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RESUMO

A autofagia tem sido alvo de extensas investigacbes nas pesquisas
oncologicas devido ao seu papel dual na tumorigénese. Estudos recentes tém
demonstrado que a autofagia pode ser ativada por agentes quimioterapicos e que
esta ativacao pode influenciar na resposta celular e afetar o resultado da terapia.
Os papeis exercidos pela autofagia em resposta a quimioterapia sdo controversos
e dependem do tipo e do contexto celular. Por um lado, a autofagia poderia atuar
como um mecanismo de defesa na tentativa de evitar o estresse causado pelo
dano ao DNA, porém, poderia também levar & morte celular dependendo da
extensdo do dano. A cisplatina € um agente quimioterapico amplamente utilizado
no tratamento de diversos tipos de tumores, incluindo os canceres de pulméao de
células ndo-pequenas (NSCLC). Neste estudo foi investigado o papel da inducao
de autofagia pela cisplatina em células de cancer de pulmédo H460. Para este fim,
a cisplatina foi combinada com o indutor de autofagia rapamicina, o que resultou
numa hiperestimulacdo da via autofagica, diminuindo consideravelmente a
viabilidade celular. Além disso, foram utilizados os inibidores farmacoldgicos da
autofagia 3-metiladenina e cloroquina. Em combinacdo com o tratamento da
cisplatina, a inibicdo da autofagia pela 3-metiladenina ndo teve efeito na
viabilidade celular. No entanto, o tratamento com cloroquina aumentou
significativamente a viabilidade celular em relagcdo ao tratamento isolado com a
cisplatina. Em conjunto, estes resultados sugerem que a autofagia induzida pela

cisplatina contribui para a eliminacéo das células de cancer de pulméao.



ABSTRACT

Autophagy has been the target of extensive investigation in oncology
researches due to its dual role in tumorigenesis. Recent findings have
demonstrated that autophagy can be activated by chemotherapeutical agents and
that this activation may influence cellular responses and affect the results of
therapy. The roles played by autophagy in response to chemotherapy are
controversial and dependent on cell type and context. Autophagy could act as a
defense mechanism in an attempt to avoid the stress caused by DNA damage, but
it could also lead to cell death depending on damage extent. Cisplatin is one of the
most effective chemotherapeutical agents used to treat several types of tumors
including non-small cell lung cancer (NSCLC). In the present study we
investigated the role of autophagy induction by cisplatin in H460 lung cancer cells.
For this purpose, cisplatin was combined with the autophagy inducer rapamycin
which resulted in autophagy overstimulation, considerably decreasing cell viability.
Besides, the pharmacological inhibitors of autophagy 3-methyladenine and
chloroquine were also used. Autophagy inhibition by 3-methyladenine had no
effect on cell viability. However the treatment with chloroquine increased cell
viability in comparison to cisplatin treatment only. Together these results suggest

that autophagy induced by cisplatin contributes to lung cancer cells elimination.



1. INTRODUCAO

1.1. Autofagia

A autofagia € um processo catabolico altamente conservado evolutivamente
que ocorre em todas as células eucaribticas. Existem pelo menos trés tipos de
autofagia: macroautofagia, microautofagia e autofagia mediada por chaperonas. A
macroautofagia (posteriormente mencionada como autofagia) € caracterizada
pela formagdo de uma estrutura de membrana dupla conhecida como
autofagossomo. A microautofagia € um processo no qual componentes celulares
sao degradados diretamente pelo lisossomo pela invaginacdo da membrana desta
organela. Na autofagia mediada por chaperonas, ocorre a translocagao direta de
proteinas do citosol pela membrana do lisossomo, 0 que requer a acdo de
chaperonas para o desdobramento destas proteinas (Jiang & Mizushima, 2014).

A autofagia € responséavel pela homeostasia da célula, eliminando organelas
danificadas e patdégenos (Johansen & Lamark, 2011). Além disso, durante
periodos de estresse ou escassez de nutrientes, a autofagia degrada organelas e
proteinas celulares, fornecendo energia (ATP) e biomoléculas essenciais para a

célula.

A via autofagica possui como caracteristica principal o sequestro de
componentes celulares em uma vesicula de membrana dupla conhecida como
autofagossomo. Inicialmente forma-se o fagoforo, também conhecido como
membrana de isolamento (Tooze et al., 2010). Em seguida, as membranas desta
estrutura se alongam e sédo fusionadas, levando a formacdo do autofagossomo.
Na etapa seguinte, o autofagossomo fusiona-se com o0 lisossomo. A estrutura
resultante desta fusdo € o autofagolisossomo, local onde ocorre a degradacéo e
reciclagem dos constituintes celulares pela acdo das hidrolases 4&cidas

lisossomais (Choi et al., 2013; Figura 1).
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Figura 1. Fases da via autofagica. Inicialmente, o fagéforo ou membrana de isolamento é
formado. Ocorre o sequestro de constituintes celulares e forma-se o autofagossomo.
Posteriormente, ocorre a fusdo desta vesicula de membrana dupla com o lisossomo. O
compartimento fusionado é conhecido como autofagolisossomo, local onde os componentes
celulares serdo degradados pela agéo das hidrolases acidas (HA) lisossomais. Adaptado de
Rubinsztein et al. (2007).

1.1.1. Maquinaria Molecular e Regulacéo da Via Autofagica

A autofagia € regulada por diversas vias de sinalizagdo (Figura 2A). Na
presenca de fatores de crescimento e nutrientes, a via fosfatidilinositol-3 cinase de
classe | (PIKI)-Akt é ativada. Neste caso, a autofagia é regulada negativamente,
pois ocorre a ativagdo da mTOR (mammalian target of rapamycin), uma proteina
cinase central no controle do metabolismo celular e uma das principais
reguladoras de autofagia. A mTOR faz parte dos complexos proteicos mMTORC1 e
MmTORC2, no entanto, apenas mTORC1 é capaz de regular negativamente a
autofagia. Este complexo € composto por mTOR, Raptor (proteina regulatoria
associada a mTOR), GBL e PRAS40 (Benjamin et al., 2011). mTORCL1 inibe a
cinase Unc-51-like 1 (Ulkl) e impede o inicio da autofagia. Ukl é o ortélogo de
Atgl em leveduras e faz parte do complexo Ulk1l-Atg13-Atg101-FIP200. A
fosforilacdo deste complexo € essencial para a fase de nucleacdo do
autofagossomo, passo crucial para o inicio do processo autofagico (Alers et al.,
2012a).

Em condi¢cbes de deplecao de nutrientes os niveis intracelulares de AMP ficam
elevados e, em contrapartida, os niveis de ATP decaem. Deste modo, a proteina

cinase ativada por AMP (AMPK) regula a autofagia positivamente, pois controla
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de forma negativa a mTOR, além de fosforilar a Ulkl (Figura 2A; Kim et al.,
2011).

Outro complexo de cinases crucial para o inicio da autofagia é o complexo
Beclinal-fosfatidilinositol 3 cinase classe Il (PI3K classe Il ou PI3KIII)-Atgl4.
Beclina 1 compartilha homologia de sequéncia com Atg6 de leveduras e é um
importante marcador para avaliar a indugdo de autofagia. A estimulagdo deste
complexo estimula a fosforilacdo do fosfatidilinositol (Pl), levando a formagéo de
fosfatidilinositol 3 fosfato (PI3P), o qual, por sua vez, induz a nucleacdo do
autofagossomo (Figura 2A; He & Levine, 2010).

A fase subsequente a de nucleacdo do autofagossomo € a fase de
alongamento desta vesicula, a qual necessita de dois sistemas de conjugacao
ubiquitina-like (Figura 2B). No primeiro, a proteina Atgl2 é conjugada a Atg5. O
conjugado Atgl2-Atg5 liga-se a AtgléLl para formar um supercomplexo
multimérico o qual é recrutado ao fagéforo. Este complexo € essencial para o
alongamento do autofagossomo, mas se dissocia do autofagossomo totalmente
formado (Noda et al., 2009). O segundo sistema de conjugacdo ubiquitina-like
envolve a proteina Mapl-LC3 (microtubule-associated protein 1 light chain 3),
também conhecida como LC3 (homologa a proteina Atg8 em leveduras). A LC3 é
sintetizada na sua forma precursora e apés € clivada resultando na sua forma
citosdlica LC3-1. Em presenca de um sinal pré-autofagico, LC3-I conjuga-se com a
fosfatidiletanolamina (PE) em uma reagao envolvendo Atg7 e Atg3 para formar
LC3-1l, um passo chave na regulacdo da formacédo do autofagossomo A LC3-Il é
recrutada para a fase de alongamento e permanece ligada ao autofagossomo até
a fusdo deste com o lisossomo. Esta associacdo especifica entre o
autofagossomo e a isoforma LC3-Il torna esta proteina um excelente marcador de
ativacdo de autofagia (Ravikumar et al., 2010).
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Figura 2. Maquinaria molecular e regulacdo da via autofagica. (A) PI3K classe I-Akt regula a
autofagia negativamente ao ativar a mTOR em resposta a fatores de crescimento. Akt também
regula negativamente a autofagia através da fosforilagdo de Beclina 1. O complexo mTORC1 inibe
a Ulkl quando existe disponibilidade de nutrientes e impede a autofagia. Em resposta a niveis
aumentados de AMP, a cinase AMPK controla negativamente a mTOR e fosforila a Ulkl. A
fosforilacdo do complexo Ulk1-Atg13-Atgl01-FIP200 é essencial para a fase de nucleagdo do
autofagossomo. A estimulagdo do complexo Beclina 1-PI3KIIl também é crucial para o inicio da
autofagia, pois gera PI3P e promove a nuclea¢do da membrana do autofagossomo. As proteinas
Bcl-2 e Bcl-xL sédo inibidoras da autofagia, pois sequestram Beclina 1. (B) Dois sistemas de
conjugacéo ubiquitina-like sdo necesséarios para o alongamento do autofagossomo. O primeiro
sistema leva a formagdo do complexo Atg5-Atgl2-Atgl6L1 e o segundo envolve a converséo de
LC3-l em LC3-1l. Adaptado de Choi et al. (2013).

1.1.2. A Degradacéao Autofagica Ocorre de Maneira Seletiva

Nos ultimos anos tem sido reportada a seletividade da via autofagica em
relacdo aos componentes degradados (Alers et al., 2012b). Termos especificos
sdo atribuidos para a degradacdo de diferentes alvos, tais como ER-fagia,

pexofagia, mitofagia, ribofagia e xenofagia em referéncia a degradacéo do reticulo
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endoplasmatico, peroxissomos, mitocéndrias, ribossomos e patdgenos,
respectivamente (Ravikumar et al., 2010). Esta seletividade permite diversas
regulacbes moleculares através de adaptadores autofagicos (Green & Levine,
2014). Um destes adaptadores é a proteina p62 (sequestossomo 1 ou SQSTM1),
um substrato seletivo da autofagia. A p62 possui um dominio N-terminal (PB1)
que a torna capaz de se auto-oligomerizar e um dominio C-terminal (UBA) capaz
de interagir com proteinas ubiquitinadas (Johansen & Lamark, 2011). A p62
interage com a proteina LC3 através de uma regido especifica LRS (LC3-
recognition sequence) (Komatsu & Ichimura, 2010) também conhecida como LIR
(LC3-interacting region) (Johansen & Lamark, 2011). Esta interacdo faz com que
a p62 seja dirigida até o autofagossomo em formacao e direcione os substratos
ubiquitinados para a degradacdo autofagica (Moscat & Diaz-Meco, 2009; Figura
3). Pelo fato de ser seletivamente degradada, a p62 também é um excelente
marcador para a ativacdo de autofagia. No momento em que a via autofagica esta
ativa, € possivel observar uma correlacéo inversa entre os niveis de expressao de
p62 e LC3-II, pois enquanto os niveis de p62 ficam reduzidos, os niveis de LC3-II

tornam-se elevados.

\ W N v
Proteinas poliubiquitinadas Oligomerizagdo Interacdo de p62 com LC3 Sequestro de proteinas
através do dominio poliubiquitinadas e p62
PB1

Figura 3. Modelo de p62 como receptor para proteinas poliubiquitinadas. p62 interage
com as proteinas através do dominio UBA. Ocorre a auto-oligomerizacdo de p62 através do
dominio PB1. O complexo é seletivamente sequestrado para o autofagossomo através da

interacdo com LC3. Adaptado de Komatsu & Ichimura (2010).
1.1.3. Autofagia e sua Associacdo com a Tumorigénese

Para que as células possam manter o equilibrio homeostatico é necessario

que exista um balanco entre a biossintese e a degradacdo de componentes
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celulares. A autofagia, através da sua capacidade de degradar organelas inteiras,
proteinas e patdgenos, exerce um papel critico nas células em resposta a varios
estimulos. Além disso, tem um papel essencial na manutencdo da integridade
gendmica nuclear e mitocondrial (Vessoni et al., 2013). Desta forma, falhas nesta
via estdo associadas a diversas patologias como infeccbes, doencas
neurodegenerativas, doengcas metabdlicas e cancer (Tooze & Yoshimori, 2010;
Jiang & Mizushima, 2014).

A autofagia tem um importante papel como supressora tumoral, o qual esta
fortemente relacionado com a defesa antioxidante exercida por esta via na célula.
A ativacdo da autofagia € essencial para a remocéo de mitocondrias danificadas,
principais geradores de espécies reativas de oxigénio (White, 2012). Desta forma,
a inativacdo da autofagia resulta na inducéo de estresse oxidativo e no acumulo
de p62, o qual aumenta ainda mais a producao de espécies reativas de oxigénio
(Levy & Thorburn, 2011). Como consequéncia, defeitos na via autofagica estao
associados a instabilidade genémica, provocada pelo estresse oxidativo, e a
inflamacé@o, promovendo um ambiente propicio ao surgimento de tumores
(Vessoni et al., 2013).

A ativacdo da autofagia em células normais, portanto, age como supressora
tumoral. No entanto, na célula tumoral, a ativacdo desta via possui papéis
distintos, dependendo do estagio da tumorigénese (Rosenfeldt & Ryan, 2011).
Nos estagios iniciais da tumorigénese, a ativacdo da autofagia atua como um
mecanismo protetor, evitando a progressdo tumoral. No entanto, em fases mais
avancadas da doenca, a autofagia dificulta a eliminacdo do tumor e leva &
resisténcia ao tratamento, uma vez que contribui para a sobrevivéncia da célula
tumoral (Rubinsztein et al., 2007).

Inimeros estressores podem levar a ativacdo da via autofagica. No
microambiente tumoral, as células estdo sujeitas ao estresse causado pela
deplecéo de nutrientes e oxigénio. A ativacdo de autofagia nestes casos contribui
para a manutencdo dos niveis energéticos intracelulares, permitindo a
sobrevivéncia da célula tumoral (Yang et al., 2011). E possivel que a autofagia

também esteja envolvida na promocdo da metastase, pois quando as células
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tumorais perdem o contato com a matriz extracelular, o que normalmente levaria a
morte celular apoptoética conhecida como anoikis, a autofagia é ativada para
promover a sobrevivéncia da célula e, desta forma, contribui para a invasao para
outros tecidos (Xu et al., 2013). Apesar do papel citoprotetor em células de
cancer, quando a autofagia € hiperestimulada ou esta ativa por periodos
prolongados, esta pode contribuir para a morte da célula. Acredita-se que este
envolvimento com a sinalizacéo letal ndo seja um indicativo de que exista um tipo
de morte celular programada autofagica. Segundo Shen et al. (2012), a célula
mantém a via ativada numa incansavel tentativa de promover a sobrevivéncia,
mas devido ao estresse, outras vias de morte também s&o ativadas, como
apoptose ou necrose. Nesse caso, a célula morta pode demonstrar também

aspectos autofagicos.

Diante destes diferentes papéis que a autofagia exerce na tumorigénese,
existe um grande interesse em modular a via autofagica como tentativa de
melhorar o prognéstico de pacientes com cancer. A administracdo de agentes
indutores ou inibidores da autofagia em combinacdo com farmacos
antineoplasicos pode ser uma alternativa interessante para a obtencdo de

melhores respostas ao tratamento quimioterapico (Levy & Thorburn, 2011).

1.1.4. Agentes Moduladores da Via Autofagica

1.14.1. Rapamicina

7

A rapamicina é um composto macrolideo produzido pela bactéria
Streptomyces hygroscopicus e apresenta inimeras aplicacdes farmacolégicas. A
primeira caracteristica farmacolégica descrita da rapamicina foi a agéo antifungica
contra espécies patogénicas de Candida. Mais tarde, suas propriedades como
imunossupressora, neuroprotetora, antienvelhecimento e antitumoral, foram
reveladas (Park et al., 2010). Ademais, o composto também pode ser utilizado no
tratamento de doencas autoimunes e em casos de rejeicdo de O6rgaos

transplantados.
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A rapamicina tem como alvo a proteina cinase TOR (target of rapamycin), a
qual é conservada em eucariotos desde leveduras até humanos. O alvo da
rapamicina em células de mamifero é a proteina mTOR. No entanto, apenas o
complexo da mTORC1 pode ser inibido pela acdo da rapamicina. Os substratos
mais bem caracterizados de mMTORCL1 séo a cinase S6 ribossomal e a 4E-BP1
(proteina de ligacdo ao fator de iniciagdo da traducéo eucarittico elF4E) (Figura
4). Desta forma, a inibicdo de mTORC1 leva a um decréscimo na sintese proteica
(Abraham & Gibbons, 2007).

O complexo da mTORC1 atua como um sensor de nutrientes e energia: além
de ativar a sintese de proteinas e a biogénese dos ribossomos, também participa
do transporte de nutrientes na célula, na sintese de lipideos e em outros
processos que envolvem fatores de crescimento e demanda de energia. Quando
ativo, o complexo da mTORC1 inibe Ulkl impedindo a ativacdo da autofagia. No
entanto, em presenca da rapamicina, mTOR € inativada e permite que a via

autofagica seja ativada (Kim et al., 2011).

mTORCA1

. T T
| |
E GBL Raptor i
! H
| |
]
Rapamicina : {| mTOR PRAS40 | !
; i

S6K 4E-BP1 Ulk1

Tradugao/ Autofagia
crescimento celular

Figura 4. Inibicdo do complexo mTORC1 pela rapamicina e ativacdo da autofagia. O
complexo mTORC1 ativa S6K a fim de promover a biogénese dos ribossomos. Em
contrapartida, 4E-BP1 € inibida e, desta forma, permite a tradugdo dependente de cap.
MTORC1 inibe a autofagia pela inativacdo de Ulkl. Na presenca de rapamicina, mTORCL1 é

inibida ativando a autofagia. Adaptado de Benjamin et al. (2011).
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Estudos recentes tém sugerido que a rapamicina possui a capacidade de inibir
a proliferacdo de células tumorais. Dependendo do tipo tumoral é possivel que a
rapamicina contribua para a morte celular por diferentes mecanismos. Jiang et al.
(2014) verificaram que a inducdo de autofagia pela rapamicina contribui para a
morte de células de cancer de pulméo e que a adicdo de 3-metiladenina (inibidor
de autofagia) em combinacdo com a rapamicina anula o efeito desta Ultima,
aumentando viabilidade celular. No entanto, também tem sido demonstrado que a
utilizacao da rapamicina pode contribuir para a sobrevivéncia de células tumorais.
Nakamura et al. (2014) mostraram que a rapamicina induz autofagia de forma
citoprotetora em células Nara-H (histiocitoma fibroso). Porém, a adicdo de U0126
(inibidor de autofagia pela inibicio de MEK) faz com que o tratamento com

rapamicina leve a morte celular por apoptose.
1.1.4.2. Cloroquina

Héa varias décadas a cloroquina tem sido utilizada como o principal tratamento
contra a malaria devido a sua eficacia, seguranca, boa tolerabilidade e baixo
custo (Solomon & Lee, 2009). Hoje sdo conhecidas varias outras propriedades
farmacolégicas da cloroquina, como atividade anti-inflamatoria e capacidade de
imunomodulagcdo (Thomé et al., 2013). Mais recentemente, tem sido dada
atencdo ao seu papel na terapia anticancer. A cloroquina pode sensibilizar as
células tumorais a outros farmacos e a radioterapia (Liu et al., 2014; Schonewolf
et al., 2014). InUmeros mecanismos estdo associados a sua eficacia como agente
anticancer, entretanto, um dos mecanismos que se destaca € o de inibicdo da

autofagia.

Dentro das células, a forma ndo protonada da cloroquina se acumula nos
lisossomos e passa a sequestrar protons levando ao aumento do pH lisossomal.
Esta perda nas condi¢des acidas promove uma disfuncdo do lisossomo, uma vez
gue muitas de suas enzimas sao inibidas. O aumento do pH lisossomal causado
pela atividade da cloroquina impede que o lisossomo se fusione com o0s
autofagossomos formados, impedindo a degradacdo do conteudo autofagossomal
(Kimura et al., 2013; Figura 5).
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Figura 5. Inibicdo da via autofagica pela cloroquina. A cloroquina (CQ) impede a fusdo do
lisossomo com o autofagossomo, pois impede a acidificacdo do lisossomo. Adaptado de
Rubinsztein et al. (2007).

Diversos autores tém demonstrado que o tratamento combinado da cloroquina
com farmacos quimioterapicos impede a proliferacdo de células tumorais. Muitos
farmacos utilizados no tratamento de diferentes tipos de canceres, tais como, 5-
fluorouracil, bortezomib e cisplatina, ativam a via autofagica. Esta ativacdo pode
promover a resisténcia a estes farmacos e impedir a morte celular. Ao inibir a
autofagia, a cloroquina auxilia na sensibilizacdo das células tumorais e pode

reverter a resisténcia ao agente quimioterapico (Liang et al., 2014).
1.1.4.3. 3-Metiladenina

A 3-metiladenina (3MA) é um conhecido inibidor da autofagia. A capacidade
da 3MA de inibir a degradacéo de proteinas enddégenas e de impedir a formacao
de autofagossomos foi primeiramente evidenciada em hepatdécitos de rato por
Seglen & Gordon (1982). A 3MA tem como alvo a inibicdo da atividade da enzima
PI3K classe lll. Desta forma, PI3P ndo é formado, o que impede a fase de

nucleacdo do autofagossomo (Petiot et al., 2000; Wu et al., 2010).

A 3MA também bloqueia PI3K de classe |, no entanto a PI3KI atua como um
regulador negativo da autofagia, pois ativa a mTOR em resposta a fatores de
crescimento (Choi et al., 2013). Acredita-se que a 3MA bloqueia a PI3K classe |
de forma persistente enquanto que e a PI3K classe Il é bloqueada de forma
transiente, desta forma o tratamento com 3MA nao deve ser feito por periodos

prolongados quando existe a intencao de inibir a autofagia (Wu et al., 2010).
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A combinacdo de 3MA com quimioterapicos que ativam a via autofagica tem
sido feita na tentativa de sensibilizar células de céancer (Sheng et al., 2013;
Palmeira-Dos-Santos et al., 2014). No entanto, alguns autores tém reportado que
a inibicdo da autofagia também pode estar relacionada ao aumento da viabilidade
celular em alguns casos. No estudo feito por Qi et al. (2013), por exemplo, os
autores demonstram que a adicdo de 3MA reduziu a morte por apoptose em

células de linfoma tratadas com fluvastatina (farmaco da classe das estatinas).
1.2. Cisplatina

A cisplatina (cis-diaminodicloroplatina (II) ou CDDP) foi sintetizada em 1845 e
comecou a ser extensamente utilizada na clinica oncoldgica a partir da década de
1970. Na atualidade, a cisplatina continua sendo amplamente empregada no
tratamento de diversos tipos de canceres como ovario, bexiga, testiculo, cabeca e
pescoco, cérvice e pulméo (Gonzalez et al., 2001; Maccio & Madeddu, 2013).
Este composto platinado é formado por um atomo central de platina ligado a dois
grupos cloreto e dois grupos amino. Uma vez dentro da célula, a cisplatina pode
interagir com varios componentes celulares como, por exemplo, DNA, RNA,
proteinas e fosfolipideos de membrana.

No DNA, o atomo de platina liga-se covalentemente & posicéo N’ das purinas
e ocorre a formacao de varios tipos de adutos de platina, os quais caracterizam a
citotoxidade do composto. Pontes intercadeia e intracadeia podem ser formadas,
sendo as pontes intracadeia entre guaninas adjacentes o tipo de aduto mais
frequente. Monoadutos e pontes entre DNA e proteinas também podem ser
formados (Gonzalez et al., 2001) (Figura 6). Varias respostas celulares ocorrem
como consequéncia da formacdo dos adutos, tais como: parada na replicacao,
inibicdo da transcricdo, parada no ciclo celular, reparo do DNA e morte celular
(Wang & Lippard, 2005).
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Figura 6. Estrutura da cisplatina e sua agdo no DNA. (A) Estrutura molecular da cisplatina.
(B) Lesbes no DNA induzidas pela cisplatina. Adaptado de: http://www.conconilab.ca/projects/
(acesso em 24/04/2014).

A cisplatina pode induzir morte celular por apoptose e também por necrose,
dependendo da concentracdo intracelular do farmaco. Entretanto, a
quimioresisténcia a cisplatina é muito comum, prejudicando a terapia.
Mecanismos que influenciam na captacdo da cisplatina pelas células ou na
execucao da apoptose estdo envolvidos nesta resisténcia (Galluzzi et al., 2012).
Além do mais, o aumento no efluxo da cisplatina através da membrana
plasmatica, o0 aumento nos niveis de glutationa bem como o aumento nos niveis
de reparo de DNA também favorecem a resisténcia ao farmaco (Stathopoulos,
2013).

Em células tratadas com cisplatina ou outros tipos de compostos platinados,
pode ocorrer a ativacdo de autofagia como uma tentativa de prevenir a morte
celular (Bordin et al., 2013). O aumento na expressao de Beclina 1 e LC3-Il, assim
como o aumento da quantidade autofagossomos, estdo relacionados ao
tratamento com cisplatina. Esta ativacdo pode impedir a morte celular por
apoptose e contribuir para a quimioresisténcia. Em um estudo de 2013, Shen et

al. constataram que a autofagia esta ativa em células de osteossarcoma
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resistentes a cisplatina e que a adicdo de cloroquina acelera a morte celular
induzida pela cisplatina. Resultados semelhantes foram encontrados por Zhang et
al. (2013) em células de céancer gastrico, sugerindo que a inibicdo da autofagia
sensibiliza as células tratadas com cisplatina. A inibicdo da autofagia através do
silenciamento de genes relacionados a via autofagica também comprova que a
autofagia esteja envolvida na resisténcia a cisplatina, como demonstrado no
estudo de Zhu et al. (2013) em que foi constatado um aumento na sensibilidade a
quimioterapia em células de carcinoma esofagico pelo silenciamento do gene
ATGY.

1.2.1. Cisplatina no Tratamento Contra o Cancer de Pulméao

O cancer de pulméo é a principal causa de morte por cancer na populacao
mundial. No Brasil, de acordo com estimativas do Instituto Nacional do Cancer
(INCA), sao esperados 27 mil novos casos de cancer de pulméo para o ano de
2014 e, excetuando-se o cancer de pele ndo melanoma, o cancer de pulméo sera
o0 segundo tipo de cancer mais incidente em homens e o quarto em mulheres

(consulte a publicacdo em INCA Estimativa 2014).

Diferentes classificacfes podem ser atribuidas ao cancer de pulmao de acordo
com o tipo histolégico do tumor. As principais classes morfolégicas sdo os
carcinomas de pequenas células, de células escamosas, de grandes células e os
adenocarcinomas, cada uma apresentando diferentes perfis de expressao génica
(Meyerson et al., 2004). Dentre as classes citadas, os canceres de células ndo
pequenas (non-small cell lung cancer ou NSCLC) constituem mais de 80% dos
canceres de pulmédo (Stathopoulos, 2013). A identificacdo do tipo histolégico é

crucial para que o tratamento adequado seja indicado ao paciente.

A utilizacdo da cisplatina no tratamento de pacientes diagnosticados com
NSCLC comecou no inicio da década de 1980. Ao final da década de 90, apds a
publicacdo de inimeros estudos que mostravam a efetividade da cisplatina na
quimioterapia, o tratamento de primeira linha mais aceito para NSCLC avancado
era baseado em cisplatina (Giaccone, 2004). Testes em modelos pré-clinicos

mostravam o sinergismo da cisplatina com paclitaxel (Rosell et al., 2002). Outros
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compostos, tais como, inibidores de desacetilases de histonas e inibidores de
tirosina cinase, também cooperam de maneira sinergistica com a cisplatina
(Lopergolo et al., 2014; Zhou et al., 2014). A combinagdo com outros farmacos
também tem sido feita na tentativa de minimizar os efeitos colaterais, pois, quanto
maior a dose de cisplatina utilizada, maiores sao os efeitos indesejados. Entre
estes, destacam-se a neurotoxicidade e nefrotoxicidade (Wang & Lippard, 2005).

A associacao do cancer de pulmdo com irregularidades na via autofagica tem
sido relatada nos ultimos anos. Zhou et al.,, (2013) propuseram que a baixa
expressao de Beclina 1 é um risco para o surgimento deste tipo de cancer e esta
associada ao mau prognéstico para pacientes com NSCLC. Em um modelo
murino para cancer de pulmdo, Rao et al. (2014) demonstraram que o
silenciamento do gene ATG5 impede a progressdo do tumor, todavia, este
silenciamento também esta associado ao inicio da tumorigénese, atribuindo um
papel dual para ATG5 no cancer de pulmdo. Assim como para outros tipos de
canceres, tanto a inibicdo quanto a superativacao de autofagia poderiam conferir
um aumento da morte celular e impedir a progressdo do tumor (Ryter & Choi,
2010). Diante destes fatos, a manipulacdo da atividade da via autofagica pode

tornar-se uma aliada na terapia contra o cancer de pulmao.



23

2. OBJETIVOS
2.1. Objetivo geral

No presente estudo pretende-se avaliar o papel da autofagia induzida pela
combinacdo do farmaco antineoplasico cisplatina com agentes indutores e

inibidores da via autofagica em células de cancer de pulméao da linhagem H460.

2.2. Objetivos especificos

e Revisar os dados publicados sobre o papel da autofagia na resposta ao

tratamento com agentes alquilantes.

e Avaliar a citotoxicidade e a inducdo de autofagia em células H460 apds a

exposicao ao agente alquilante cisplatina.

e Determinar o papel da hiperestimulacédo da autofagia na viabilidade de células

H460 utilizando a rapamicina em combinag&o com a cisplatina.

e Analisar a resposta de células H460 apés o tratamento com cisplatina em
combinacdo com a rapamicina, sendo esta administrada em pré-tratamento,

cotratamento e pés-tratamento.

e Avaliar o efeito da inibicdo da autofagia sobre a viabilidade de células H460
tratadas com cisplatina em presenca dos inibidores farmacol6gicos da via

autofagica 3-metiladenina e cloroquina.
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3. CAPITULO |

DNA ALKYLATION DAMAGE AND AUTOPHAGY INDUCTION

Artigo de reviséo publicado na revista Reviews in Mutation Research

APRESENTACAO

Neste capitulo sera apresentado o artigo de revisdo publicado em julho de
2013 na revista Reviews in Mutation Research, do qual sou segunda autora. O
artigo revisa os principais agentes alquilantes, os quais sao divididos em trés
categorias: agentes classicos, nos quais estdo incluidas as mostardas
nitrogenadas, os alquilsulfonados, as arizidinas e as nitrozureas; agentes nao-
classicos, que compreendem as triazinas, compostos platinados, também

conhecidos como agentes alquilantes-like.

O artigo também aborda o papel da autofagia ha homeostase celular e faz
uma breve revisdo sobre a maquinaria molecular da autofagia. Por fim, discute o
papel da autofagia na quimioterapia com agentes alquilantes baseado em

resultados de estudos realizados com modelos in vitro e in Vvivo.
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medical literature. The modified DNA interferes with essential
processes in cancer cells such as DNA replication and protein
synthesis. Because these agents are also toxic to non-cancer
cells, especially highly proliferative cells present in the bone
marrow, the digestive system, ovaries and testicles, the design of
novel alkylating agents that more specifically target cancer cells
is needed to improve the outcome of cancer patients.

The regulation of cell death mechanisms plays an important
role in both the pathogenesis of cancer and the response to
therapy. In chemotherapy, the destruction of neoplastic cells is
achieved not only by apoptosis, but also by necrosis, mitotic
catastrophe and autophagy [3-6], Autophagy seems to play a
dual role in the cellular response to antineoplastic drugs. In
some cases, activation of autophagy serves as a pro-death
mechanism blocking tumor progression. Alternatively, autop-
hagy may also contribute to tumor growth and survival. In this
review, we discuss the role of autophagy in response to
treatment with some of the most important alkylating agents
used in clinical oncology.

2. Alkylating agents

Alkylating agents covalently modify DNA and are often
mutagenic and cytotoxic. These agents act by transferring an
alkyl, chloroethyl or, in the case of platinum compounds, a
platinum group, to DNA in chemical reactions called nucleophilic
substitutions. Nitrogen, oxygen and phosphates are common
targets for alkylation, although the specificity of the reaction may
vary widely for different alkylating agents. The N’-atom of guanine
is particularly susceptible to alkylation. In addition, other atoms in
the purine and pyrimidine bases of DNA, such as the N'- or N>-
atoms of adenine, the N>- of cytosine, and the 0°- of guanine, may
be modified. RNA adducts and DNA-protein cross-links can also be
formed and contribute to the cytotoxicity of alkylating agents [7].

Alkylating agents can be divided into three categories: classical,
nonclassical and platinum compounds (Fig. 1), which can inflict a
variety of lesions in the DNA molecule (Fig. 2). Moreover, these
agents can be monofuncional or bifunctional. Monofunctional
alkylating agents transfer a single alkyl group to DNA and the
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Fig. 1. Chemical structures of the main alkylating agents used in cancer therapy.
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Fig. 2. Major lesions caused in DNA by different classes of alkylating agents. a: intrastrand cross-links; b: interstrand cross-links.

major adducts formed are N’-alkylguanine (N’-alkylG) and 0°-
alkylguanine (0°-alkylG). Bifunctional alkylators, on the other
hand, can react at two different sites in the DNA resulting in the
generation of a cross-link. If the resulting cross-link is between two
complementary strands of DNA it is called an interstrand DNA
crosslink (ICL) and if it is within the same strand of DNA it is known
as an intrastrand DNA crosslink. Some natural compounds, as well
as synthetic derivatives of natural alkylating agents, are able to
form bulky covalent DNA adducts and therefore exhibit anticancer
activity. These monofunctional alkylating agents represent an
attractive alternative for the treatment of tumors resistant to
conventional alkylating drugs since these compounds are able to
bind covalently to the N>-atom of guanine in the minor groove of
DNA and induce double strand breaks (DSBs) [8-12]. Although
there are several compounds in clinical trials, some of them
deserve special mention. These are: trabectedin, (ET-743, Yonde-
lis®), an alkaloid isolated from the marine tunicate Ecteinascidia
turbinate [13], lurbinectedin (PM01183) and Zalypsis®™ (PM00104),
a jorumucyn synthetic derivative [14,15], and S23906, a synthetic
anticancer agent derived from acronycine [16]. These agents
display therapeutic efficacy against human tumor xenografts and
several tumor cell lines resistant to cisplatin, synergise with
cisplatin when used to treat some tumor types [11,15,17].

In agreement with the diversity of DNA damage caused by
alkylating agents, the cellular response to these drugs is quite
complex. After DNA damage, cells orchestrate a series of responses
that include the triggering of DNA damage checkpoints and cell
cycle blockade. This cell cycle arrest enables additional time for
DNA repair. If the DNA repair is not successful or if the DNA damage
is too abundant, signaling cascades that lead to cell death will be
activated.

In addition to apoptosis, which is considered the main cell death
pathway activated in response to damage caused by alkylating
agents, autophagy can also direct cells to death. There is currently
no consensus on whether autophagic death should be considered
as a form of programmed cell death or if it only represents dying
cells with autophagic features [18]. Although cell death with
autophagic features can occur at the same time as other cell death
mechanisms, especially in cases where a massive amount of cells
are going to be eliminated, autophagy is particularly associated
with defective apoptosis [19,20]. Current data suggest that
autophagy can have both cytoprotective and cytotoxic mechanism
dependent on the tumor type, the type of chemotherapeutic drug
used and the extent of DNA damage.

3. Alkylating agents and autophagy

Although three types of autophagic processes are known,
namely microautophagy, chaperone-mediated autophagy and

macroautophagy, only the latter type will be discussed here and
will be referred to as autophagy. However, it is worth noting that
the common feature among the three types of autophagy is the
delivery of cellular constituents to lysosomes for degradation.

Autophagy is a highly conserved evolutionary process that
destroys cellular components producing ATP and macromolecules
derived from the destroyed components. Stimuli such as hypoxia
[21], infections caused by viruses and bacteria [22], oxidative
stress [23], starvation [24] and DNA damage [25] are responsible
for triggering autophagy. Both autophagy and the proteasome
system are able to degrade proteins, but only autophagy is capable
of degrading entire organelles. For this reason, when compared to
the proteasome system, autophagy is normally considered a less
selective process of degrading both biomolecules and more
complex cellular components. However, some organelles such as
mitochondria, endoplasmic reticulum and peroxisome can be
selectively degraded in processes called mitophagy, reticulophagy
and peroxyphagy, respectively [26].

3.1. Role of autophagy in cellular homeostasis

In the first instance, activation of autophagy serves as a cellular
mechanism for quality control by promoting the degradation and
elimination of damaged cellular constituents, intracellular patho-
gens, apoptotic cells and long-lived proteins [27,28]. In addition to
recycling cellular components, autophagy is involved in the
development, differentiation and remodeling of tissues of various
organisms [29]. Failure to remove damaged cellular components
leads to tissue damage and genetic instability, which can promote
and accelerate tumorigenesis [30]. The role of autophagy as a
tumor suppressor was first demonstrated in mice with a
monoallelic deletion of Beclin 1 [31]. Beclin 1 is an essential
protein recruited early during the autophagic process. A higher
incidence of spontaneous tumors, such as liver cancer, lung cancer
and lymphomas, was observed in Beclin 1*/~ compared with Beclin
1** mice. Interestingly, there was no loss of heterozygosity in
tumor cells derived from Beclin 1*/~ mice, suggesting that a
reduced level, but not an absence of autophagy, is pro-tumoral.
Accordingly, and confirming the essentiality of the gene, Beclin 1/~
mice die early in embryogenesis [32].

Furthermore, autophagy can be induced by changes in
environmental conditions, such as nutrient depletion. In this case,
autophagy provides energy and amino acids necessary to allow cell
survival under metabolic stress [33]. Hence, autophagy can be
considered as a form of protection against various types of injuries
and stress. However, persistent stress and therefore the prolonged
activation of autophagic pathway can lead to excessive degrada-
tion of intracellular constituents and cell death with autophagic
features [18].
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3.2. Molecular machinery of autophagy

The molecular machinery involved in the control of autophagy
is modulated by different signaling pathways. The major regulator
of autophagy is the mammalian target of rapamycin complex I
(mTORC1), which is regulated by the class I phosphoinositide 3-
kinase/Akt (PI3K/Akt) pathway. PI3K/Akt responds to nutrient
availability in the environment through growth factors activating
mTORC1 thereby controlling cell growth and autophagy. AMPK,
another protein kinase involved in the regulation of autophagy,
acts by sensing the decrease in the ratio of intracellular ATP/AMP
and is a positive regulator of autophagy [34].

In response to genotoxic stress, autophagy can be induced
through the signaling pathways summarized in Fig. 3. These
pathways link the DNA damage response involving ATM, Chk1/2
and p53 to the autophagy-regulating machinery, mainly AMPK and
mTORC1. p53 can either activate AMPK, which inhibits mTORC1
thereby inducing autophagy, or induce the expression of the
damage-regulated autophagy modulator (DRAM), a lysosomal
protein facilitating the autophagic process. Interestingly, p53, one
of the most important tumor suppressor genes, has been described
as both a positive and a negative regulator of autophagy depending
on its subcellular localization. In contrast to nuclear p53,
cytoplasmic p53 prevents autophagy in a poorly characterized
manner [35].

Autophagy starts with the nucleation of membranes that are
expanded in an elongation step to form double-membrane vesicles
called autophagosomes, a morphological hallmark of autophagy.
The formation and expansion of the autophagosomes are mediated
by autophagy-specific genes (Atg), and their products have been
described as markers for autophagy. Beclin-1 and LC3 (the
mammalian orthologs of the yeast genes Atg 6 and Atg 8,
respectively) are the most widely autophagic proteins studied.

Beclin 1 is one of the first proteins to be recruited to the formation
of autophagosomes whereas LC3 is integrated in the membrane of
autophagosomes during the elongation step. Autophagosomes
envelop the cellular material to be degraded and fuse it with
lysosomes forming the autolysosomes. Once in contact with
lysosomal hydrolases, proteins and organelles contained in
autolysosomes are degraded and free amino acids are released.

3.3. Role of autophagy in alkylating chemotherapy

Chemotherapeutic drugs that target the DNA molecule
frequently initiate autophagy in cancer cells. Although autophagy
has a beneficial effect as a tumor suppressor in healthy cells,
induction of autophagy may promote survival of tumor cells
leading to resistance to cell death. On the other hand, depending on
the extent of damage and the cellular context, autophagy may also
be the mediator of a non-apoptotic form of cell death called
autophagic cell death. Several studies focusing in elucidating the
role of autophagy in cancer cells treated with DNA damaging
agents are shown in Table 1. Most of the results obtained with
alkylating agents in different cancer cell lines indicate that
autophagy plays a cytoprotective role. Although the activation
of autophagy and apoptosis can occur simultaneously, the
activation of autophagy can reduce and/or delay cell death by
apoptosis. Despite the complexity of the relationship between
apoptotic and autophagic pathways, an important mechanism that
appears to be involved in the reduction of apoptosis by activation
of autophagy is the removal of damaged mitochondria [36].
Therefore, in a scenario where the apoptotic pathway is functional,
elimination of mitochondria would avoid the release of proapop-
totic molecules, such as cytochrome ¢ and apoptosis inducing
factor (AIF). In contrast, where apoptosis is inhibited or defective,
autophagy can be activated and contribute to cell death [37].
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Fig. 3. DNA alkylating damage and autophagy induction. Different DNA damage caused by alkylating agents (here represented by cisplatin adducts) induce double-strand
breaks (DSBs) in DNA. In response to DSB, the PI3K-like kinases ATM and ATR kinases are activated. Then, H2AX is rapidly phosphorylated by ATM and ATR, to form yH2AX.
Other downstream targets of activated ATM and ATR include the checkpoint kinases Chk1 and Chk2 which in turn phosphorylate and stabilize p53. ATM, in addition to its
central role in the nucleus, is able to activate AMPK and repress PI3K/Akt and mTOR to stimulate autophagy in the cytoplasm. p53 can also affect key regulatory components of
the autophagic pathway by inducing the expression of DRAM thereby activating AMPK and/or inhibiting mTOR.
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Table 1
Alkylating agents and autophagy in different in vivo and in vitro models.
Class of Alkylating agent Mechanism of Tumor type/cell line Autophagy inhibitor Apoptosis Role of Reference
alkylating DNA damage detection autophagy
agent
Nitrogen Cyclophosphamide Interstrand crosslink ~ Mouse Myc-induced cQ? Positive Cytoprotective  [38]
mustard xenograft model of
lymphoma
Melphalan Interstrand crosslink ~ Multiple myeloma cells ~ 3MAP/HCQ¢/siRNA Atg5/ Positive Cytoprotective  [39]
siRNA Beclin-1
N-mustard BO-1051 Interstrand crosslink  Hepatocellular E64d/pepstatin A/BafA19/  Positive Cytoprotective  [40]
carcinoma cells shRNA Beclin-1/siRNA
p62/SQSTM1
N-mustard BO-1051 Interstrand crosslink ~ Malignat glioma cells 3MA/BafA1/shRNA Positive Cytoprotective  [41]
Beclin 1
Nitrosourea MNNG Monoadducts and Mouse Myc-induced cQ Positive Cytoprotective  [38]
interstrand crosslink  model of lymphoma
cells
Platinum Cisplatin Intrastrand and Hepatocellular 3MA/siRNA Atg5 Positive Cytoprotective  [42]
compound interstrand crosslink  carcinoma cells
Hepatocellular 3MA/CQ/siRNA Beclin-1 Positive Cytoprotective  [43]
carcinoma cells
Cervical cancer cells 3MA/CQ Positive Cytoprotective  [44]
Colorectal cancer, CQ/andrographolide Positive Cytoprotective  [45]
breast adenocarcinoma
and cervical carcinoma
cells
Esophageal cancer cells  3MA Positive Cytoprotective  [46]
Skin carcinoma cells 3MA/siRNA Atg5 Positive Cytoprotective  [47]
Lung adenocarcinoma 3MA Positive Cytoprotective  [48]
cells
Malignant glioma cells BafA1/CQ/wortmannin Positive Cytoprotective  [49]
E-platinum Intrastrand and Gastric carcinoma cells  3MA/CQ Not verified  Cytotoxic [50]
interstrand crosslink
Oxaliplatin Intrastrand and Hepatocellular CQ/siRNA Atg7 Positive Cytoprotective  [51]
interstrand crosslink  carcinoma cells
Hepatocellular CQ/siRNA Atg5 Positive Cytoprotective  [52]
carcinoma cells
Gastric cancer cells cQ Positive Cytoprotective  [53]
Triazine Temozolomide Monoadducts Malignant glioma cells 3MA/BafA1/CQ/ Positive Cytoprotective  [54]
and xenograft model resveratrol
Apoptosis-resistant siRNA Beclin-1/ Negative Cytotoxic [55]
malignant glioma cells siRNA Atg5
Malignant glioma cells 3MA/siRNA Beclin-1 Positive Cytoprotective  [56]
Malignant glioma cells Baf A1/3MA Positive Cytoprotective  [57]
Resistant malignant 3MA Negative Cytotoxic [58]
glioma cells
2 Chloroquine (CQ).
> 3_Methyladenine (3MA).
¢ Hidrochloroquine (HCQ).
d

Bafilomycin A1 (BafA1).

To determine the physiological relevance of autophagy, a
variety of autophagy inhibitors have been employed in combina-
tion with alkylating treatments, since inhibition of autophagy at
different steps of the pathway may produce different cellular
responses [57]. Besides the knockdown/knockout of autophagic
genes (Atg 5, Atg 7 and Beclin 1, for example), several
pharmacological inhibitors have been employed to investigate
autophagy. The most commonly used inhibitors are 3-methyla-
denine (3MA), wortmannin and LY294002; these inhibitors block
autophagy at an early stage by blocking class III PI3K activity
(required to initiate autophagy) and interfering with the formation
of autophagosomes. However, these compounds are not specific
autophagy inhibitors and may also inhibit class I PI3K activity
(which inhibits autophagy), therefore promoting autophagy in
cells exposed to these inhibitors for long periods [59]. Chloroquine
(CQ), an antimalarial drug, is capable of inhibiting the lysosomal
function resulting in accumulation of autophagosomes. Similar to
CQ, pepstatin A and E64d are also inhibitors of lysosomal proteases
whereas Bafilomycin A1 (BafA1) is a specific inhibitor of vacuolar-
type H"-ATPase. It should be emphasized that autophagy inhibition

at the lysosomal stage leads to the accumulation of autophago-
somes, whereas inhibition at the earlier steps reduces the amount
of autophagosomes in the cell. The accumulation of autophago-
somes resulting from the use of inhibitors of lysosomal function
can be cytotoxic. Large amounts of ineffective autophagosomes
lead to mitochondrial and lysosomal membrane permeabilization
causing activation of caspase-3 and apoptotic cell death [57]. On
the other hand, inhibition of the initial steps of the autophagic
pathway, which prevents the formation of autophagosomes, leads
to the accumulation of polyubiquitinated protein aggregates and
unfolded/misfolded proteins in the endoplasmic reticulum [60].
Additionally, inhibition of autophagy reduces ATP levels leading to
mitotic catastrophe in gliomas treated with temozolomide and
restoration of ATP levels with a permeable analog of pyruvate
prevented mitotic catastrophe, indicating that autophagy-gener-
ated ATP is important for cell survival [56].

As shown in Table 1, the majority of studies show that in the
presence of alkylating agents, autophagy has a cytoprotective role.
For example, treatment of a Myc-induced model of lymphoma with
the nitrosourea MNNG combined with CQ lead to enhanced cell
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death, when compared with MNNG treatment alone, showing that
autophagy served as a survival mechanism in response to DNA
damage [38]. Results for multiple myeloma treated with low doses
of melphalan and hepatocarcinoma treated with BO-1051, a newly
synthesized nitrogen mustard with high DNA affinity, also
indicated that adding two lysosomal protease inhibitors, E64d
and pepstatin A, potentiates the effects of DNA alkylating therapy
by increasing the fraction of apoptotic cells [39,40].

Chen et al. [40] demonstrated that autophagy induced by BO-
1051 is a downstream target of the ATM signaling pathway.
Alkylating agents, such as nitrogen mustards, generate DSBs
during DNA repair recruiting DNA damage activated kinases. Faced
with these lesions, ATM, together with ATR and their signal-
transducer molecules Chk1/2 are engaged to arrest the cell cycle.
Moreover, a cytoplasmic role of ATM has been described, showing
that ATM activation suppresses mTORC1 via LKB1/AMPK metabol-
ic pathway, which in turn induces autophagy [61]. This cyto-
plasmic pathway linking DNA damage response and autophagy,
and more precisely ATM and autophagy, may have important
therapeutic implications in cancer. However, the connection seems
to be much more complex considering the variety of proteins and
steps involved in each signaling pathway. In this case, the kinase
ATM, as well as the transducers in the DNA damage signaling, Chk1
and Chk2, may be involved in autophagy induction in cancer cells
treated with chemotherapeutic agents.

Platinum derived compounds primarily induce the formation of
DNA intrastrand crosslinks, but can also induce the formation of
ICLs. As listed in Table 1, cells treated by platinum compounds can
induce autophagy as a way to prevent cell death. Due to their
clinical importance, many studies using different cell types have
been carried out to elucidate the role of autophagy in response to
platinum agents. As an example, autophagy has been shown to
play a role in the resistance of cancer cells to cisplatin, the first
platinum drug ever used in cancer treatment. Different studies
have shown increased expression of LC3Il and Beclin 1 and an
increase in the number of autophagosomes after cisplatin exposure
[46]. Cisplatin triggers autophagy by activation of AMPK and
downregulation of mTOR, thereby protecting glioma cells from
oxidative stress, caspase activation and DNA fragmentation [49]. In
HCT116 colon cancer cells treated with cisplatin, CQ inhibits the
prosurvival function of autophagy by increasing PARP and caspase
3 cleavage [45]. Furthermore, it has been shown that cisplatin can
induce the accumulation of misfolded proteins leading to
endoplasmic reticulum stress that can cause cell death mainly
by apoptosis. However, Xu et al. [44] demonstrated that while
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treatment with cisplatin induces endoplasmic reticulum stress,
cisplatin also activates autophagy, which is implicated in reducing
the ubiquitinated proteins thereby preventing apoptosis induced
by endoplasmic reticulum stress in HelLa cells.

Oxaliplatin is reported to induce autophagy in certain tumor
cell lines. Hepatocellular carcinoma and gastric cancer cells treated
with oxaliplatin show conversion of the LC3 cytoplasmatic form
(LC3I) to the autophagosome-integrated form (LC3II) indicating
the induction of autophagy [51,52]. As well as cisplatin, oxaliplatin
seems to induce autophagy as a protective mechanism. Although
less is known about the role of autophagy in the cytotoxicity
exerted by oxaliplatin, the mechanism of autophagy induction
seems to be very similar to the one induced by cisplatin.
Oxaliplatin prevents phosphorylation of Akt and mTOR and may
induce autophagy by inhibiting PI3K/Akt/mTOR pathway [53].
Autophagy inhibition induced by oxaliplatin with CQ or 3MA
enhances the production of reactive oxygen species (ROS), which
contributes to death of hepatocarcinoma cells [52].

In clinical treatment protocols, different regimens are usually
combined in order to prevent drug resistance and to achieve better
survival outcomes. Combining high-LET radiation with oxaliplatin
to treat glioma cells, Benzina et al. [62] found an increase in the
number of DSBs in DNA (whencompared to each single treatment),
as detected by increased phosphorylation of the H2AX histone
(vyH2AX), a marker of DSB formation. The increase in DNA damage
correlated with the induction of autophagy, and only very low
levels of apoptosis were observed. More recently, Altemeyer et al.
[63] used hepatocellular carcinoma cells treated with oxaliplatin
and high-LET radiation. The authors showed a positive correlation
between DSB formation and autophagy activation when DNA
repair was blocked by concomitant administration of an inhibitor
for PARP, a protein essential for efficient single-strand break repair.
Combining oxaliplatin with high-LET radiation markedly increased
autophagy and reduced cell growth.

A study with E-platinum, a newly synthesized platinum drug
with a structure similar to oxaliplatin, showed that autophagy
induction in gastric cancer in vitro and in vivo plays an important
role in the inhibition of cell growth [50]. The mechanism that leads
to induction of autophagy by E-platinum is not well understood,
but inhibition of mTOR seems to be the key event to trigger the
autophagic pathway. In addition, E-platinum suppressed the
phosphorylation of Akt, ERK1/2 and p38MAPK in a time-dependent
manner.

More recently, the alkylating agent temozolomide was shown
to induce autophagy in malignant glioma cells [57,64]. Different
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Fig. 4. DNA alkylating damage (here represented by cisplatin adducts) leads to cell death with autophagic features in cases of insufficient/inhibited DNA repair and defective/

inhibited apoptosis.
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studies have demonstrated a protective role of autophagy in cells
treated with temozolomide [56]. The autophagy induced in
response to treatment with temozolomide degrades cellular
biomolecules and provides metabolic substrates to the mitochon-
dria. This result in increasing of intracellular ATP levels, which
protects cells from death characterized by multimicronucleation
[56]. Temozolomide mediated-autophagy seems to happen
through an increase of ROS levels and ERK activation. Inhibiting
ROS production with resveratrol is synergistic with temozolomide
most likely by reducing the autophagic flux and increasing
apoptotic cell death [54].

Exceptions for this pattern of cytoprotection have been seen in
treatments where autophagy served as a mechanism of cell death
as represented in Fig. 4. Apoptosis-resistant glioma cells treated
with temozolomide and (-)-gossypol, a pan-Bcl2 inhibitor,
showed a significant increase in cell death compared to cells that
received only temozolomide. Cell death was characterized as
caspase-independent and presented increased autophagosome
formation which led the authors to conclude that the cells
underwent autophagic cell death [55]. In order to control
autophagy, the anti-apoptotic Bcl-2 and Bcl-x; proteins sequester
Beclin 1 preventing the assembly of proteins involved in vesicle
nucleation that initiate the autophagosome formation [65].
Therefore, using a pan-Bcl2 inhibitor, Beclin 1 is released and
can initiate the autophagosome formation which can explain the
high number of autophagosomes and consequently cell death. In
other cases, autophagy is induced, but has no significant role in the
outcome for cells treated with temozolomide [66].

MGMT is the enzyme responsible to repair monoadducts
induced by temozolomide in DNA, which is the major cause of
resistance in the treatments of gliomas. The autophagic cell death
was potentiated when MGMT negative cells received temozolo-
mide and (—)-gossypol, indicating that DNA repair inhibition can
be an important aspect that contributes to autophagic cell death
[55]. Inhibiting DNA repair with 0°-Benzylguanine, a MGMT
inhibitor, Kanzawa et al. [58] demonstrated that resistant glioma
cells treated with temozolomide underwent autophagic cell death.
Although the studies with temozolomide seem conflicting, it is
worthwhile to emphasize that autophagy seems to serve as a cell
death mechanism only in cases where DNA repair and apoptosis
are inhibited or defective.

4. Concluding remarks

Alkylating agents is a major class of cancer chemotherapeutic
drugs. Since their initial use in clinical oncology, many new
compounds with higher specificity and lower toxicity have been
discovered and are currently used to treat a wide variety of tumors.
Due to their crucial importance in cancer chemotherapy, there is
great interest in investigating the mechanisms of cellular response
to alkylation employed by cancer cells.

Alkylating agents react with DNA and other macromolecules,
producing a broad range of cellular damage. The cellular responses
to alkylation are, therefore, complex and can result in the
activation of cell cycle arrest, survival signaling and DNA repair,
or of cell death pathways, depending on the context and amount of
cellular damage. Recently, autophagy has been described as an
important factor in the response to DNA damage. Whether this
response contributes or not to the survival of cancer cells is still a
matter of debate.

Induction of autophagy in cancer cells during chemotherapy
has been reported to prolong cell survival by delaying apoptosis
and leading to chemoresistance. However, chemoresistance can be
prevented in the presence of pharmacological or genetic inhibitors
of the autophagic pathway. Several reported studies indicate that
co-treatment with autophagy inhibitors and alkylating agents

leads to an increase in alkylation sensitivity of tumor cells in
cultureHowever, studies demonstrating the efficacy of inhibition
of autophagy combined with alkylating drugs in in vivo models are
still scarce. However, among the few in vivo data available, the co-
treatment of HCQ or CQ with alkylating agents was shown to
significantly increase tumor suppression and delay tumor recur-
rence [38,39]. Furthermore, these inhibitors are well tolerated and
not toxic. In humans, only HCQ and CQ inhibitors have been tested
in combination with conventional chemotherapy. Several studies
now in preclinical phase are being conducted combining these
inhibitors with chemotherapeutic drugs [30]. However, temozo-
lomide is the only alkylating agent so far tested. Currently, clinical
phase I/II trials combining temozolomide and HCQ are being
conducted in order to find the concentration of HCQ able to inhibit
autophagy and improve treatment as well as to identify potential
side effects of the combined use of both drugs [30]. In addition, it
would be interesting to assess if the efficacy of autophagy
inhibition is modified whether it is administered before, during
or post-alkylating agent treatment.

Treatment with alkylating agents seems, in general, to induce
autophagy to support cell survival during genotoxic stress by
maintaining sufficiently high intracellular ATP levels to allow DNA
repair, by reducing ubiquitinated proteins and subsequent
endoplasmic reticulum stress, and by clearing damaged organelles.
Selective autophagy of damaged organelles, like mitochondria,
may prevent the production of ROS and the release of cytochrome
¢, a potent apoptotic trigger. However, in association with DNA
repair inhibition and defective apoptosis, autophagy is associated
with cell death. In these cases, the use of autophagy inducers
combined with DNA repair inhibitors and chemotherapeutic
agents might provide a new and attractive approach in cancer
treatment. Some studies suggest a link between the DNA damage
response and autophagy, demonstrating that DNA lesions, such as
intrastrand and interstrand DNA cross-links, induce autophagy.
Although this connection is not fully elucidated, the investigation
of new chemotherapeutic regimens that can simultaneously
modulate DNA damage signaling and recruitment of repair
machinery, as well as the induction of autophagy, especially in
apoptosis defective cells, provides a new and exciting avenue for
cancer research and treatment. However, more experimental data
are needed before we can identify potential therapeutic targets
that integrate the process of autophagy, DNA repair and/or DNA
damage response in chemotherapy.
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4. CAPITULO I

Autophagy induction in non-small cell lung cancer cells contributes to cell

death induced by cisplatin treatment

Manuscrito a ser submetido para publicacéo

APRESENTACAO

Neste capitulo serd apresentado um manuscrito que aborda o papel da
inducdo de autofagia pelo agente alquilante cisplatina em células de cancer de
pulmédo de células ndo-pequenas (NSCLC) da linhagem humana H460. Através
da utilizacdo do indutor farmacoldgico de autofagia rapamicina foi possivel
provocar uma hiperestimulagéo desta via e reduzir significativamente a viabilidade

celular.

Além do mais, na tentativa de verificar a papel da autofagia induzida pela
cisplatina foram utilizados os farmacos inibidores de autofagia 3-metiladenina e
cloroquina. A inibicdo pela 3-metiladenina ndo influenciou na viabilidade celular,
no entanto, a adicdo de cloroquina levou a um pequeno aumento da viabilidade,
sugerindo que a ativacdo de autofagia pela cisplatina contribui para a morte

celular.
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Abstract

Cisplatin (CDDP) is still one of the most effective agents against various types of
cancer, including non-small cell lung cancer (NSCLC). Recently, it has been
shown that CDDP and other chemotherapeutical compounds that cause DNA
damage activate the autophagic pathway, which may influence cellular responses
and affect the result of therapy. CDDP activated autophagy in H460 lung cancer
cells, as assessed through the quantification of AVOs (acidic vacuolar organelles)
and levels of LC3-I/ll and p62 proteins. The combination of rapamycin with CDDP
lead to overstimulation of autophagy and considerably decreased the clonogenic
capacity of treated cells. Moreover, the early step autophagy inhibitor 3-
methyladenine did not affect the capacity of colony formation after CDDP
treatment, while chloroquine, which inhibits autophagy completion, significantly
increased cell viability, suggesting that autophagy completion contributes to cell
death.
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1. Introduction

Lung cancer is the leading cause of cancer deaths in the world
(www.inca.gov.br; www.cancer.org). Among the lung cancer subtypes, non-small
cell lung cancer (NSCLC) constitutes more than 80% of all lung cancer cases
(Stathopoulos, 2013). The main options to treat NSCLC include surgery,
radiotherapy and chemotherapy, depending on tumor stage. One of the most
employed drugs in NSCLC chemotherapy treatment is cisplatin (cis-
diamminedichloroplatinum (Il) or CDDP) (Giaccone, 2004). CDDP acts as an
alkylating-like agent and its cytotoxicity is characterized by the formation of
platinum adducts on DNA, including monoadducts, intrastrand and interstrand
crosslinks, and DNA protein crosslink (Gonzalez et al., 2001). Adducts formation
activates several cellular responses such as transcription inhibition, cell cycle
arrest, DNA repair or apoptosis when DNA is highly damaged and repair is not
possible (Wang & Lippard, 2005).

Cells exposed to CDDP and other chemotherapeutical agents induce
autophagy, but the role of the induction of this mechanism is variable (Bordin et
al., 2013; Vessoni et al., 2013). Autophagy is an evolutionarily conserved process
that takes part in the degradation of cellular constituents and is essential for the
maintenance of cellular homeostasis (Jiang & Mizushima, 2014). During periods of
starvation, autophagy provides energy (ATP) and important biomolecules to the
cell. This process also participates in the cellular quality control through the
degradation of damaged organelles and pathogens (Johansen & Lamark, 2011).
Autophagy induction by chemotherapeutic agents prevents cell death and
contributes to chemoresistance in some cases (Zhang et al., 2013; Zhu et al.,
2013). On the other hand, autophagy activation may also lead to cell death and
cooperate in tumor elimination (Qi et al., 2013). Given these controversial
functions of autophagy in chemotherapy, it is fundamental to evaluate different
autophagy inducers and/or inhibitors in combination with chemotherapeutical
compounds in an effort to sensitize tumor cells (Pan et al., 2011; Liu et al., 2013;
Selvakumaran et al., 2013). In the present study, we modulated autophagy and

explored its role in NSCLC cells subjected to CDDP treatment. For this purpose,
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we combined CDDP with the autophagy inducer rapamycin (Rap), which inhibits
MTORC1 (mammalian target of rapamycin complex 1). We also made a
combination of CDDP with the autophagy inhibitors 3-methyladenine (3MA) and
chloroquine (CQ). 3MA inhibits PI3K class Il and therefore prevents the
autophagosomal formation while CQ impairs lysosome acidification and its fusion
with the autophagosome, thus blocking the late stages of autophagy.

In our results, CDDP was able to induce autophagy in H460 NSCLC cells. We
observed a greater induction of autophagy when cisplatin was combined with Rap,
especially when a pretreatment with Rap followed by treatment with CDDP was
made. This result was associated with a significant reduction in cell viability. On
the contrary, treatment with CDDP combined with CQ slightly enhanced cell

survival.

2. Materials and methods
2.1. Reagents

Cisplatin (Fauldcispla) was obtained from Libbs. Rapamycin (Rap), chloroquine
(CQ), 3-methyladenine  (3MA), MTT  ((3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide), acridine orange (AO) and Krebs-Ringer Bicarbonate

Buffer were all purchased from Sigma-Aldrich (St. Louis, MO).
2.2. Cell culture

H460 (NCI-H460 ATCC) cells were grown in DMEM high glucose (Dulbecco’s
modified Eagle’s medium; Invitrogen, Carlsbad, CA). Medium was supplemented
with 10% heat-inactivated FBS, 100 units/mL penicillin, and 100 mg/mL
streptomycin. Cells were maintained at 37°C in a humidified incubator with an

atmosphere of 5% COs,.
2.3.  MTT viability assay

Cells were seeded in 24 wells plates at a density of 7 x 10%well and treated

with CDDP (doses varying from 0 to 33 uM) for 48h. Cotreatment with Rap was
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also performed. Following treatment, cells were incubated with 0.4 mg/ml MTT salt
for 3h. Absorbance was measured at a wavelength of 540 nm.

2.4. Clonogenic assay

We assessed the ability of cells to form colonies on a monolayer
surface into a well of a six-well plate. Cells were plated at a density of 200
cells/well and allowed to adhere. The next day cells were incubated with 0.2 and
0.9 uM of CDDP (ICy and IC,5 values obtained by MTT assay, respectively) for
48h. Combined treatments using CDDP, the autophagy inducer Rap (100 nM),
and the autophagy inhibitors 3MA (1 mM) or CQ (10 uM) were performed. After
the treatment period, cells were maintained in drug free medium for 7 days. After
that, cells were fixed in methanol and stained with crystal violet. Colonies were
counted and are presented as the mean of colonies + SD from three independent

experiments.
2.5. Flow cytometric quantification of acidic vesicular organelles (AVOs)

Cells were plated in 24 wells plates at a density of 3 x 10%well and incubated
with 1C10 and IC,5 of CDDP for 48h. After combined treatments with CDDP and
Rap or CDDP and 3MA, cells were harvested by trypsinization, washed in PBS,
and then stained with 1 pg/ml acridine orange for 15 min. AO fluorescence was

measured by flow cytometry.
2.6. Western blot analysis

Cells were washed with PBS and collected from plates with lysis buffer
containing M-PER mammalian protein extraction reagent and protease inhibitor
mini tablets EDTA-free (both from Pierce, Rockford, IL). Proteins were quantified
using the BCA assay (Pierce, Rockford, IL). The same amount (30 pg) of proteins
was resolved in a SDS—-PAGE gel and transferred to a nitrocellulose membrane
(Amersham Pharmacia Biotech, Piscataway, NJ). After transfer, membranes were
blocked in 5% skimmed milk powder with 0.1% Tween 20. The blots were then
probed at 4°C overnight with the primary antibodies for LC3 B (1:1000) and
p62/SQSTM1 (1:1000) both from Cell Signaling Technology (Beverly, MA, USA).
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Secondary antibodies were goat anti-rabbit IgG-HRP or goat anti-mouse IgG-HRP
(1:5000) from Santa Cruz Biotechnology (Santa Cruz, CA, USA). Signal was
detected using ECL western blotting substrate system or Supersignal

chemiluminescence (Pierce, Rockford, IL).
2.7. Statistical analysis

Each experiment was carried out at least in triplicate. Statistical analysis was
conducted by ANOVA followed by Tukey post-hoc test to multiple comparisons. ‘p’
value under 0.05 was considered significant. The GraphPad Prism 5.0 software
(GraphPad Software Inc., Philadelphia, U.S.A.) was employed.

3. Results
3.1. Rapamycin combined with cisplatin decreases the viability of H460 cells

Rapamycin (100 nM) potentiated the effects of CDDP on cell viability measured
by MTT assay after 48h, mainly at the lower doses of CDDP (Fig. 1A). Noteworthy
is the fact that rapamycin alone did not elicit any cytotoxicity at concentrations
ranging from 1 to 10000 nM (Fig. 1B).
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Figure 1. Effect of rapamycin and cisplatin on the viability of H460 cells. Cell viability was
determined by MTT assay after 48h of treatment. (A) CDDP alone or combined with rap 100 nM.
(B) Rap alone.

Based on these results, we decided to use low concentrations of CDDP in the
following experiments in order to confirm that the combination of CDDP and
rapamycin contributes to cell death. Thus, concentrations of 0.2 uM and 0.9 uM,
equivalent to the ICyp and IC,s values of cisplatin, respectively, were used. In
addition, we also found important to evaluate whether the addition of rapamycin,
before (pretreatment), during (cotreatment) or shortly after (post-treatment)
exposition to CDDP, could influence the response of H460 cells. Thus, different
treatments were applied to H460 cells, which are explained in Figure 2.

Experimental procedures using autophagy inhibitors are also included in Figure 2.
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| Cisplatin(cDDP)  |emmmmmm [ 3-Methyladenine (3MA) f—my
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Figure 2. Experimental design for combined treatments among CDDP and Rap or CDDP and

autophagy inhibitors.

3.2. Rapamycin increases autophagy induction in H460 cells after combined

treatments with cisplatin

The formation of acidic vacuolar organelles (AVOs) is a characteristic of
autophagy. Acridine orange is a fluorescent dye which stains the cell and emits
green fluorescence. However, in contact with acidic compartments, such as
autolysosomes, it emits bright red fluorescence, serving as an indicator of

autophagic cells.

To quantify the formation of AVOs, H460 cells were exposed to ICyo and ICy5 of
CDDP for 48h and submitted to pre-, co- or post-treatment with rapamycin.
Cisplatin at the IC,5 dose was able to induce autophagy compared to untreated
cells, whereas IC;yo did not induce the formation of AVOs (Fig. 3 A-B). However,
rapamycin combined with CDDP significantly contributed to autophagy induction in
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comparison to CDDP ICyp and ICys5 treatment only (Fig. 3 C-D). We observed a
greater formation of AVOs in cotreatment and pretreatment in comparison with
post-treatment, suggesting that the addition of rapamycin before or together with

CDDP is more efficient to activate autophagy.

>
w

IC1o CDDP + Rap IC,5CDDP + Rap

Control IC,,CDDP Cotreat. Pretreat. Post-treat. Control IC,; CDDP Cotreat. Pretreat. Post-treat.

Red Fluorescence FL-3 Red Fluorescence FL-3

0

[T

(0]

o

e .

[ i

(5] 3P

2
6 Fallnr Suul Sl
=] o o F
[T % e
= f ; -
S f
9 TEEr b i ms

O

[+

40 804 g
wokk HH

% of cells with AVOs
% of cells with AVOs

> Q . % x
o o <
o“‘é 000 (¢ Q¢ Qo"
< oS
N IC4o, CDDP + Rap
E F
Control IC,; Rap6h Rap48h Co- Pre-  Post-  Starv.

— -
N — c— — . —— _...dpﬁz
1 073 083 078 080 049 077 069

1,04 115 148 1,04 144 143 138 1,44 Lc3iun

B-actin
T . c— —— —— — —

B-actin

Figure 3. Autophagy induction in H460 cells after CDDP and Rap treatment. Cells were
treated with CDDP alone or in combination with Rap in pre-, co- and post-treatment. (A) and (B)
representative flow cytometry plots of acridine orange staining of cells treated with CDDP and
different combinations with Rap. (C) Quantification of AVOs in cells treated with IC,o or (D) ICys
CDDP values. *** Statistically different from the negative control, P < 0.001; o statistically different
from CDDP treatment alone, P < 0.001; * P < 0.01. (E) p62 and (F) LC3 expression determined by
western blot. Cells were treated with 1C,5 value of CDDP and Rap (100 nM). Starv.: starvation

induced using Krebs-Ringer Buffer during 24h.

To confirm these results, the expression of LC3 (microtubule-associated
protein 1 light chain 3) and p62 (SQSTM1) proteins was measured by western

blot. LC3 is synthesized in its precursor form and is cleaved resulting in the
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cytosolic form LC3-1. When LC3-I receives a pre-autophagic signal it is converted
in LC3-II which is recruited to the autophagosome and remains attached until the
fusion with the lysosome. This conversion of LC3-1 in LC3-Il is a proper marker in
autophagic assays (Ravikumar et al., 2010). The p62 protein is a selective
substrate for autophagy which interacts with ubiquitinated substrates and with the
regulator LC3 (Komatsu & Ichimura, 2010). This interaction with LC3 mediates p62
to carry the ubiquitinated substrates to the autophagossome for degradation
(Moscat & Diaz-Meco, 2009). There is an inverse correlation between p62 and
LC3-Il in active autophagic pathway: while p62 is selectively degraded, the levels
of LC3-1l become elevated.

The western blot analysis demonstrated that the IC,s of CDDP decreased the
p62 levels, indicating activation of autophagy in this condition. Low levels of p62
were also detected in cells treated with different combinations of CDDP and Rap.
However, a greater induction of autophagy was observed in cells pretreated with
Rap (Fig. 3E). In agreement, the analysis of LC3-Il expression suggests a slightly
higher induction of autophagy in pretreatment and cotreatment in comparison to
post-treatment (Fig. 3F). These results are in accordance with the autophagy

induction profile seen in the AVOs quantification assay.

3.3. Autophagy overstimulation by Rap decreases clonogenic capacity in cells
treated with CDDP

Combined treatments among CDDP and Rap were able to increase autophagy
induction significantly, especially in pretreatment. Therefore, we decided to
evaluate if the overstimulation of autophagy induced by Rap could influence cell
survival. For this purpose, we performed clonogenic assay in H460 cells treated
with CDDP alone and in association with Rap. We observed a decrease in
clonogenic formation when cells were exposed to combined treatments in
comparison to cisplatin treatment only. However, we did not observe a difference
in colony formation capacity among co-, pre- and post-treatment with Rap (Fig. 4).
These results suggest that the overstimulation of autophagy may contribute to
death of cells treated with CDDP. Nevertheless, the order in which Rap is added to

the treatment does not seem to influence the capacity of colony formation.
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Figure 4. Clonogenic assay of H460 cells after CDDP and Rap treatment. Cells were treated
with CDDP alone during 48h or Rap (100 nM) alone during 6h. Three different combined

treatments between CDDP and Rap were also performed. (A) ICy, and (B) IC,s CDDP

HitH

concentration. *** Statistically different from the negative control, P < 0.001; ™" statistically different

from the CDDP treatment alone; P < 0.01; ns: non-significant.

3.4. Inhibition of autophagy protects H460 cells from cell death induced by
cisplatin

The pharmacological inhibitors of autophagy 3MA and CQ were chosen to
block this pathway. After pretreatment with 3MA, cells were treated with cisplatin
and the quantification of AVOs was performed by flow citometry. We observed that
3MA pretreatment was able to decrease autophagy induction in cells treated with
cisplatin (Fig. 5).
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Figure 5. Autophagy inhibition in H460 cells after CDDP and 3MA treatment. Cells were
treated with CDDP alone or after a pre-treatment with 3MA for 1h (1 mM). (A) Representative flow
cytometry plots of acridine orange staining. (B) Quantification of AVOs in cells treated with 1Cys

CDDP value. *** Statistically different from the negative control, P < 0.001; ** P< 0.01; *

statistically different from CDDP treatment alone, P < 0.01.

Next, we evaluated the influence of 3MA and CQ on cell viability, when
combined with cisplatin. Through clonogenic assay, no difference was observed in
the capacity to form colonies between 3MA pretreatment and cisplatin treatment
only (Fig. 6). Nonetheless, we could notice an increase in colony formation when
cells received cisplatin in cotreatment with CQ, in comparison to cisplatin

treatment alone.

All the tests performed to evaluate the clonogenic capacity were conducted
based on 200 cells/well plating density. In figure 6A, there is a significant increase
in the capacity to form colonies in treatment with 1C;, CDDP value together with
CQ. In order to increase the sensitivity of the assay, we used 800 cells when

analyzing the treatment with 1C,s CDDP (Fig. 6B). In this experiment we observed
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an increase in colonies formation capacity in the presence of CQ, following the
same profile observed in IC;; CDDP value treatment. Therefore, the results
obtained for ICyy and IC,s concentration in the presence of CQ suggest that

autophagy inhibition contributes to cell survival.
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Figure 6. Clonogenic assay of H460 cells after CDDP and 3MA or CQ treatment. Cells were
treated with CDDP alone or in combination with 3MA and CQ. (A) ICy,, and IC,s CDDP
concentration. (B) IC,s CDDP concentration. Cells were plated at a density of 800 cells in petry
dishes. *** Statistically different from control group; P < 0.001. ### Statistically different from the
CDDP treatment alone; P < 0.001; # P < 0.05.

4. Discussion

In the past few years, autophagy has been the subject of great debate in the
oncology field. In healthy cells, autophagy acts as a cytoprotective mechanism
preventing the beginning of tumorigenesis (White, 2012). Despite that, in tumor
cells autophagy plays different roles depending on tumorigenesis stage: in initial
stages it has a protective role avoiding tumor progression, but in more advanced
tumors autophagy may contribute to cell survival and impair tumor elimination
(Rosenfeldt & Ryan, 2011).

Many stressors can activate autophagy in tumor cells such as nutrient

deprivation, hypoxia and genotoxic stress (Dalby et al.,, 2010; Ravikumar et al.,
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2010). In our study we showed that the alkylating-like agent CDDP, which causes
various types of DNA damage, was able to activate the autophagic pathway in
H460 lung cancer cells. Autophagy induction by chemotherapeutical drugs that
causes DNA damage has been shown in several studies (Notte et al., 2011;
Rodriguez-Rocha et al., 2011; Sui et al., 2013). DNA damage leads to complex
responses within the cell and depending on damage extent, cell cycle arrest and
DNA repair can be triggered or, if the damage is more severe, cell death pathways
are initiated (Surova & Zhivotovsky, 2013). Depending on cellular type and
context, autophagy activation in response to DNA damage may have different
roles. Autophagy can be activated as a defense mechanism against chemotherapy
and lead to treatment resistance, in these cases the inhibition of autophagy may
help in the elimination of tumor cells (Guo et al., 2012). However, when sustained
for a longer period or overstimulated, autophagy can lead to cell death (Yang et
al., 2011).

In order to evaluate the effects of autophagy overstimulation in NSCLC cells
we used Rap in combination with CDDP. Our results show that Rap significantly
enhances autophagy induction in combination with CDDP. It was also
demonstrated that the addition of Rap before or together with CDDP treatment is
more efficient in autophagy activation in comparison to the post-treatment. We
also found a significant decrease in cell viability through clonogenic capacity
method when these two compounds were combined. These results confirm that

autophagy overstimulation contributes to cell death in our conditions.

There is still no consensus on whether autophagy acts as an independent
mechanism of cell death or only contributes to another form of cell death such as
apoptosis or necrosis. It is possible that autophagy may act as a futile attempt to
adapt to stress caused by severe damage and lead to cell death with autophagic

characteristics but not to autophagic cell death itself (Shen et al., 2012).

Recent studies have suggested that if autophagy occurs in an attempt to scape
lethal pathways, autophagy inhibition may sensitize cells to cisplatin and promote
cell death. Zhang et al. (2013) showed that autophagy prevents apoptosis in
gastric cancer cells treated with cisplatin and that the addition of CQ recovers the
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sensitivity leading to apoptotic cell death. Through the silencing of an autophagy
related gene (ATG7) in esophageal carcinoma cells, Zhu et al. (2013) also found
an increase in cell sensibility to cisplatin suggesting that autophagy impairs
apoptosis. Nevertheless, some authors have reported that the combination of
autophagic inhibitors with chemotherapeutical compounds may increase cell
viability instead of promoting cell death (Qi et al., 2013).

In this study we found that the addition of 3MA decreased autophagy induction
by CDDP although no significant effect of this inhibition was seen in cell viability.
Meanwhile, the addition of CQ in combination with CDDP was able to slightly, but
significantly increase cell viability in comparison to CDDP alone. 3MA prevents the
initiation of autophagy by blocking the production of PI3P and the recruitment of
Atg proteins for the isolation membrane. This mechanism impairs the
autophagosomes formation and enables the presence of damaged organelles and
biomolecules in the cytoplasm. On the other side, CQ acts in the later stages of
autophagy and permits the cytotoxic components to be restrained within the
autophagosomes, which could explain the increase in cell viability. However, when
present in excess or for long periods of time, the autophagossomes may become
toxic for the cell. Thereby, it is important to confirm and evaluate this result with
additional experiments to determine the effect of CQ treatment for longer periods

of time.

Our data suggest that the activation of autophagy by CDDP contributes to cell
death in H460 cells. Furthermore, overstimulation of autophagy with Rap
contributed to the elimination of cancer cells which implies that the combination of
autophagy inducers with cisplatin may be a good strategy to improve
chemotherapy for NSCLC.
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5. DISCUSSAO GERAL

Nos ultimos anos, o fendbmeno autofagia tem recebido grande atencdo nas
pesquisas oncoldgicas devido ao seu papel dual na tumorigénese. Recentemente,
tem sido demonstrada a capacidade dos agentes alquilantes, comumente
utilizados na quimioterapia, em induzir autofagia. A expressao “agente alquilante”
tem sido utilizada para designar qualquer composto capaz de se ligar
covalentemente ao DNA. No entanto, 0os agentes alquilantes platinados néo
transferem um grupamento alquil, mas sim o grupo platina para o DNA, por este
motivo também podem ser conhecidos como agentes alquilantes-like. A cisplatina
€ um farmaco alquilante capaz de provocar varios tipos de lesées no DNA, como
monoadutos, pontes intercadeia, pontes intracadeia e pontes entre DNA e
proteina (Boulikas, 2007). Na presenca destas lesdes ocorre a ativagdo da
reposta de danos ao DNA o que leva a inducédo de varias vias de transducao de
sinal. Em seguida, ocorre a parada no ciclo celular através da ativacao dos pontos
de checagem para permitir o reparo do DNA (Fu et al., 2012). Todavia, quando o
dano é mais severo e ndo reparavel pode ocorrer a inducdo de senescéncia ou de
mecanismos de morte celular como apoptose, necrose e catastrofe mitotica
(Surova & Zhivotovsky, 2013; Hosoya & Miyagawa, 2014).

Mais recentemente, tem sido demonstrado que, em resposta aos danos
causados no DNA por agentes alquilantes, pode ocorrer a inducéo de autofagia. A
ativacdo de autofagia em resposta ao dano no DNA pode apresentar diferentes
papéis dependendo do contexto e do tipo celular. Acredita-se que a ativacao
desta via possa ocorrer como um mecanismo de protecdo contra o estresse
causado pelo dano e contribuir para a resisténcia ao farmaco. Nestes casos, a
utilizacdo de inibidores de autofagia poderia reverter a resisténcia e auxiliar na
eliminacdo das células tumorais (Ren et al., 2010). Entretanto, quando sustentada
por longos periodos, a autofagia pode colaborar para a morte da célula. Nos
resultados apresentados no Capitulo Il foi demonstrado que a CDDP levou a
inducdo de autofagia em células de cancer de pulméo da linhagem H460. Uma
das proteinas envolvidas na resposta de danos ao DNA e na ativacdo de
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autofagia € a p53. Em um dos estudos realizados no Laboratorio de Reparacgéo
de DNA de Eucariotos com a linhagem H460 (dados nao publicados), foi
constatado um aumento da expressdo de p53 apos 48 horas de tratamento com
CDDP, conforme demonstrado no ensaio de imunofluorescéncia apresentado na
Figura 7. A ativagdo de p53 leva ao aumento da expressdo de genes
relacionados a autofagia como DRAM (damage-related autophagy modulator),
uma proteina localizada na membrana do lisossomo que facilita a autofagia
(Crighton et al., 2007). Outro importante alvo da p53 é a proteina cinase AMPK, a
qual medeia a inibicdo de mTORC1 e ativa a autofagia (Rodriguez-Rocha et al.,
2011).

DAPI FITC

o - -

CDDP

Figura 7. Expressédo de p53 em células H460 tratadas com cisplatina. As células foram
incubadas com CDDP na dose correspondente ao valor de ICg, obtido pelo ensaio MTT (3
UM). A expressao de p53 foi avaliada pelo ensaio de imunofluorescéncia. Foram utilizados o
anticorpo primario anti-p53 e o anticorpo secundario conjugado ao composto fluorescente
FITC.

A combinagdo de Rap com CDDP aumentou significativamente a inducéo de
autofagia em comparacao ao tratamento com CDDP somente, como demostrado
no capitulo Il. Estes resultados foram obtidos pela realizagdo do ensaio de

quantificacdo de compartimentos &acidos vacuolares (AVOs), detectados por
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citometria de fluxo pela coloracdo com laranja de acridina. A quantificacdo dos
niveis das proteinas LC3 e p62, as quais apresentam uma correlagao inversa na
inducéo de autofagia, corroborou estes resultados. E importante salientar que as
células foram submetidas a diferentes combinacdes dos dois farmacos para
avaliar em que momento a adicdo de Rap poderia influenciar na resposta celular.
A inducao de autofagia foi significativamente maior quando a Rap foi adicionada
antes (pré-tratamento) ou no mesmo momento (cotratamento) em relacdo a

adicao de Rap apés o tratamento com CDDP.

Foi constatado que esta hiperestimulacdo da via autofagica tem influéncia na
viabilidade de células H460. Este resultado foi obtido através do ensaio
clonogénico, que avalia a capacidade de formagao de colonias e mede o efeito
prolongado de um farmaco. A capacidade de formacdo de coldnias foi
significativamente menor em todos os tratamentos combinados de CDDP e Rap
em relacdo ao tratamento somente com CDDP. Estes resultados sugerem que,
nestas condic¢des, a hiperestimulagdo de autofagia contribui para a morte celular.
No entanto, € importante salientar, que o tratamento com Rap pode favorecer a
morte celular ndo somente pela inducdo de autofagia. Isto se deve ao fato de que
a cinase mTOR esta envolvida em vias centrais de regulacdo do crescimento e
proliferacdo celular, sendo que sua inibicdo leva a parada no ciclo celular,

podendo estimular também a morte celular por apoptose. (Notte et al., 2011).

Alguns autores consideram a autofagia como um tipo de morte celular
programada (Dalby et al., 2010; Shimizu et al., 2014). Entretanto, segundo Shen
et al., (2012) a autofagia atua como uma tentativa fatil de proteger a célula contra
0 estresse causado por dano severo. Neste caso a célula morreria por outro
mecanismo, mas apresentaria caracteristicas autofagicas. Em nosso estudo, para
avaliar a contribuicdo da autofagia induzida por CDDP na viabilidade celular ou
morte celular, foram utilizados os inibidores 3-metiladenina e cloroquina. Pela
quantificacdo de AVOs foi possivel observar uma inibicdo da autofagia quando as
células foram submetidas ao tratamento com 3MA antes do tratamento com
CDDP. Esta inibicAo ndo mostrou influéncia na viabilidade celular. Em

contrapartida, a adicdo de CQ ao tratamento com CDDP levou ao aumento da
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viabilidade celular. Este resultado, em conjunto com o observado com a Rap,
sugere que a ativagao da autofagia em decorréncia do tratamento com CDDP,
contribui para a morte de células H460. Uma explicacdo plausivel para a 3MA
nao ter influenciado na viabilidade de células H460 € que este composto inibe as
etapas iniciais da via autofagica. Este mecanismo de acdo bloqueia a formacéo
de autofagossomos impedindo que organelas danificadas sejam eliminadas do
citoplasma. Por outro lado, o aumento da viabilidade celular observado no
tratamento com CQ permite que organelas permanecam englobadas nos
autofagossomos protegendo a célula da toxicidade destes componentes. Apesar
disso, diversos estudos relatam que a inibicdo da autofagia por CQ sensibiliza
células de tumores. Uma das explicacbes para a sensibilizacdo de células
tumorais ao tratamento com cloroquina seria devido ao acumulo de
autofagossomos na célula, os quais podem se tornar citotoxicos quando em
excesso ou presentes por periodos prolongados. Este acumulo de vacuolos
autofagicos pode levar a inducédo de apoptose via ativacdo de caspase-3 devido a
permeabilizacdo das membranas lisossomal e mitocondrial. Desta forma, embora
tenha sido observado o aumento da viabilidade celular na presenca de CQ nesta
condigéo e periodo de tratamento, € importante avaliar e confirmar este resultado
em experimentos adicionais, 0s quais verificariam o efeito da presenca de CQ por

periodo prolongado.

Nossos resultados confirmam que a autofagia € um importante mecanismo na
terapia alquilante e sugerem que a ac¢ao deste, combinada com um estimulador

da autofagia pode ser uma aliada na eliminacao de células de cancer de pulméao.
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6. CONCLUSOES

Durante o periodo do mestrado, foi elaborado um artigo de revisdo que aborda
o papel da autofagia na quimioterapia alquilante. A partir desta revisao é possivel
concluir que grande parte dos estudos publicados nesta area sugere que a
autofagia atua como um mecanismo citoprotetor em células submetidas ao

tratamento com agentes alquilantes.

Para determinar qual o papel da autofagia em células de cancer de pulméao
tratadas com cisplatina foram realizados experimentos utilizando moduladores
farmacoldgicos da via autofagica. A partir dos resultados experimentais obtidos

neste trabalho é possivel concluir que:
e CDDP é capaz de induzir autofagia em células de cancer de pulmao H460.

e Ocorre um aumento na inducdo de autofagia, principalmente em regime de

pré-tratamento e cotratamento ao utilizar Rap em combinacdo com CDDP.

e O tratamento combinado de CDDP e Rap contribui para a eliminacdo das

células de cancer de pulméo.

e A inibicdo da autofagia pelo tratamento com 3MA né&o tem influéncia na

viabilidade celular.

e A utilizacdo de CQ em combinagdo com CDDP aumenta a viabilidade celular
de células H460.
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7. PERSPECTIVAS

No decorrer do periodo de mestrado foram obtidos resultados importantes
sobre a inducdo de autofagia em células de cancer de pulméo tratadas com
cisplatina. Algumas questdes relevantes foram levantadas durante o
desenvolvimento desta dissertacdo. Desta forma, com o intuito de dar

continuidade ao projeto, pretende-se:

Avaliar a inducédo de apoptose nas células H460 e a sua correlacdo com a
inducao ou inibicdo da autofagia.

e Determinar a persisténcia da ativacdo da via autofagica apds o tratamento
com cisplatina, na presenca ou auséncia de rapamicina correlacionando a

inducao de autofagia com a viabilidade de células H460.

e Confirmar os resultados obtidos com inibidores farmacologicos da autofagia
utilizando células H460 silenciadas para 0s genes essenciais da via
autofagica, ATG4 e ATGbS.

e Avaliar a inducdo e o papel da autofagia em células H460 resistentes ao

tratamento com cisplatina.
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ANEXO |

Metodologia adicional

Imunofluorescéncia

As células foram semeadas em uma densidade de 8 x 10* células/poco em
placas de 6 pocos, sobre laminulas de 18 mm de didmetro pré-tratadas com poli-
lisina para melhor aderéncia. No dia seguinte foi feita a incubacdo com cisplatina,
utilizando a concentracédo correspondente ao valor de ICsy por 48 horas. Apods
este periodo, as células foram fixadas com paraformaldeido (4%) e
permeabilizadas com PBS-Triton (0,5%). Em seguida, os antigenos foram
revelados utilizando o anticorpo primario anti-p53 (Santa Cruz Biotechnology,
Santa Cruz, CA, USA). Foi utilizado o anticorpo secundario conjugado com FITC
anti-mouse. As imagens foram coletadas utilizando aumento de 10x através do
Pathfinder™ Cellscan SreenTox (IMSTAR, Paris, Franca) no Laboratério
Genotox-Royal, UFRGS. Foram analisadas no minimo 100 células por grupo de

tratamento quanto a presenca de marcacao do anticorpo na célula.
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