hydroxypropyl beta cyclodextrin) IP at 50mg/kg daily. xenografts treatment — JQL1 dilution
Animals were checked regularly for any side-effect.

When tumors reached 1.44 cm3 the mice were sacrificed by cervical dislocation. Ninety
minutes before sacrifice, mice were injected intravenously with 2 mg of pimonidazole
(Hypoxyprobe-1; Chemicon International, USA) as described previously 3.

Tumour have been quickly removed. Half of the tumour was frozen in liquid N2, the other
half was formalin-fixed overnight. Next day the formalin-fixed tumours were transferred into 70%

ethanol. Blood plasma was collected for analysis and cardiac puncture was used to take blood.

Immunohistochemistry (IHC)

Immunohistochemistry was carried out as previously described 36. Briefly, after being
embedded in wax, cut in microtome, slides were heat (60°C) dried for 10 min and dewaxed by
sequential washes (5 min each): 2x histoclear, 2x 100% ethanol, 1x 50% ethanol and 1x water.
Then the adequate antigen retrieval was applied for 2 min at 125°C. Slides were then washed
with PBS, air room temperature dried and a protein block solution was applied. Then, the primary
antibodies were used at room temperature for 1 hour or overnight at 4°C. After, the slides were
washed with PBS and incubated with the anti-rabbit/anti-mouse secondary antibody (Dako) for
30 minutes at room temperature and washed in PBS. 3,3'-Diaminobenzidine (DAB; Dako) was
applied to the sections for 7 minutes. The slides were counterstained by immersing in hematoxy lin
solution (Novocastra blue top, Sigma-Aldrich) for 20 seconds and mounted with Aquamount
(VWR). Secondary-only control staining was done routinely, these were negative. One section
from each xenograft was analyzed for each stain. Slides were analyzed quantitatively by image
analysis in imageJ using color deconvolution by two different researchers, as described

previously36. W here scores differed, sections were reviewed and a consensus result was decided.
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Gene silencing by RNA Interference

Transfections of siRNA duplexes targeting BET proteins (BRD2, BRD3, BRD4 and
BRDT) or a scramble control (ON-TARGE Tplus SMARTpool) at a final concentration of 20 nM,
were performed in Optimem (Invitrogen), using Oligofectamine® (Invitrogen). The sequences of
siRNA used to target CAIX were 118898, 9567 and 9473 (Invitrogen). Reduction in CAIX protein

expression, measured by Western blot analysis, was used to indicate gene silencing.

Chromatin immunoprecipitation assay (ChlIP)

ChIP assay was performed to investigate the capacity of JQ1 to impair HIF binding to
Hypoxia Responsive Element (HRE) of CA9 gene. Immunoprecipitation assays for HIF-18 was
performed using the EZ-ChIP™ Chromatin Immunoprecipitation Kit (#17-371, Millipore),
according to manufacture’s instructions. Cells were seeded in 100mm culture dishes (#430167,
Corning®) at 70% confluence maximum to avoid HIF activation in normoxic cultures, and treated
with 200nM (+)-JQ1 for 24h. Then, cells were cross-linked with 1% formaldehyde, lysed and
sonicated in 30s pulses for a total of 6 min (Diagenode Bioruptor® Ultrasonicator). Chromatin was
immunoprecipitated using rabbit polyclonal antisera to HIF-1f (NB-100-110, Nowus Biologicals,

USA). DNA isolated from ChIP was quantified by qPCR using the CA9 HRE primer.

HRE Reporter Assay

Cells were transfected with 2 pg/mL HIF-1a reporter plasmid or pGL3 promoter control
plasmid, and 0.02 pg/mL phRL-cytomegalovirus Renilla luciferase plasmid using Fugene 6
eukaryote transfection reagent kit (Roche, Welyn Garden City, United Kingdom). After the
appropriate experimental conditions, cells were lysed and luciferase activity was analyzed with a
Dual-Luciferase Reporter Assay System (Promega, Madison, W1) according to the manufacturer’ s

instructions. Luciferase chemoluminescence was using FLUOstar Optima (BMG Labtech).

Statistical analysis

Statistical analysis and graphs were performed using GraphPad Prism® 6.0 software
(GraphPad). Error bars represent mean + Standard Deviation (SD). Different statistical tests were

used according to the appropriate situation and are described in the figure legend.
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Figure 1. JQ1 downregulates expression of several hypoxia-regulated genes, especially CA9. (A) List of
differentially expressed genes (DEG) under hypoxia for MDA-MB-231 cells obtained from microarray.
Columns at the left denote DEG under JQ1 treatment, either in normoxia (red blocks) or hypoxia (blue
dots). CA9 is the most prominently downregulated gene in hypoxia (red arrow). (B) Hypoxia Network
(HyN) created including pathways regulated by hypoxia. (C) Most components of HyN are upregulated by
hypoxia and downregulated by JQ1 treatment in MDA-MB-231 cells. (D) Kaplan-Meier curves,
demonstrating prognostic value of two genes consistently inhibited by JQ1 in both cell lines tested (MDA -
MB-231 and MCF-7) for triple-negative breast cancer patients. OXPHOS: oxidative phosphorylation; TCA:

tricarboxylic acid cycle; PYR: pyruvate metabolism; PPP: pentose-phosphate pathway; DEG: differentially

expressed genes.
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Figure S1. JQ1 downregulates expression of several hypoxia-regulated genes, especially CA9. (A) List of
differentially expressed genes (DEG) under hypoxia for MCF-7 cells obtained from microarray. Columns at
the right denote DEG under JQ1 treatment, either in normoxia (red blocks) or hypoxia (blue dots). (B)
Many components of HyN are upregulated by hypoxia and downregulated by JQ1 treatment in MCF-7

cells.
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Figure 2. JQ1 reduces TNBC monolayer and spheroid growth, regardless of MYC. (A) (+)-JQ1 dose-
dependently reduces monolayer (2D) cell growth of TNBC cell lines MDA-MB-231 and HCC1806 in
normoxic and hypoxic conditions after 72h incubation, while (-)-JQ1 does not. JQ1 reduced c-Myc
immunocontent only in the MYC amplified cell line HCC1806, while the non-mutated cell line MDA-MC-
231 showed no difference in c-Myc (B). (C) Representative spheroid growth curve and pictures of MDA-
MB-231 spheroids following JQ1 treatment. (+)-JQ1 reduces spheroid growth in MDA-MB-231 and other
TNBC cell lines (D), while (-)-JQ1 does not. One-way ANOVA, n=3, * p <0.05, ** p <0.01, *** p <0.001.
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Figure S2. JQ1 reduces TNBC monolayer and spheroid growth. (A) (+)-JQ1 reduces monolayer (2D) cell

growth of TNBC cell lines Cal51 and SUM159 in normoxic and hypoxic conditions after 72h incubation,

while (-)-JQ1 does not. (B) Densitometry of c-Mycimmunocontent in MDA-MB-231 and HCC1806 cell lines

with and without (+)-JQ1 treatment. (C) Spheroid growth curves for HCC1806 and Cal51 cell lines following

JQ1 treatment, (+)-JQ1 reduces spheroid growth in the cell lines, while (-)-JQ1 does not. One-way ANOVA,

n=3,*p<0.05 **p<0.01, *** p <0.001.
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Figure 3. JQ1 reduces CA9 expression, Ki67 and number of cells in MDA-MB-231 spheroids. CA9 expression
is visible in untreated (UT) spheroids, but undetectable in JQ1 -treated spheroids. The proliferative marker
Ki67 was also reduced in spheroids treated with JQ1. The treatment with JQ1 also reduced the ratio
“nuclei area/total area” of the spheroid. Spheroids were formed and fixed for immunohistochemistry as

described in Methods section. Student t-test, n =3, ** p <0.01, *** p <0.001.
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Figure S3. JQ1 reduces CA9 and Ki67 expression in HCC1806 spheroids. CA9 expression is visible in
untreated (UT) spheroids, but undetectable in spheroids treated with JQ1. The proliferative marker Ki67
was also reduced in spheroids treated with JQl. Spheroids were formed and fixed for

immunohistochemistry as described in Methods section. Student t-test, n =3, ** p <0.01.
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Figure 4. JQ1 reduces CA9 expression in TNBC cell lines. (A) Hypoxia up -regulates several genes and JQ1
downregulates a group of them, being CA9 is the most prominent across the 3 cell lines. HIF expression is
not altered by JQ1. (B) CA9 is consistently downregulated by JQ1 in hypoxia, without any effect on HIF.

Cells were treated with JQ1 for 24h prior to RNA or protein extraction, then gene expression was assessed

by RT-gPCR and protein immunocontent was assessed by Western Blot. Two-way ANOVA, n =3, * p <

0.05, ** p < 0.01, ***

p <0.001.
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Gene expression alteration in response to:

JQ1 in normoxia
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Figure S4. JQ1 reduces CA9 expression in TNBC cell lines. (A) Gene expression alterations due to JQ1
treatment in normoxia. CA9 is consistently downregulated by JQ1, without any effect on HIF. Cells were
treated with JQ1 for 24h prior to RNA or protein extraction, then gene expression was assess ed by RT-

gPCR. Two-way ANOVA, n =3, * p<0.05, ** p <0.01, *** p < 0.001.
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Figure S4. |-BET-151 and I-BET-762 reduces CA9 expression in TNBC cell lines. Other BET inhibitors induce
similar gene expression modulation in TNBC cell lines MDA-MB-231(A) and HCC1806 (B). Cells were
treated with I-BET-151 or |-BET-762 for 24h prior to RNA extraction, then gene expression was assessed
by RT-gPCR. Two-way ANOVA, n =3, * p <0.05, ** p <0.01, *** p < 0.001.

Tese de doutorado de Leonardo Lisbda da Motta 106



Fenodtipos Agressivos e Propostas Terapéuticas em Tumores Sélidos

A.

MDA-MB-231

p=0002
p=0.004

Relative %input

O

CA9

50+

40

304

Relative %input

expression in hypoxia

2.0

-
o (5,

o

Relative expression
—
o

HCC1806
p=0.02
PZ00 @ Untreated
O Jat
£ &
&
HIF-1a
expression in hypoxia
1.5
=
<]
7
1.0 1
™
[-%
»
LY
Q
Z0.5
©
ko]
o
0.0 L
SISIS ®
TELLS

B.

Chemoluminescence

W
o
1

MDA-MB-231
HRE-luciferase

= El Control
© 404  Jat
(=
3 301
2 e e Je
201 ax
£ i
B 104
04
& g®
<6\° -gqo
< A
VEGF A hypoxia
1.5
1.0
*
0.5
0.0
N N
S
2 & & &

Figure 5. Mechanism of CA9 reduction by JQ1. JQ1 reduces HIF-1B binding to CA9 promoter (A), but does

not affect HIF activity (B). (A) ChIP assay for CA9 promoter region with HIF-1B immunoprecipitation in 2

TNBC cell lines. Two-way ANOVA, n=3. (B) MDA-MB-231 HRE-luciferase cells were made and tested for

HIF Capacity of transcribing luciferase gene with and artificial HRE in the presence of JQl. Two-way

ANOVA, n=3. (C) Transient siRNA for BRD2, 3 and 4 reduce CA9 expression in hypoxia, but not HIF -1a.

One-way ANOVA, n=3, * p <0.05; ** p<0.01.
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Figure S5. JQ1 reduces CA9 and VEGF-A expression in MDA-MB-231 HRE-luciferase cells. (A) RT-qPCR of
selected genes in MDA-MB-231 HRE-luciferase. Two-way ANOVA, n=3.
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Figure S5. Silencing of BRD proteins in hypoxia and normoxia and MYC expression after silencing. Two-

way ANOVA, n=3, * p <0.05; ** p <0.01; *** p <0.001
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Figure 6. JQ1 reduces tumor growth, CA9 and VEGF-A expression and the blood vessel marker CD31
xenograft model of TNBC. (A) Growth curve and rate of xenografts treated with JQ1 or untreated (UT).
Student t-test, n =3 — 5, * p < 0.05. (B) Expression of selected panel of genes in xenografts treated with
JQ1. Xenografts were grown using HCC1806 cells in 6-7 week old female CD1 nude mice. Student t-test, n

=3, *p <0.05,** p<0.01.(C) Representative CD31 immunostaining in xenografts. Non-parametric Mann-

Whitney test, n=3 -5
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DISCUSSAO & CONCLUSAO

O cancer é responsavel por aproximadamente 15% das mortes no Brasil e no mundo
(INCA, 2014; OMS, 2015). Os casos de sucesso estdo restritos quase que exclusivamente a
aqueles diagnosticados em estagios iniciais o que se torna raro devido a natureza assintomatic a
da doenga. O cancer é um processo de evolucdo Darwiniana pelo qual células adquirem a
capacidade de proliferar independente mente do equilibrio do organismo. Neste, elas acumulam
diferentes alteragdes que sdo selecionadas, resultando em um tumor avangado heterogéne o
(BURRELL et al., 2013). Deste modo, muitas vezes a terapia elimina somente uma parcela das
células malignas, mas acaba selecionando as resistentes (CURTARELLO et al., 2015; MCINTYRE;
HARRIS, 2015) (Fig.9). No entanto, apesar das alteragGes genéticas serem praticamente
incalculaveis (ALEXANDROV et al., 2013), o comportamento tumoral muitas vezes converge

para poucos fendtipos agressivos (LOPEZ-LAZARO, 2010).

No presente trabalho foram investigados diferentes fendtipos associados a

agressividade tumoral e, com base nestes, foram propostos alvos e abordagens terapéuticas.

METABOLISMO REDOX

O desbalango na homeostase redox pode estar associado a diversas patologias, como o
cancer (COSTA; SCHOLER-DAHIREL; MECHTA-GRIGORIOU, 2014). O desbalango pré-oxidativo é
um fendtipo agressivo (ver Capitulo 1), de acordo com os dados aqui apresentados e estudos em
colaboracdo com nosso grupo de pesquisa (DA MOTTA et al., 2015; LISBOA DA MOTTA et al.,
2014; MACEDO et al., 2012). No entanto, este ndo é um fendmeno linear, ou seja, apesar do
tumor se beneficiar de maiores niveis de estresse oxidativo, acima de um limiar o excesso é

toxico mesmo para as células tumorais (Fig.20).

Apesar da maioria dos estudos apontarem nesta direcdo (CHAISWING et al., 2007,

HEMPEL et al., 2009, 2013; PANI; GALEOTTI; CHIARUGI, 2010; POLICASTRO et al., 2004), ha quem
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correlacione agressividade com desbalanco redutor (JORGENSON; ZHONG; OBERLEY, 2013).
Aparentemente, diferentes tipos de tumores podem apresentar alteracdes redox opostas. Esta
contradicdo ndo diminui o valor dos nossos achados, mas chama a aten¢do para a importancia

de se considerar o tipo de céancer estudado.

Célula tumoral:

MENOS AGRESSIVA |

Crescimento
tumoral

Espécies reativas

insuficiente pré-tumoral téxico
EE——— |

Nivel de 4-HNE

= | (marcador de estresse oxidativo)

Risco relativo
(hazard ratio)

3.92 8.87 1.00

Figura 20 Fendtipo agressivo proposto para metabolismo redox (ver Capitulo I)(DA MOTTA et al., 2015;

LISBOA DA MOTTA et al., 2014).

De qualquer modo, é sabido que ROS regula comportamentos como proliferagdo
(BURHANS; HEINTZ, 2009; IBANEZ et al., 2011) e migracdo (CONNOR et al., 2007;
POLYTARCHOU; HATZIAPOSTOLOU; PAPADIMITRIOU, 2005). Assim, as espécies reativas em
abundancia nas células tumorais podem servir de combustivel a comportamentos malignos e

sua eliminagdo representaria um prejuizo a célula tumoral (LISANTI et al., 2011).

Apesar de muitos estudos caracterizarem o desbalango pré-oxidativo como fendtipo
agressivo, existem opinides controversas quanto a uma proposta terapéutica que possa se
beneficiar deste fenbmeno (SAEIDNIA; ABDOLLAHI, 2013; YANG et al., 2014). Alguns estudos
defendem que o aumento do estresse oxidativo levaria as células tumorais além do seu limite

(GLASAUER; CHANDEL, 2014), mas é possivel que tal abordagem cause efeitos colaterais
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indesejado em tecidos sadios (HALLIWELL, 2007). Por outro lado, a terapia com antioxidante s
poderia limitar o “combustivel” das células tumorais diminuindo sua agressividade (SOTGIA;
MARTINEZ-OUTSCHOORN; LISANTI, 2011). Estudos recentes concluem que as evidéncias ndo
apoiam efeito preventivo de antioxidantes (GOODMAN et al.,, 2011; MYUNG et al., 2010). No
entanto, do ponto de vista terapéutico ja foi demonstrado que antioxidantes podem reduzir a
agressividade de células tumorais (POLICASTRO et al., 2004) e impedir metastase em modelo

animal (GOH et al., 2011).

A partir destes achados, foi desenvolvida uma tese de mestrado que investigou o
potencial uso da enzima antioxidante catalase (CAT) em combinacdo com quimioterapicos (ver
Anexo A). Este estudo encontrou que a CAT age sinergicamente com cisplatina, 5-FU e
hidroxiuréia e antagonisticamente com paclitaxel em linhagem celular de NSCLC (Fig.21).
Portanto, esta parte do trabalho conclui que abordagens antioxidantes podem ter impacto

positivo na terapia de cancer de pulmao.

30
25 Cisplati2
20 | Daunorub'-i“cin

®
" o 5-Fluorouracil
10 Paclitaxel

5 | P<0.05
r=0.884
-100 0 100
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Change in cellular viability
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Figura 21 Efeito do uso combinado de CAT e quimioterdpicos na viabilidade da linhagem A549 (DE
OLIVEIRA, V.A., 2015. dados ndo publicados, ver Anexo A).
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REPROGRAMAGAO METABOLICA

A oncologia hoje aceita a ocorréncia e relevancia da reprogramagdao metabdlica em
tumores (BOROUGHS; DEBERARDINIS, 2015; WARD; THOMPSON, 2012) mas ainda se esforga
para encontrar uma forma de utilizar este conhecimento terapeuticamente (KISHTON;
RATHMELL, 2015; SCHULZE; HARRIS, 2012; TENNANT; DURAN; GOTTLIEB, 2010). As alteracdes
metabdlicas podem ser selecionadas durante a progressdo tumoral (GILLIES; GATENBY, 2015;
VERDUZCO et al., 2015) ou pior ainda, por terapias em uso na clinica (CURTARELLO et al., 2015;
MCINTYRE; HARRIS, 2015). Sabe-se que diferentes alteracdes metabdlicas tém profundo
impacto no crescimento do tumor, na sua capacidade invasiva e também na resposta a terapia
(ROBERTSON-TESSI et al., 2015). Portanto, definitivamente a reprogramacdo metabdlica pode

acrescentar a terapia oncoldgica.

As linhagens celulares utilizadas neste estudo mostraram-se um bom modelo para
investigar reprograma¢dao metabdlica, uma vez que o metabolismo mais glicolitico estd
associado a maior agressividade — conforme caracterizado previamente no capitulo | (CASTRO
et al., 2010b; LISBOA DA MOTTA et al., 2014). Neste contexto, os transportadores de membra na
surgiram como importante protagonista deste processo, fosse nas linhagens ou mesmo em
coorte de pacientes. A maior captacdo de glicose é fundamental para a manutengdo das
necessidades metabdlicas da célula tumoral (CAIRNS; HARRIS; MAK, 2011). Adicionalmente, a
acidificacdo do ambiente extracelular é importante para agressividade, promovendo invasdo e
metastase de modo que estd associado a pior progndstico (GILLIES; GATENBY, 2015). Autores
proeminentes na area chegam a defender que o principal beneficio do tumor ao desenvolver o
fendtipo glicolitico é o aumento da producdo de lactato e consequente acidificacdo do meio
(GILLIES; ROBEY; GATENBY, 2008). Portanto, a inibicdo de transportadores de glicose e lactato

pode ter uma implicacdo clinica imediata.
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Neste contexto, é importante observar que as isoformas destes transportadores
possuem afinidades diferentes e sdao importantes em diferentes 6rgdos e momentos
metabdlicos tanto em tecidos sadios como no cancer (PINHEIRO et al.,, 2012; SZABLEWSKI,
2013). Justamente ai reside a maior limitagcdo atual, os inibidores ndo sdo suficienteme nte
seletivos quanto as isoformas. Os resultados aqui apresentados sugerem um importante papel
de isoformas pouco estudadas, o GLUT2 e o MCT3. Portanto, novos estudos com enfoque nestas

isoformas podem contribuir para o desenvolvimento de novas terapias.

A exemplo do Capitulo I, estes achados motivaram a elaboracdo de uma tese de
mestrado investigando o papel de possiveis alvos terapéuticos, no contexto da reprogramaca o

metabdlica. Este trabalho estd em andamento com previsdo de conclusdo para abril de 2016.

HIPOXIA & EPIGENETICA

A resisténcia a hipdxia é um fendtipo agressivo bem caracterizado que induz metastase
e se correlaciona com pior progndstico (GATENBY et al.,, 2007; LIU; SEMENZA; ZHANG, 2015;
WILSON; HAY, 2011). Dentre os comportamentos induzidos neste contexto, o controle do pH e
a angiogénese sdo cruciais para a sobrevivéncia da células maligna (CHICHE et al., 2009; FOX;
GENERALI; HARRIS, 2007; HICKEY; SIMON, 2006; SWIETACH et al.,, 2009). A proteina de
membrana anidrase carbonica 9 (CA9) é fundamental no equilibrio da acidez tumoral, sua
expressdo estd associada a pior progndstico e sua inibicio reduz crescimento tumoral
(MCINTYRE et al., 2012; TAN et al., 2009). Portanto, é grande a busca por terapias capazes de
inibir CA9 ou de atacar de algum outro modo as células resistentes a hipdxia (MILANI; HARRIS,

2008; PETTERSEN et al., 2014; WARD et al., 2013; WILSON; HAY, 2011).

Em paralelo, a epigenética tumoral tem recebido muita atencdo recentemente, em
especial a familia BET (DI COSTANZO et al., 2014; ESTELLER, 2008; FILIPPAKOPOULOS et al.,

2010). Estas proteinas sdo importantes componentes da maquinaria de transcri¢cdo cuja inibicd o
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apresentou resultados antitumorais promissores que levaram estes inibidores a ensaios clinicos
em malignidades hematoldgicas (DA COSTA et al., 2013; DAWSON et al., 2011; DELMORE et al.,

2011).

Aqui, demonstramos que o inibidor de BET (BETi) JQ1 reduz consistentemente o
crescimento tumoral e a expressdo de CA9 em modelos in vitro e in vivo. Além disso, esta
molécula inibiu angiogénese e outras rotas reguladas por hipdxia. Sabe-se que terapias anti-
angiogénicas podem selecionar fendtipo glicolitico (CURTARELLO et al.,, 2015; MCINTYRE;
HARRIS, 2015), e dados experimentais apresentados aqui suportam que seja o caso também
para JQl. Portanto, sugere-se que novos estudos testem um possivel co-tratamento de BETi
com antiglicoliticos. Deste modo, sugere-se aqui que JQl é um candidato promissor na busca

terapéutica por um agente capaz de eliminar células resistentes a hipdxia.

“Ndo é o mais forte nem o mais inteligente que sobrevive, mas o aquele que melhor se
adapta as mudangas. ” Este dito popular, equivocadamente atribuida ao pai da biologia evolutiva
Charles R. Darwin, pode ser aplicada a diversos fendbmenos da vida, inclusive a progressdo de
tumores agressivos. Ndo é a toa que a Cancer Research UK (CRUK), principal instituicdo de
caridade financiadora da pesquisa em cancer da Inglaterra, j3 colocou lado a lado uma
representacdo de progressdao tumoral e a classica ilustracdo do famoso naturalista inglés
representando sua ideia de evolucdo (Fig.22). Assim como a CRUK, acredito que se quisermos
acelerar nosso sucesso rumo a cura da doenga mais cruel e injusta que a humanidade ja teve

conhecimento, devemos voltar aos pensamentos de Darwin.

Cada vez mais a progressdo tumoral é descrita como um processo de evolugdo
Darwiniana, e a ocorréncia de fendtipos agressivos como o produto final de um processo

dindmico. Para fortalecer a analogia podemos citar fatores centrais a teoria de Darwin que estao
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presentes na biologia tumoral, como Vvariabilidade hereditdria definindo sobrevivéncia,
reproducdo e pressdo seletiva — imposta por fatores intracelulares (instabilidade genética e
energética) ou intratumorais (hipdxia, acidose, estresse oxidativo e sistema imune) ou ainda por
fatores externos (radio e quimioterapia) — deriva e adaptagdo (DE BRUIN et al., 2014; GILLIES;
VERDUZCO; GATENBY, 2012; PEPPER et al., 2009). Outra demonstracdo da aplicacdo de ideias
evolutivas a oncologia sdo cladogramas e filogenia para compreender a progressdo tumoral
(NAXEROVA; JAIN, 2015). Temos inclusive fendmenos que retomam as ideias de Lamarck,
quando pensamos na epigenética como um regulador do fenétipo que pode ser adquirido e é

hereditario, mas n3o altera o codigo genético (DAWSON; KOUZARIDES, 2012; ESTELLER, 2008).

o o BRANCHED
\!> ) <‘; EVOLUTION

The genetic dwers.t} n a tumour

echoes Darwin's Tree of Life.
Q o
|
55
g Cancer starts with é EEAEEE%%E:H
UK

one cell mutating

Figura 22 Analogia ente evolucgdo e progressao tumoral em material de divulgacdo da Cancer Research UK

(http://scienceblog.cancerresearchuk.org/2014/10/09/lung -cancer-evolution-a-journey-through-space-

and-time/).

Evolutivamente falando, a célula agressiva é o dpice da selecdo ao nivel de célula e
compreendendo o cancer como um processo dinamico e adaptavel, facilmente compreende mos
porque é tdo dificil cura-lo. Primeiro a sua heterogeneidade, prevé que jamais haverd uma droga
capaz de lidar com todos tipos de cancer (GERLINGER et al., 2012). Segundo, muitas terapias
impde uma forte pressdo seletiva que pode resultar em um novo tumor mais resistente
(BURRELL; SWANTON, 2014; FISHER; PUSZTAI; SWANTON, 2013; MCGRANAHAN; SWANTON,

2015). Entdo, como tratar uma doengca com tamanha variabilidade genética, heterogeneidade e
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capacidade de adaptagdo? Se a biologia evolutiva nos ajuda a entender a ocorréncia do cancer

e a ineficacia das terapias atuais, ela certamente também nos aponta perspectivas.

Darwin teorizou toda a sua evolugao por selecdo natural sem ter nenhum conhecimento
de genética. Mas ndo precisava, afinal de contas a natureza seleciona o fendtipo. A variabilida de
genética tumoral é virtualmente infinita, mas apesar de conhecermos exemplos de genes que
determinam uma caracteristica, na maioria dos casos o fendtipo pode emergir a partir de
diversos gendtipos. Temos aqui nossa licdo evolutiva para entender porque o foco terapéutic o

deve ser o fendtipo agressivo, e ndo a mutagao subjacente.

Apesar da ocorréncia de resisténcia ser inevitavel, a proliferacdo da populagdo
resistente é controlavel. Podemos antecipar a resisténcia, uma vez que o tumor so serd
selecionado ao ser tratado. Assim, o estudo de fendtipos agressivos pode apontar fraquezas e
opgOes de fuga do cancer. Foi segundo esta filosofia que este trabalho foi desenvolvido, e é com

muito orgulho que acredito ter contribuido no sentido de um melhor cendrio clinico.

Bidlogos evolutivos acreditam e confirmam a frase do russo Theodosius Dobzhansky que

escreveu: “Nada em biologia faz sentido sendo a luz da evolugdo” ™.

Como um bidlogo evolutivo por vocacdo, afirmo que a biologia tumoral ndo é excecdo!

* frase de Theodosius Dobzhansky, bidlogo evolutivo e membro da Igreja Catdlica Ortodoxa Russa. Foi
primeiramente utilizada em 1964 no artigo intitulado "Biology, Molecular and Organismic” publicado no
periddico American Zoologist para afirmar a importancia do estudo da biologia a nivel do organismo em
resposta ao desafio colocado pela subida de popularidade da biologia molecular. Posteriormente, o russo
reutilizou a expressdo para criticar o criacionismo anti-evolucdo e defender o evolucionismo teista, e foi
quando a frase se popularizou e ficou famosa. Este ensaio foi publicado pela primeira vez na revista
American Biology Teacher, volume 35, paginas 125-129.
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PRODUCAO CIENTIFICA E LEGADO ACADEMICO

Além da contribuicdo cientifica, materializado na forma de 2 artigos e 1 manuscrito
pronto, a realizagdo deste trabalho originou outros produtos que merecem destaque: captagao
de técnicas, dois trabalhos de conclusdo de curso (TCC) e posteriores projetos de mestrado,

formacgdo de recursos humanos e captacdo de colaboradores.

Primeiramente, o legado académico que fica para o laboratério na forma de técnicas
experimentais. Diversas técnicas eram inéditas no laboratério e tiveram de ser captadas,
aprendidas, adaptadas e estabelecidas para o desenvolvimento deste trabalho. As mais
relevantes sendo: medidas de perfil redox em células, respirometria de alta resolugao, avaliacdao
do perfil metabdlico em linhagens celulares, cultivo celular em cadmara de hipdxia, andlise de
expressdo génica, silenciamento génico, imunoprecipitacdo de cromatina (ChIP), quantificacdo
de luciferase como gene repodrter, cultivo e imunohistoquimica de esferdides e analise

quantitativa de imunohistoquimica.

Quanto a formacdo de recursos humanos, este trabalho gerou perguntas que
originaram 2 TCC. As 2 alunas foram co-orientadas pelo autor deste trabalho e seguiram a linha

de pesquisa em seus mestrados, produzindo, até o momento, mais um manuscrito (Anexo A).

Por fim, este trabalho tem caracteristica multicéntrica incluindo diversos laboratdrios
em Porto Alegre, no Brasil e no exterior. Foram iniciadas e estabelecidas colabora¢des em:
Universidade Federal do Rio de Janeiro (UFRJ), na pessoa do Prof. Dr. Anténio Galina Filho, o
Tonhdo, e também Prof. Dr. Franklin Rumjaneck e a Dra. Nivea Amoedo Dias; Hospital de Clinicas
de Porto Alegre (HCPA), na pessoa da Prof. Dr. Patricia Ashton-Prolla e do Me. Gabriel Macedo;
Instituto de Cardiologia (IC/FUC), na figura da Dra. Melissa Markoski; University of Oxford, na
pessoa do Prof. Adrian L. Harris FMedSci FRCP, e também Alan Mclintyre, Professor na The

University of Nottingham.
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Abstract

Lung cancer is the most lethal cancer-related disease worldwide. Since survival rates
remain poor, there is an urgent need for more effective therapies that could increase the
overall survival of lung cancer patients. Lung tumors exhibit increased levels of oxidative
markers with altered levels of antioxidant defenses and previous studies demonstrated
that the overexpression of the antioxidant enzyme catalase (CAT) could control tumor
proliferation and aggressiveness. Herein we evaluated the effects of CAT treatment on
the sensitivity of A549 human lung adenocarcinoma cells towards various anticancer
treatments, aiming to establish the best drug combination for further therapeutic
management of this disease. Exponentially growing A549 cells were treated with CAT
alone or in combination with chemotherapeutic drugs (cisplatin, 5- fluorouracil, paclitaxel,
daunorubicin and hydroxyurea). CalcuSyn® software was used to assess CAT/drug
interactions (synergism or antagonism). Growth inhibition, NFkB activation status and
redox parameters were also evaluated in CAT -treated A549 cells. CAT treatment caused
a cytostatic effect, decreased NFkB activation, and modulated the redox parameters
evaluated. Moreover, with exception of paclitaxel, CAT treatment exhibited a synergistic
effect among the anticancer drugs tested, which is significantly correlated with an
increased H20: production. These data suggest that combining CAT (or CAT analogs)
with traditional chemotherapeutic drugs, especially cisplatin, is a promising therapeutic

strategy for the treatment of lung cancer.

Key words: lung cancer, A549 cells, catalase, anticancer drug combination,

chemotherapy, drug synergism.
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Introduction

Lung cancer remains the most common and lethal cancer-related pathology with
nearly 1.59 million deaths annually worldwide. * There are two main types of lung cancer
with epithelial origin: small cell (SCLC) and non-small cell lung cancer (NSCLC). 2 The
latter comprises more than 80% of all cases of lung cancer, and of these, roughly 50%
are lung adenocarcinomas (AdC). ° Despite progress in molecular research, the
therapeutic armamentarium remains poor * and unable to improve NSCLC patients
outcome, which have a 5 year survival rates of only 2% for advanced stages. !

As the initial stages of lung cancer are asymptomatic, the disease is typically
diagnosed in advanced stages. For these patients, chemotherapy forms the foundation
of their treatment, which is usually palliative. Currently, the gold standard treatment for
lung AdC is based on platinum agents such as cisplatin, carboplatin or oxaliplatin and
usually given in combination with other agents such as paclitaxel and etoposide.
Unfortunately, despite these therapies, the disease is rarely curable and prognosis is
poor. ° Several factors contribute to the high mortality rate (which outranks prostate,
colorectal and pancreatic cancer cases combined) and one of the most common includes
resistance to cytotoxic drugs. ! Anticancer drug resistance may be innate or acquired
and may apply to a single agent or to a class of agents with similar antineoplasic
mechanisms of action. 2 Therefore, there is an urgent need for more effective therapies,
drugs, or treatments that could help increase the overall survival of lung cancer patients.
With an estimated average cost between US$800 million and US$1.8 billion, and an
accompanying timeline of 15 years, the development of novel drugs are an expensive
and time consuming endeavor. ° Thus, the practice of identifying additional therapeutic
indications for existing compounds has become a needed and appropriated approach in
many diseases, including cancer. ° Indeed, compounds or drugs that interfere with any
aberrant pathways or physiopathological processes known to be altered in lung cancer

should be rationally explored in order to identify potential adjuvant strategies for novel
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interventional regimens.

Lung cancer cells are consistently exposed to a particular pro- inflammatory and
pro-oxidant environment, derived from the high environmental oxygen pressure and
exogenous oxidants, such as cigarette smoke and air pollutants. ° In this context, an
imbalance in antioxidant mechanisms plays a significant role in the pathogenesis of lung
cancer. Numerous reports showed that reactive oxygen species (ROS), manly hydrogen
peroxide (H202), act as endogenous drivers of the oncogenic phenotype, by the
modulation of cellular proliferation, migration, survival and multidrug resistance. **? Most
of these processes are regulated by redox-responsive transcriptional factors such as
Nuclear Factor Kappa B (NFkB), Nuclear Factor (erythroid-derived 2)-like 2 (Nrf2) and
activator protein-1 (AP-1). 12 Moreover, previous studies of our group demonstrated
that lung AJC aggressiveness is associated with elevated intracellular oxidative stress,
where H20: plays a crucial role, since the exogenous treatment with the antioxidant
enzyme catalase (CAT) (E.C. 1.11.1.6), but not T rolox® (synthetic analog of alpha-
tocopherol) or N-acetyl- cysteine (NAC, a glutathione precursor), attenuated tumor
aggressiveness. * CAT overexpression reverts malignant features in different cell lines
15 and prevented tumor growth and metastasis in mouse. ® Moreover, mitochondrial-
targeted CAT suppresses invasive breast cancer in mice ® and in others in vivo models.
15 Thus, compounds that are able to specifically scavenging H202 (such as
catalase/peroxidase mimetics) could provide a future venue to the development of new
therapeutics interventions.

This way, the present study aimed to establish the role of the combination of CAT
treatment in the efficacy of different anticancer drugs. For this purpose, the human AdC
cell line A549 was treated with exogenous CAT and the proliferative behavior,
intracellular redox status and p65 nuclear and cytosolic immunocontent were evaluated.
Also, CAT-treated cells were exposed to several chemotherapeutic drugs with different

mechanisms of action: alkylating agents (Cisplatin); antimetabolites (5-Fluorouracil and
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Hydroxyurea); microtubule stabilizing (Paclitaxel) and topoisomerase inhibitor
(Daunorubicin), aiming to assess the potential synergistic, additive or antagonistic effect

of CAT on these drugs.

Results
Growth inhibition, NFkB inactivation and redox modulation in CAT-treated A549 cells
Exogenous addition of CAT in exponentially growing A549 human lung AdC cells
causes a dose dependent inhibition on cellular proliferation (Fig. 1a), ** with a maximal
dose effect of 1000 U/mL. This cellular growth inhibition was significantly observed after
24 h of treatment and maintained over 4 days (Fig.1b). Growth inhibition was related to
a cytostatic (not cytotoxic) effect since CAT washout readily restored cellular proliferative
rate similar to untreated cells (Fig.1b). We also observed an increased GO/G1 cell cycle
phase without substantial increase in sub-G0/G1 population, nor trypan blue positive
cells (data not shown). Based on the above-mentioned data, we used 1000 U/mL of CAT
for 48 and 96 h of treatment in the following experiments. All inhibitory effects were
dependent of CAT activity since the treatment with heat-inactivated CAT was ineffective
to modulate the growth of A549 cells. The activation status of NFkB (a redox-responsive
transcriptional factor that modulates tumoral proliferation, migration, survival and
multidrug resistance) in CAT -treated A549 cells was determined by the evaluation of p65
subcellular distribution (Fig.1 c). We found that NFkB was constitutively activated in A549
cells (p65 was mainly present in the nuclear fraction). CAT -treatment caused a 2.9-fold
increase in the cytosolic immunocontent of p65, suggesting that CAT treatment leads to
a significantly inactivation of NFkB in A549 cells (Fig. 1c). CAT-treated A549 cells
presented lower intracellular antioxidant potential and reduced thiol levels when
compared to untreated cells (Fig. 1d). Notably, the decrease in antioxidant potential was
time dependent for both groups. CAT washout was able to restore both reduced thiol

and antioxidant potential levels. Interestingly, high GSH levels (Fig.1 d) and the
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intracellular generation of H202 (Fig. 1e) were found significantly in CAT-treated cells as
compared to untreated cells. These data suggest that A549 cells treated with CAT
presented an imbalance in antioxidant defenses and that could be responsible for the

NFkB inactivation and growth inhibition.

CAT-treatment in combination with anticancer drugs

Aiming to establish the best chemotherapeutic regimens that could benefit from
the cytostatic and modulatory effects on redox parameters induced by catalase, we first
obtained the cytotoxic curves (and Glso values) of the anticancer drugs cisplatin (Cis), 5-
fluorouracil (5-FU), paclitaxel (PT), daunorubicin (Dauno) and hydroxyurea (HU) in
exponentially growing A549 human lung AdC cell line (Supplementary Figure 1). When
co-administrated, CAT (1000 U/mL) significantly potentiated the cytotoxicity caused by
all anticancer drug tested, with the exception of paclitaxel (Fig. 2). Table 1 presents the
synergism/antagonism evaluation of the anticancer drugs in association with CAT, based
on Combination Index (CI) values. Cisplatin, 5- fluorouracil and hydroxyurea exhibited a
significant synergism with catalase, while the combination of daunorubicin with CAT
showed only a slight synergism. In contrast, CAT treatment caused antagonistic effect
when combined paclitaxel. We also evaluated the long-lasting effect of catalase
treatment in the effectiveness of anticancer drugs. Even after 24 h of CAT washout, the
increased cytotoxic effects presented by the combination of anticancer drug treatment

with CAT was still significant in cisplatin-, 5- fluorouracil- and hydroxyurea-treated cells.

Association of H202 generation and cell death by the combination of CAT and anticancer
drugs

Several studies in a variety of cell types have suggested that cancer
chemotherapy drugs induce tumor cell death in part by increasing the formation of

reactive oxygen species (ROS). In that regard, considering that we found synergistic,
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slight synergistic and even antagonistic effect of the combination of CAT with anticancer
drugs, we decided to assess the adjuvant effect of CAT treatment in the generation of
H202 by the chemotherapeutic drugs evaluated in this study. Possible generation of
intracellular H202 by the chemotherapy drugs was assessed by measuring the extent of
oxidation of 10-acetyl-3,7- dihydroxyphenoxazine (Amplex Red® reagent) which is a
substrate for horseradish peroxidase (HRP) that enables selective detection of H20,. 234

Among the anticancer drugs tested, paclitaxel and hydroxyurea showed basal increase

in H202 production when compared with vehicle alone (Fig. 3a). However, when
chemotherapeutics drugs were co-treated with CAT, only the combination of paclitaxel
plus CAT showed no difference in the rate of H2O2 production (Fig. 3b). Hydroxyurea
plus CAT, as expected, had a decreased in H202 production when compared with the
drug alone. In contrast, the drug cisplatin, although alone had no effect in H20:2
production, when treated with CAT presented almost a 3-fold increase in the rate of H202
generation. Again, the increase in H202 generation by the combination of CAT with the
alkylating agent cisplatin was a long-lasting effect because it was sustained even 48 h
after the remove of CAT (CAT wash-out group) (Fig. 3b). The increase in H202 production
rate by the combination of CAT with the chemotherapeutic drugs were found to be
significantly correlated with the potentiation of tumoral cell death (P < 0.05) (r = 0.884)
(Fig. 4). These results support the notion that the effectiveness of the anticancer drug
combination with CAT in eliminating tumoral cells could be explained, at least in part, by

the increase in intracellular H202 generation.

Discussion

Among malignancies, lung cancer ranks as one of the most common and lethal.
1 Although chemotherapy presents efficacy for some patients with lung cancer, effective
therapeutic options for advanced stages of the disease remain

limited and cure rates are low. 2’ Even though the treatment of NSCLC has been
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revolutionized by the development of targeted agents (e.g., the FDA- approved drugs
erlotinib and gefitinib for patients harboring specific EGFR mutations), the decision in
NSCLC management is still mainly based on the anatomic extent of the disease. °

Among the factors associated with high mortality rate, multidrug resistance is one of the
most common. %8 In this context, the search for new adjuvant therapies or two-drugs
combinations using already approved molecules are important to overcome drug
resistance and to improve the prognosis of patient with lung cancer.

Since lung tumors develop in an atypical pro-inflammatory and pro- oxidative
microenvironment, 1° reactive species (RS) are believed to be especially important in this
tumoral pathogenesis and chemotherapy effectiveness. As previously reported, lung
AdC cells have an imbalance in redox parameters compared to normal cells, presenting
a high steady-state generation of reactive species that follows tumor progression and,
presumptively, must somehow confer a selective advantage. !* Numerous reports
suggest that intracellular oxidants are generated in response to cancer
chemotherapeutic drugs, and that these are an essential component of the cell death
process. Here we investigated to which extent the toxicity of several common anticancer
agents to lung cancer cells is influenced by the modulation of the cellular antioxidant
parameters with the administration of exogenous CAT, aiming to establish the best drug
combination for further therapeutic management of this disease.

In A549 human lung adenocarcinoma cells, the exogenous addition of CAT
causes an inhibition of cellular proliferation. Indeed, it is well known that basal H20: levels
greatly participate in cancer cell proliferation, notably through the activation of mitogenic
signaling pathways such as the ERK/MAPK pathway. 22830 Surprisingly, our results
demonstrated that CAT treatment significantly decrease endogenous thiol levels and the
non-enzymatic antioxidant capacity.

In contrast, intracellular GSH and H20: levels were increased in CAT -treated cells. This

can be explained by the fact that H20: is able to diffuse through membranes, 22 causing
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a cellular efflux of H202. Assuming this reduction in intracellular H202 concentration,
CAT-treated A549 cells may decrease the synthesis of endogenous antioxidants
defenses (thus justifying the reduction of thiol and total reactive antioxidant potential -
TRAP - levels) and will present an increase in GSH/GSSG levels as glutathione (GSH)
can be oxidized by H20:2 to form glutathione disulfide (GSSG). Moreover, we found high
rates in H202 production CAT-treated cells. Although puzzling at first inspection, these
data could reflect an attempt of tumor cells to overcome the cytostatic effect of CAT-
treatment, by generating a higher rate of H20O2 production.

Reactive species (RS) are predominantly known for causing cell damage.
However, cumulative information has showed that increase in basal levels of RS is
associated with tumor progression in different cancer cells, 3°3! since RS play a major
physiological role in the control of redox-sensitive transcriptional factors such as the
Nuclear Factor Kappa B (NFkB). NFkB is a transcription factor that modulates gene
expression in response to growth factors, pro- inflammatory agents such as interleukin -
1 (IL-1), tumor-necrosis factor (TNF), oxidants and to anticancer drugs. 32-*® The most
common isoform of NFKB is the p65/p50 heterodimer that exist in the cytoplasm in an
inactive state bound to inhibitory protein kB and, when stimulated, translocate to the
nucleus, where activates transcription of target genes. ¢ Substantial studies indicate that
NFkB regulates oncogenesis, tumor progression and resistance to chemotherapy by
enhancing the expression of anti-apoptotic and antioxidant genes including Bcl- xL,

Superoxide Dismutase 2 (SOD2), and Glutathione S-Transferase (GST).
33,35,37-39

Furthermore, our study and numerous reports describe that NFkB is constitutively
activated in lung cancer cells, being associated with tumoral resistance to different
classes of anticancer drugs, such as cisplatin, daunorubicin, paclitaxel and 5-fluorouracil.
3340 In our study, catalase treatment caused an increase in the cytosolic p65

immunocontent, indicating an inactivation of this transcriptions factor. However, NFkB
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inactivation does not seem to be the only mechanism related to the selected sensitivity
of A549 cells against the anticancer drug tested. Our Combination Index approach, a
manner to evaluate the synergism, antagonism or additive effects of two-drug
combination showed that paclitaxel, a drug that the cellular resistance has been
described to be affected by NFkB activation, presented an antagonistic effect when
associated with CAT.

Additionally, H202 may influence cellular response to antineoplasic drug such as
cisplatin and other alkylating agents, which are the gold standard treatment for lung AdC.
Even though, in AAC cell lines, H202 can up-regulate APE-1 (a key enzyme in DNA
repair) expression, “!' which may confer cisplatin resistance, “?> we found a significant
correlation between the increase in drug sensitivity with the high rates of H20:2
production, specially for the combination of cisplatin with CAT. In this way, catalase co-
treatment may enhance cisplatin effectiveness. ** Actually, the combination of cationized
catalase with cisplatin was shown to decreases nephrotoxicity, one of the most serious
side effects of cisplatin. Thus, catalase combination could postpone early termination of
the treatment or avoid the significant limitation in the dose usage imposed by

nephrotoxicity, while, and most important, improving antitumor activity. 44

Therefore, compounds that are able to scavenge H:02, such as catalase or
catalase mimetic, could provide a future venue for adjuvant therapeutics interventions,
enabling therapeutic selectivity and overcoming drug resistance.

In this context, the Ruthenium oxide (RuO2) nanoparticulate peroxidase/catalase mimetic
shows better specific activities than many natural catalases and peroxidases. *° PEG-
liposomes encapsulating EUK-134 (a strong SOD/CAT mimetic) coated with antibodies
against to platelet-endothelial cell adhesion molecule (PECAM-1) target to the vascular
endothelium showed in vitro and in vivo efficacy in alleviating acute pulmonary

inflammation. “® Since the design elements of this drug delivery system are already in
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clinical use, and there are promising vascular lung tumoral markers being described, #’
it is an attractive strategy for translational interventions using targeted-derived catalase

mimetic in combination with cisplatin to enhance anticancer drug toxicity.

Conclusions

Taken together, the data presented here suggest that adjuvant CAT treatment
can act synergistically with Cisplatin, 5-Fluorouracil and Hydroxyurea and
antagonistically with Paclitaxel chemotherapeutics drug. This effect is probably related
to amplification in H202 generation by the combination of CAT with anticancer drugs. Our
data pointed into a potential beneficial effect of CAT adjuvant therapy providing a new

therapeutic strategy for the management of lung adenocarcinoma.

Material and methods
Reagents and equipment

Materials used in cell culture were acquired from Gibco®/Invitrogen (Sao Paulo,
SP, Brazil). Chemicals were obtained from Sigma Chemical Co. (St. Louis, MO, USA)
except when indicated. Spectrophotometric measurements were assayed in a 96-well

microplate reader (Spectra Max GEMINI XPS, Molecular Devices, USA).

Cell line and cell culture conditions

Exponential growing A549 human lung AdC cell line, obtained from NCI-
Frederick Cancer DCTD cell line repository, was maintained in RPMI 1640 medium
supplemented with 10% heat-inactivated fetal bovine serum (FBS) (Cripion Biotech, SP,
Brazil) 2 mM L-glutamine, 10000 U/mL penicillin G, 10000 “g/mL streptomycin sulfate

and 25 "g/mL amphotericin B at 37°C in a humidified atmosphere of 5% of CO..

Dose response curve of CAT and growth inhibition assays
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A549 cells (2 x 10%) were seeded in a 12 well plate and, after adherence, cells
were incubated with 250 - 1000 U/mL active or heat-inactivated (not shown) CAT. Cell
number was evaluated each 24 h treatment using Neubauer chamber cell counting and
Sulforhodamine B (SRB) assay. !’ Data is expressed
as "cell number” based on a standard curve (cell number X SRBabs). To revert CAT

effects in A549 cells, the enzyme was washed out after 48 h of treatment.

NFkB activity

NFkB activity was determined by western blot immune quantification of p65 levels
in cytosolic and nuclear fractions of control and treated cells. Briefly, cells were scraped,
harvested and collected by centrifugation (4000 rpm/4 min). Cells were then lysed by
resuspension in hypotonic buffer (10mM HEPES (pH 7.9), 1.5 mM MgCl2, 1 mM EDTA,
10 mM KCI, 1 mM phenylmethylsulfonyl fluoride, proteases inhibitor cocktail (Roche®),
1 mM sodium orthovanadate, 5 mM sodium fluoride) and incubated on ice for 15 min.
After, 10% IGEPAL® was added and cells were disrupted by vortexing (every 15 s for 5
min). The resulting suspension was centrifuged at (14000 rpm/30 seg), and the
supernatant (cytosolic extract) was separated and stored at -80°C. The nuclear pellet
was washed with cytosolic extraction buffer and then resuspended in high salt buffer
consisting 20 mM HEPES (pH 7.9), 400 mM NaCl, 1.5 mM MgClz, 0.25 mM EDTA, 0.5
mM phenylmethylsulfonyl fluoride, 1 mM dithiothreitol, 1 mM sodium orthovanadate,
proteases inhibitor cocktail (Roche®), and 25% glycerol and incubated for 40 min in ice
and vortexed for 15 s every 5 min to releasing soluble proteins from the nuclei. After, the
nuclear fraction was centrifuged (12000g/10 min) and supernatant containing soluble
nuclear proteins was stored at -80°C until experiments. The protein concentration was
determined by Bradford assay. '8

Cytosolic and nuclear proteins extracts (25 g) were separated by sodium

dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and then transferred
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onto a PVDF membrane. Thereafter, nonspecific binding was blocked with 5% of BSA in
TTBS for 1h at room temperature. Membranes were then incubated overnight at 4°C with
primary antibodies rabbit anti-p65 (1:500) (Abcam®), rabbit anti-lamin B1 (1:1000)
(Abcam®) as a nuclear marker and rabbit anti-p-actin (1:5000) (Cell Signaling®) as
cytosolic marker. After washing in TTBS, membranes were incubated with peroxidase -
conjugated secondary antibodies (1:2000) (Dako®, Glostrup, DK) for 2 h at room
temperature. Bands were visualized with Super Signal West Pico Chemiluminescence
Substrate (PIERCE®, Rockford, IL, USA) and quantified using Image-J 1.36b software

(National Institutes of Health).

Samples preparation for redox analysis

For the total reactive antioxidant potential (TRAP) assay and evaluation of
Elman’s sulfhydryl group, cells (2 x 10* cells/well) were cultivated in 12 well plates,
treated with CAT (1000 U/mL) for 48 and 96 h, washed with PBS and frozen-and-thawed
in 10 mM PBS three times prior to harvesting and then centrifuged (400g/6 min). Protein
concentration was determined by Lowry’s 1°for data normalization.

For the evaluation of intracellular reduced glutathione levels (GSH) cells were
seeded into flasks of 75 cm?® (4 x 10°) and treated with CAT (1000 U/mL) for 48 and 96
h. After that, washed with PBS, removed with a cell scraper and centrifuged at 1000g for
5 min at 4°C. The supernatant was discarded, pellet resuspended in lysis buffer (HEPES
20 mM/CHAPS 1%), incubated on ice for 15 min (cells were disrupted by vortexing every
5 min) and centrifuged at 1000g for 10 min at 4°C. The supernatant was collected, protein
concentration determined by Bradford assay '@ for data normalization.

To access the hydrogen peroxide (H202) production, cells were seeded in 96-
wells plate at density of 2 x 10% cells/well and incubated with CAT (1000 U/mL) or
chemotherapeutic drug (drug Glso value) or in combination. Also, the CAT -washout was

performed at the time 48 h and to these cells added chemotherapy (Glso) and incubated
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for another 48 h.

Redox analysis
Total radical-trapping antioxidant potential

The non-enzymatic antioxidant capacity of cells was evaluated by total radical-
trapping antioxidant potential (TRAP) assay. This test is based on oxidized luminol-
chemoluminescence measurement induced by AAPH (2,2'- Azobis 2-amidinopropane)
decomposition in glycine buffer (pH 8.6). 2° After system stabilization (buffer plus luminol
and AAPH), sample was added (20 g of protein) and the chemoluminescence
decreases proportionally to the amount of non-enzymatic antioxidants monitored in a
Wallace 1450 MicroBetaTriLux Liquid Scintillation Counter & Luminometer (Perkin
Elmer). A time per chemoluminescence curve was obtained and the relative "area under

the curve” (AUC) in the recovery phase used to analysis, as previously established. 2°

Reduced thiol levels (-SH)

To measure the levels of reduced sulfhydryl groups (-SH), samples (35 g) were
diluted in PBS 10 mM and buffer (10 mM boric acid, 0.2 mM EDTA pH 8.5). DTNB 10
mM (5, 5’-dithionitrobis 2-nitrobenzoic acid) was added and -SH
levels were determined by reacting samples with 5-thio-2-nitrobenzoic acid (Nbs) at 412

nm (€412 nm = 27200 M™* cm™). Results are expressed as nmol - SH/mg protein. 2*

GSH levels

To determine the intracellular reduced glutathione levels (GSH), after proteins
precipitation with picric acid, samples were neutralized com Kpi 0,1 M (pH 7,0) and mixed
with 5 U/mL Glutathione Reductase (GR) (E.C. 1.8.1.7) and Mix solution (KPi, NADPH

100 mM, DTNB 5 mM). Once GSH is oxidized by DTNB to form an yellow derivative 5'-
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thio-2-nitrobenzoic acid (TNB) and glutathione disulfide (GSSG,) the formation rate of
TNB is monitored spectrophotometrically at 412 nm and is proportional to the sum of
GSSG and GSH present whereas GSSG formed can be recycled to GSH by GR in the

presence of NADPH. Results are expressed as nmol GSH/"g protein. 22

Measurement of H202 production

Amplex Red® fluorescence dye was used to determine intracellular steady-state
generation of H202. After treatment, the medium was removed, cells were washed with
PBS and the determination of H202 produced by treated cells was performed using 10-
Acetyl-3,7-dihydroxyphenoxazine (Amplex Red® reagent) which is a substrate for
horseradish peroxidase (HRP) that enables selective detection of H202. 232?* In the
presence of peroxidase, this reagent reacts with H202 to produce resorufin.
Fluorescence due to resorufin formation from 50 "M of Amplex Red® in the presence of
0,02 U/mL HRP was measured in a plate reader (Spectra Max GEMINI XPS, Molecular
Devices, USA) with
excitation at 530 nm and emission at 590 nm at 37°C. Results are expressed as

RFU.min? /10° cells.

CAT combination with anticancer drugs

To evaluate the effect of CAT treatment in combination with anticancer drugs in
A549 growth inhibition, cells (2 x 10%) were seeded in a 96 well plate and treated with
different concentrations of Cisplatin, 5-Fluorouracil, Paclitaxel, Hydroxyurea and
Daunorubicin for 48 h to determine their Glso values. After that, cells were co-treated with
CAT (1000 U/mL) or chemotherapy (Glso) or with a combination of both for 48h. The
growth inhibition was accessed by SRB assay.

To evaluate the effect of drug interactions, we determined the Combination Index

(Cl) of CAT treatment with each drug tested. The CI, a measure of synergism and
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antagonism, is calculated based on the method described by Chou and Talalay along
with the release of the computer software CalcuSyn (Biosoft, Ferguson, MO, USA),
designed to assess drug interactions. This method takes into account both the potency
of each drug or combination of drugs and the shape of the dose-effect curve. Drugs ClI
was obtained and ranks as synergism, additive or antagonism as Cl values of Cl < 0.9,

Cl =0.9-1.1 and CI > 1.1, respectively. 2526

Statistical analysis

Data are expressed as means = S.E.M. of at least 3 independent experiments in
triplicate (n = 3) with significance level considered P < 0.05. For statistical analysis, data
were analyzed by one or two-way analysis of variance (ANOVA) followed by Tukey test

with GraphPad Software Inc., San Diego, CA, USA version 5.0.
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Figure Legends
Figure 1. CAT treatment causes reversible growth inhibition, NFkB inactivation and

modulation of redox parameters in A549 human lung adenocarcinoma cell line. (a)
Exogenous CAT addition (125 -1000 U/mL) for 72 h causes a dose dependent growth
inhibition. (b) Growth inhibition is reverted by CAT wash-out. Data are presented as
mean = S.E.M. of triplicates in three independent experiments (n = 3) (*P < 0.05) (One-
way analysis of variance) (ANOVA). (c) Representative western blots (with densitometric
values) of cytosolic and nuclear fraction of p65 and lamin Bl (loading control)
immunocontent of A549 cells treated with CAT (1000 U/mL) for 24. (d) Total antioxidant
potential, thiol and intracellular glutathione (GSH) levels in CAT -treated cells. Data are
presented as mean + S.E.M. of triplicates in three independent experiments (n = 3).
Significant differences are expressed by letters, where equal letters represent no
significant differences and different letters represent significant differences (P < 0.05)
(two-way ANOVA and Tukey post-test among groups). (e) Intracellular generation of
H202 in CAT-treated cells for 48h and 96h. Data are presented as mean * S.E.M. of
triplicates in three independent experiments (n=3). Significant differences are expressed
by letters, where equal letters represent no significant differences and different letters

represent significant differences (P < 0.05) (two-way ANOVA and Tukey post-test).

Figure 2. Co-treatment with CAT and different antineoplastic drugs in A549 human AdC
cell line. A549 cells were treated with CAT (1000 U/mL) or chemotherapy (GI50) or with
a combination of both. In the washout group, CAT was removed at time 48 h,
chemotherapy agent (GI50 drug value) was added and incubated for another 48 h. Data

are presented as mean = S.E.M. *P < 0.05 using two-way ANOVA and Tukey post-test.

Figure 3. H202 generation by different anticancer drugs and the effect of adjuvant CAT -
treatment in A549 human AdC cell line. Amplex Red® assay was performed to access
the intracelular H202 production. (a) Cells were treated with GI50 of chemotherapeutics
for 48h. (b) A549 cells were treated with CAT (1000 U/mL) or chemotherapy (GI50) or
with a combination of both. In the washout group, CAT was removed at time 48 h,
chemotherapy agent (GI50 drug value) was added and incubated for another 48 h. Data

are presented as mean * S.E.M. *P < 0.05 using two-way ANOVA and Tukey post-test.

Figure 4. Pearson correlation between drug combination toxicity potential and change
in H202 production rate. Y axis shows the difference between treatment viability of drug

+ CAT combination and drug alone (% of viability from control). X axis show the
difference between H202 production rate of drug + CAT combination and drug alone

(RFU.min1.10° cells).

Tese de doutorado de Leonardo Lisb6a da Motta

158



Fenodtipos Agressivos e Propostas Terapéuticas em Tumores Sélidos

Table 1: Quantitative analysis for assessing anticancer drug synergism in
combination with Catalase using dose-response curves in A549 human lung

adenocarcinoma cell lines.

Drug tested Drug Combination Cl  Interpretation
Mechanism of action
value
Cisplatin CAT (1000 U/mL) 0.563 Synergism Alkylating agent

+ Cis (13.3 |IM)

5-Fluorouracil CAT (1000 U/mL) 0.483 Synergism Antimetabolic
+ 5-FU (3.2 IM) agent
Paclitaxel CAT (1000 U/mL) 1.475 Antagonism Microtubule
+ PT (7 nM) stabilizer
Daunorubicin CAT (1000 U/mL) 0.852 Slight Topoisomerase
+ Dauno (0.16 JM) Synergism inhibitor
Hydroxyurea CAT (1000 U/mL) 0.402 Synergism Antimetabolic
+ HU (0.68 mM) agent

Combination index values (Cl) of cisplatin (Cis), 5-fluorouracil (5-FU), paclitaxel (PT),
danunorubicin (Dauno), and hydroxyurea (HU) treatments with catalase (CAT). Cl values were
calculated from cellular proliferation and wiability assays (presented in Figure la and
Supplementary Figure 1). The data represent means of at least three independent experiments

carried out in triplicates (n = 3).
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Figure 1

a) b) C)

- , 200 |O CAT wash-out L
100 I, «CAT F NFkB activation
5 ) n
' 2 150 untreated CAT
v Q
> V 'fv
e.. .
.C 50 r. 100 o'P VP 00 (.0
c\ c\ <y
9 0 -
C) ()]
s 18 e L
oo ' * 1.0 1.0 0.9
Y 48 96
2 _ Lamin B1 -1 !
CAT (U/ml) Time (h) -
W vehicle ' vehicle — B venicle
-_— 00 OCATALASE % 150 OQCATALASE 5 OCATALASE
_5;(-: > OcATwash-out O DcAT wash-out 5 DcAT wash-out
¢ 80 a S a a & 1 b b
2 o
&= 60 > tJJE 100 b 2 M 2 T b
D =
s _? _? b |:S b b = a,b
S 40 . = 5{ a a
3“0 c 4 50 2
|l- _> o
Eo: 20 3 o
=¢.. 0 %
0 E 0 o 0
48 96 1- 48 96 48 96
Time (h) Time (h) Time (h)
e)
L D CAT wash-out
< 200 d
o OCAT
‘Sl 5ehicle
= o]
" 100 b b M
£ a
: ° H
T
E g
48 96
Time (h)

Tese de doutoradode Leonardo Lishéada Motta 160



Fenodtipos Agressivos e Propostas Terapéuticas em Tumores Sélidos

Cell growth (% of control)

Cell growth (% of control)

100

80

40

20

O%

&
Y

b

[

&

Cisplatin (Cis)

100,
da
80
a ]
60\ , b b
40
20]
I L RO
S ¥ <
«
& W

Paclitaxel (PT)

Cell growth (% of control)

Cell growth (% of control)

Figure 2
100 o
-2- 100
80 d § 80 d
= N T
60| 2 ° 60/
b & b
40 c ¢ g 40 c [bC
o
20 = 2
@
e 0
by AL
<<° R A SSF L
. L NSRS
(}" N C)‘;S Q\‘-O
5-Fluorouracil (5-FU) Daunorubicin (Dauno)
100
80

60

40

20

0
A
R L@
o‘,’:\ &
Hydroxyurea (HU)

Tese de doutorado de Leonardo Lisboa da Motta

161



Fenodtipos Agressivos e Propostas Terapéuticas em Tumores Sélidos

Figure 3
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Figure S1
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Supplementary Fig. 1. Cytotoxicity curves of the antineoplastic drugs in A549 human
lung AdC cell line. Dose response curve of anticancer drugs were performed for 48 h of
treatment using SRB assay. Dashed line represents GI50 value of drug. Data are
presented as mean + S.E.M. of five independent experiments carried out in quintuplicate
(n=05).
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