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RESUMO

A resposta de dano ao DNA (DDR) é um conjunto de vias capazes de
orquestrar o manejo de lesdes no DNA provocadas por agentes enddégenos ou
exdgenos. A ativacdo da DDR pode ocorrer em células tumorais em resposta ao
tratamento com farmacos quimioterapicos. Neste cenario, apds o reconhecimento
do dano e transducao do sinal, diversos mecanismos podem ser ativados nas
células, como a parada no ciclo celular, o reparo do dano, a autofagia, ou a morte
celular. Em casos nos quais os danos ndo sao suficientes para levar a morte da
célula tumoral, a ativacdo das outras vias pode levar a resisténcia ao farmaco.
Desta forma, uma modulacéo destas respostas pode auxiliar na investigacao das
causas da resisténcia e otimizar o efeito dos quimioterapicos no tratamento de
tumores. Neste trabalho, demonstrou-se a ativacdo da DDR por dois farmacos
pertencentes ao grupo das Ecteinascidinas (ETS), trabectedina (Yondelis®) e
lurbinectedina (PM01183). A fim de se investigar o efeito da modulacdo do inicio
da DDR, foram utilizados inibidores das vias das cinases ATM e ATR em células
de cancer cervical e de cancer de ovéario tratadas com as ETs. Foi encontrado que
somente a inibicdo dual das cinases pode reduzir de maneira expressiva a
viabilidade destas células. Em células de céancer cervical, esta reducdo na
viabilidade ocorre por diminuicdo na formacédo de foci de proteinas do inicio da
DDR (yH2AX e MDC1) e de proteinas do reparo por recombinacdo homologa
(BRCA1 e Rad51). O aumento no numero de mitoses aberrantes também foi
encontrado nas mesmas condi¢cdes de tratamento, confirmando a necessidade de
inibicdo dual de ATM e ATR para a sensibilizacdo destas células. Nesta tese
também se investigou o papel da autofagia em células de cancer colorretal
tratadas com oxaliplatina (Ox) em condi¢cbes de baixa disponibilidade de glicose.
A baixa concentracdo de glicose € uma caracteristica presente no microambiente
tumoral que pode conferir resisténcia as terapias convencionais. Ao compararmos
células tratadas em baixa ou alta concentragdo de glicose, foi encontrado um
aumento na ativacdo da autofagia, acompanhado de uma maior sobrevivéncia
celular em células tratadas com Ox em baixa glicose. O papel da autofagia nesta

by

possivel resisténcia a condicdo de baixa glicose foi analisado por modulacéo
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génica e farmacoldgica. Encontrou-se que o silenciamento do gene ATGY7,
essencial para o via autofagica, reduziu a ativacdo de autofagia em células
tratadas em baixa glicose, porém nao foi suficiente para reduzir a viabilidade
celular, indicando que o mecanismo de resisténcia a baixa glicose € parcialmente
independente da autofagia. Entretanto, em células tratadas com o indutor de
autofagia rapamicina, foi encontrada uma queda na viabilidade celular, sugerindo
qgue a super estimulacdo da autofagia pode ser uma ferramenta na sensibilizacao
de células de cancer colorretal ao tratamento com Ox. Assim, a modulacdo da
DDR e da via autofagica, vias que sao ativadas na presenca de quimioterapicos,
pode ser uma ferramenta valida para a sensibilizacdo de células de céancer e

conferir uma melhor resposta ao tratamento.

ABSTRACT

The DNA damage response (DDR) is a group of pathways that orchestrate
the management of DNA lesions caused by endogenous and exogenous agents.
DDR activation can occur in tumor cells in response to chemotherapy. In this
scenario, after the damage recognition and signal transduction, several outcomes
can be activated within the cells, such as cell cycle arrest, DNA repair, autophagy,
or cell death. In cases the damage cannot lead to tumor cell death, the activation
of other pathways may lead to drug resistance. Therefore, a modulation of these
responses helps in investigating the causes of resistance and can optimize the
effects of chemotherapeutical agents in the treatment of tumors. In this work, we
demonstrated the activation of DDR by two Ecteinascidins (ETs), trabectedin
(Yondelis®) and lurbinectedin (PM01183). To investigate the effect of modulating
the initial steps of DDR, ATM and ATR kinases inhibitors were used in cervical and
ovarian cancer cells treated with ETs. It was found that only dual inhibition of the
kinases can expressively reduce cell viability. In cervical cancer cells, this
reduction in cell viability is due to a decrease in foci formation of proteins found in

DDR initial steps (yH2AX and MDC1), and proteins of homologous recombination
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repair (BRCA1 and Rad51). Aberrant mitosis was also increased in the same
treatment conditions, confirming the requirement of dual inhibition of ATM and
ATR to sensitize these cells. In this thesis, we also investigated the role of
autophagy in colorectal cancer cells treated with oxaliplatin (Ox) in low glucose
conditions. Low glucose is a feature of the tumor microenvironment that can confer
resistance to conventional therapies. In comparison to cells treated in high glucose
conditions, it was found an increase in autophagy activation, followed by increased
cell viability in cells treated in low glucose. The role of autophagy in the possible
resistance to low glucose condition was assessed by genetic and pharmacological
modulation. Silencing of ATG7, an essential autophagy gene, decreased
autophagy activation in cells treated under low glucose conditions, but was not
enough to decrease cell viability, suggesting that the resistance mechanism in low
glucose is partly independent of autophagy. Meanwhile, in cells treated with the
autophagy inducer rapamycin, reduction in cell viability was observed, suggesting
that autophagy overstimulation may be a useful tool to sensitize colorectal cancer
cells to Ox. Therefore, modulation of DDR and autophagy, pathways that are
activated in the presence of chemotherapeutical agents, can be a useful tool to

sensitize cancer cells and provide a better response to treatment.
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1 INTRODUCAO

1.1 A Resposta de Dano ao DNA

O dano ao DNA é um evento que ocorre frequentemente durante a vida de
uma célula. Gragas a resposta de dano ao DNA (DNA damage response — DDR),
que determina o destino celular, a integridade gendmica pode ser mantida
(Sancar et al. 2004; Minchom et al. 2018). A DDR é composta por uma rede
complexa e coordenada de diferentes vias que podem ser ativadas dependendo
da fonte de estresse ou lesdo ao DNA (O’Connor 2015). A ativacao de vias de
reparo é uma das principais fun¢cbes da DDR, no entanto, a coordenagdo de
VAarios mecanismos € necessaria para que o reparo possa ocorrer no contexto de
outras funcbBes celulares. A parada ou diminuicdo do ciclo celular devido a
ativacdo de pontos de checagem é um exemplo desta coordenacdo. Além disso,
varias outras vias podem ser ativadas na célula sob influéncia da DDR como
modificacbes transcricionais, remodelamento de cromatina, regulacdes
metabdlicas, inducdo de autofagia e, no caso de dano muito extenso, inducéo de
senescéncia ou de morte celular programada tipo | (apoptose) (Ciccia and Elledge
2010).

As principais personagens envolvidas na DRR sdo as proteinas
serinal/treonina cinases ATM (ataxia telangiectasia-mutated), ATR (ATM and
RAD3-related) e DNA-PKcs (DNA-dependent protein kinase catalytic subunit), que
pertencem a familia das PIKK (phosphoinositide 3-kinase-related kinase). ATM e
ATR sé@o responsaveis por orquestrar o inicio da sinalizacdo da DDR enquanto
que a DNA-PKcs atua no reparo de quebras de fita dupla por unido de
extremidades ndo-homoélogas (NHEJ) (Blackford and Jackson 2017).

1.1.1 O DNA Pode Ser Lesionado por Fontes Endégenas ou Exbgenas

A molécula de DNA esta sob constante ataque e pode ser estressada por
varias fontes tanto endégenas como exdgenas. Fontes enddgenas podem ser

geradas de forma espontanea durante o metabolismo celular normal, como as
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espécies reativas de oxigénio (ERO), que podem causar a oxidagdo de bases e
quebra no DNA. A incorporacdo errbnea de bases durante a replicacdo, a
interconversdo de bases por desaminacdo e a perda de bases por depurinacdo
também séo fontes endogenas de dano ao DNA (Lindahl and Barnes 2000;
Helena et al. 2018). Fontes exdgenas de dano podem ser tanto fisicas quanto
quimicas. A radiacdo ultravioleta e a radiacao ionizante sdo exemplos de fontes
genotoxicas fisicas. Dentre as fontes quimicas causadoras de dano, os farmacos
quimioterapicos sdo exemplos bem conhecidos, como os agentes alquilantes e os
agentes indutores de pontes intracadeia ou intercadeia (ICLs) (Ciccia and Elledge
2010). Estas fontes genotoxicas causam diferentes tipos de dano e, dependendo

do dano, diferentes mecanismos de reparo serdo ativados (Fig. 1).

Espécies reativas de oxigénio

Estresse replicativo Radiagédo
#A Radiagioionizante .“ iSRiZants
'\
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Reparo de pareamentos Reparo por excisao Reparo por excisdo Reparo de quebras
errados de bases dé nucleotideos de fita dupla

Figura 1. Dano ao DNA e mecanismos de reparo. Varios tipos de agentes causam diferentes

tipos de dano no DNA. A ativacdo das diferentes vias de reparo depende do tipo de dano.

Adaptado de Helena et al. (2018).

1.1.2 O Reconhecimento do Dano

Para que a DDR seja ativada na presenca de dano, primeiramente o dano

€ reconhecido por sensores das vias de reparo que podem detectar lesdes
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especificas. Estes sensores podem ser as proprias enzimas de reparo ou podem
atuar como armagcéo (scaffold) para o recrutamento dos sistemas de reparo. E
importante mencionar que estes sensores de dano, na maioria dos casos, néao
sao responsaveis pela sinalizacdo do dano, consequentemente, a sinalizacédo do
dano ndo estd diretamente acoplada a sua detecgcdo. Ao considerarmos que O
DNA é lesionado milhares de vezes por dia, uma ativacao da sinalizacdo de dano
toda vez que uma leséo fosse detectada levaria a um ponto de checagem quase
permanente com consequente impedimento da progressédo do ciclo celular, bem
como a uma constante ativagcdo da via apoptética. Assim, apesar de
interconectadas, a deteccdo do dano e a sinalizacdo do dano s&do eventos
paralelos (Friedberg 2003; Khanna and Shilof 2009).

Um ponto interessante levantado por Cline e Hanalwalt é de que a lesédo no
DNA pode ser encontrada por uma proteina que ndo seja necessariamente
relacionada ao reparo, como um fator de transcricdo. Assim, dependendo de qual
proteina encontre primeiro a lesédo, o destino da célula pode ser diferente (Cline
and Hanawalt 2003). Além disso, diferentes vias de reparo podem atuar ao
mesmo tempo em uma mesma lesdo. Isto pode ocorrer quando lesbes
intermediarias sdo geradas durante um mecanismo de reparo, 0 que acarreta a
intervencdo de enzimas responsaveis por outras vias de reparo (Hanawalt 2015).
O DNA de fita simples (ssDNA) e as quebras de fita dupla (DSBs) sdo exemplos
destas lesBes intermediarias. O ssDNA pode surgir no decorrer de vias como o
reparo de DSBs, reparo por excisdo de bases e reparo por excisdao de
nucleotideos. As DSBs podem ocorrer, por exemplo, na presenca de radiacao
ionizante, agentes quimicos clastogénicos, ou quando forquilhas de replicacdo
encontram um intervalo de ssDNA. Desta forma, a sinalizacdo de dano também
pode ser provocada pelo reconhecimento destas lesdes (Jeggo and Lo 2007,
Hanawalt 2015).

1.1.3 ATM e a Resposta a Quebras de Fita Dupla
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ATM € uma das principais cinases responsaveis pelo inicio da resposta
celular a quebras de fita dupla, sendo capaz de fosforilar centenas de substratos
na presenca deste tipo de dano. Em resposta ao dano, ATM é autofosforilada na
Ser1981 e passa de sua forma dimerizada inativa para a forma monomérica ativa.
ATM ativada é capaz de fosforilar e ativar outras proteinas cinases, como a Chk2,
que por sua vez fosforilam véarios outros substratos. Entretanto, é provavel que a
maioria dos substratos de ATM também seja fosforilada por ATR, como Chk1, e
que alguns substratos sejam também fosforilados por DNA-PKcs, como a variante
de histona H2AX. O recrutamento de ATM para o local da DSB é dependente de
sua ligacdo a NBS1 (Nijmegen breakage syndrome protein 1), um componente de
MRN, um complexo formado por NBS1, RAD50 e MRE11 (meiotic recombination
11) (Adamowicz 2018). Além de recrutar a ATM para o local do dano, o complexo
MRN também estimula sua atividade de cinase. No entanto, em resposta a
modificacdes na cromatina ou ao estresse oxidativo, a ativagcdao de ATM pode
ocorrer sem a necessidade de uma DSB e do complexo MRN. A fosforilacdo de
H2AX na Serl39 para formar yH2AX, um dos principais eventos na sinalizacéo de
DSBs, € mediada por ATM. MDC1 (mediator of DNA damage checkpoint 1)
reconhece yH2AX, liga-se a ela e é estabilizado por ATM. MDC1 também pode
ser fosforilado por NBS1 para promover sua retencdo no local de yH2AX
juntamente com o complexo MRN. Com isso, ocorre mais recrutamento de ATM,
levando a mais formacdo de yH2AX e a uma amplificacdo do sinal da DDR

(Blackford and Jackson 2017; Fig. 2).
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Figura 2. Recrutamento e ativacdo de ATM. ATM é autofosforilada na Ser1981 e torna-se
monomeérica. O recrutamento de ATM para o local da lesao é dependente de sua ligagdo a NBS1,
um componente de MRN (NBS1, RAD50 e MRE11). ATM fosforila H2AX na Serl139 para formar
yH2AX. MDC1 liga-se a yH2AX e pode interagir com NBS1, o que promove a retencdo do
complexo MRN no local de yH2AX. Consequentemente, mais ATM é recrutada e o sinal da DDR é
amplificado. Adaptado de Woods and Turchi (2013).

Como sera mencionado adiante, ATM também esta envolvida no reparo
por recombinacdo homologa. Esta via de reparo é estimulada pelas DSBs e
requer a resseccao das extremidades do DNA no local da quebra para produzir
ssDNA, uma etapa determinante na escolha pelo mecanismo de reparo. O papel
da ATM nesta etapa se da pela fosforilacdo de CtIP (CtBP-binding protein), uma
nuclease que interage com o complexo MRN e que é requerida na resseccao (Lee
et al. 2018). ATM também tem um papel na ativacdo do checkpoint S/G1 devido a
fosforilacdo direta ou indireta (pela fosforilagdo de Chk2) do supressor tumoral
p53, que por sua vez ativa p21 para promover a parada no ciclo celular (Riley et
al. 2008).
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1.1.4 ATR e a Ativacao de Checkpoints

ATR também é um dos principais reguladores na DDR e, em comparacéo a
ATM, pode ser ativada por uma maior variedade de danos genotoxicos. Isto se
deve ao fato de que ATR é recrutada para regides de ssDNA, que surgem como
intermediarios em varios casos de lesGes. A proteina ATRIP (ATR interacting
protein), parceira obrigatoria de ATR, pode ligar-se a regides de ssDNA pela sua
interacdo com a proteina de replicacdo A (Replication Protein A, RPA) e, desta
forma, proporcionar a localizagdo de ATR na regidao do dano. Em seguida, o
heterodimero ATR-ATRIP interage com o grampo especifico de dano 9-1-1
(RAD9-RAD1-HUS1) que se liga em juncBes de ssDNA e dsDNA (DNA de fita
dupla). TopBP1 (topoisomerase 2-binding protein 1) € um dos principais
ativadores de ATR. Para que ATR seja ativada, primeiramente o grampo 9-1-1 é
carregado na jungdo ssSDNA-dsDNA pelo complexo carregador de grampo
RAD17-RFC. O grampo € entéo fosforilado, o que permite a interacdo de TopBP1

com a ATR, levando a sua ativacao (Awasthi et al. 2016, Figura 3).

Figura 3. Recrutamento e ativacdo de ATR. ATR é recrutada para regides de RPA-ssDNA via
ATRIP e ativada por TopBP1. O complexo do grampo 9-1-1 é carregado em regifes de jungdo
ssDNA/dsDNA pelo carregador do grampo RAD17/RFC. O grampo 9-1-1 interage com TopBP1 e

esta interacdo é essencial para a ativacao de ATR. Adaptado de Blackford and Jackson (2017).

ATR pode participar em vias de reparagdo como no reparo por excisao de
nucleotideos (NER) e no reparo de pontes intercadeia (ICLs) na via da anemia de

Fanconi (FA). No entanto, uma das principais funcdes de ATR é a de sinalizacéo

20



de checkpoint devido & sua capacidade de fosforilar e ativar Chk1. Na presenca
de dano, Chkl inativa CDC25A, uma fosfatase que remove modificacdes
inibitérias das cinases dependentes de ciclina (CDKs). Com esta reducdo da
atividade das CDKs, ocorre o impedimento da progressdo do ciclo celular em
G2/M, conferindo mais tempo para que ocorra o reparo do DNA. Caso o dano seja
muito grave, pode ocorrer a ativacado das vias de senescéncia ou de apoptose
(Nam and Cortez 2013).

1.1.5 Principais Vias de Reparo de DNA

1.1.5.1 Reparo por Excisdo de Bases — BER

O reparo por excisdo de bases é a via mais versatil dentre 0s mecanismos
de reparo por excisdo, sendo um mecanismo conservado nos eucariotos,
incluindo mamiferos. Quebras de fitas simples geradas por agentes enddgenos ou
exdgenos, bases alquiladas, desaminadas ou oxidadas podem ser reparadas pelo
BER. O reparo inicia com a remogdo de uma base danificada, anormal ou
inapropriada por uma DNA glicosilase. As glicosilases monofuncionais realizam
apenas a clivagem da base danificada, enquanto que as bifuncionais removem a
base e também possuem atividade de liase para clivar o esqueleto de DNA
(Dianov and Hu 2013). Esta remocao de bases danificadas gera intermediarios de
reparo tais como os sitios abasicos (AP, apurinico ou apirimidinico) e quebras no
DNA. O reparo destes intermediarios possui etapas em comum com o reparo de
guebras de fita simples geradas por ERO e com o reparo de sitios AP gerados
espontaneamente. Como estes intermediarios sdo mais citotoxicos do que a base
danificada em si, varios fatores enzimaticos surgiram ao longo da evolucdo para
promover o reparo. Um destes fatores é a AP-Endonuclease (APE), uma
endonuclease especifica do sitio AP que gera uma extremidade 3’ OH e uma
extremidade 5’ desoxirribose-fosfato (dRP) apds a clivagem da fita 5’ no local do
sitio AP (Krokan and Bjoras 2013; Wallace 2014). Nesta etapa, a via pode divergir
e 0 reparo pode continuar por via longa (long-patch, LP-BER), na qual ocorre a

excisdo de dois ou mais nucleotideos, ou por via curta (short-patch, SP-BER), na
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qual ocorre a excisdo de um unico nucleotideo. O espaco resultante da excisdo
seré entdo preenchido por uma DNA polimerase. No caso da via curta, a atividade
de liase da polimerase B corta a extremidade 5 dRP e insere um nucleotideo. A
ligacdo final é catalisada pela DNA ligase 3 em complexo com XRCC1 (X-ray
repair cross-complementing protein 1). A via longa utiliza proteinas replicativas
para o processamento como PCNA/RFC (proliferating cell nuclear antigen/
replication factor C) e a sintese pode ser feita pelas polimerases 3 ou d/e. A 5’-flap
endonuclease 1 (FEN1) corta a extremidade 5" dRP que contém o dano e a DNA

ligase 1 catalisa a finalizagdo desta via de reparo (Gavande et al. 2016; Fig. 4).
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Figura 4. Modelo de BER em mamiferos. Uma base danificada é removida por uma DNA
glicosilase gerando um sitio AP. O reparo pode continuar por via curta ou via longa. Na via curta
ocorre a remocdo de um Unico nucleotideo. Neste modelo, a glicosilase é bifuncional e possui
atividade de B liase para clivar a ligagdo 3’ fosfodiéster no sitio AP. APE1 endonuclease cliva a
ligacdo 5 e recruta a polimerase B para preencher a sequéncia lesionada. A ligacdo é feita pela
DNA ligase 3 (Lig3) em complexo com XRCC1. No modelo da via longa, a glicosilase é
monofuncional e apenas gera o sitio AP. APE1 cliva a ligagdo 5’ fosfodiéster e o complexo
PCNA/RFC-Pol &/¢ continua o reparo, removendo varios nucleotideos. A endonuclease FEN1 cliva
a extremidade a ser eliminada e a ligase 1 (Ligl) realiza a ligacdo final. Adaptado de Sancar et al.
(2004).

1.1.5.2 Reparo por Exciséo de Nucleotideos — NER

O NER é responsavel pela eliminacdo de uma grande variedade de lesGes
com diferentes estruturas, sem a necessidade de proteinas especificas para uma
determinada lesdo como no caso das glicosilases do BER (Spivak 2015). Em
mamiferos, a via NER pode ocorrer de duas formas: reparo do genoma global
(global genome repair — GGR, GG-NER) ou reparo acoplado a transcricao
(transcription coupled repair — TCR, TC-NER). Ambas as sub-vias compartilham
fatores centrais do NER, porém apresentam fatores Unicos para o reconhecimento
do dano. No GGR, o reparo inicia com o reconhecimento do dano por Xeroderma
pigmentosum grupo C (XPC) em complexo com a proteina HR23B, seguidos
pelas acbes de outros fatores envolvidos no NER (Menck and Munford 2014). O
TCR ¢é iniciado pela parada da RNA polimerase Il e € responsavel pela remocéo
de danos em genes transcricionalmente ativos (Hanaoka and Sugasawa 2016).
As duas subvias convergem quando TFIIH (transcription factor IIH), um complexo
de iniciacdo da transcricdo, é recrutado para o local do reparo. As helicases XPB
e XPD, que fazem parte do complexo TFIIH, criam uma bolha de nucleotideos no
local do dano. O recrutamento de XPA, RPA e XPG, assim como sua interacao
com outras proteinas, iniciam o processo de excisdo da regido danificada do
DNA. A lacuna resultante desta excisdo é entdo preenchida pela acdo da
maquinaria de replicacdo Pol d/e/k-PCNA-RFC-RPA. Por ultimo, uma DNA ligase

catalisa a uniéo final no local do reparo (Lehmann 2011; Fig 5).
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Figura 5. Representacdo do NER. Duas subvias estdo envolvidas no reconhecimento da lesdo
no DNA. No GGR o reconhecimento depende do complexo XPC/HR23B. O TCR atua na fita
transcrita de genes expressamente ativos. A parada da RNA polimerase no local do dano leva ao
recrutamento de CSA e CSB. Na etapa subsequente, comum as duas subvias, ocorre 0
recrutamento do complexo TFIIH que inclui as helicases XPB e XPD. Este complexo desenovela o
local do dano no DNA que sera coberto com RPA. RPA e XPA auxiliam no posicionamento correto
da maquinaria do NER antes da etapa de clivagem. XPG e o complexo XPF/ERCC1 séo as

principais endonucleases para a clivagem na regido do dano. o preenchimento da sequéncia é
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realizado pela maquinaria de replicagao Pol 8/e/k-PCNA-RFC-RPA e a selagem é feita pela ligase
1. Adaptado de Menck and Munford (2014).

1.1.5.3 Reparo por Unido de Extremidades Nao-Homoélogas — NHEJ

Em células humanas, o NHEJ é responsavel pelo reparo da maior parte
das quebras de fita dupla dentro das fases S e G2 do ciclo celular e por
praticamente todo o reparo de DSBs que ocorre fora das fases S e G2 (Lieber
2010). Enquanto o reparo por recombinacdo necessita de uma regido de
homologia que pode chegar a centenas de pares de bases, no reparo por NHEJ é
comum a utilizacdo de uma regido de micro-homologia, geralmente < 4 pares de
bases. Esta via inicia quando a DSB é reconhecida pelo heterodimero Ku70-Ku80
(Ku)(Kakarougkas and Jeggo 2014). A DNA-PKcs, que tem alta afinidade pelas
extremidades do DNA, especialmente na presenca de Ku, € entdo recrutada. Sua
atividade de cinase regula, através de autofosforilagdo, o processamento das
extremidades e o reparo, bem como facilita o recrutamento do complexo de
ligacdo final. A nuclease Artemis também € requerida para a unido de
extremidades em varios casos, possivelmente em casos com algum nivel de
ressec¢cdo devido a sua complexidade. A adicdo dos nucleotideos no local da
guebra pode ser feita pela familia Pol X de polimerases (Pol p e Pol A) e por fim, o
complexo da DNA ligase, composto de ligase IV, XRCC4 (X-ray repair cross-
complementing protein 4), XLF (XRCCA4-like fator) e PAXX (paralog of XRCC4 and
XLF), realiza a etapa final de ligacdo nas duas fitas do DNA (Pannunzio et al.
2017, Fig. 6).
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Figura 6. Reparo por unido de extremidades n&o-homologas — NHEJ. Uma DSB é
reconhecida pelo heterodimero Ku. A DNA-PKcs, que tem alta afinidade pelas extremidades do
DNA, especialmente na presenca de Ku, é entdo recrutada. DNA-PKcs é autofosforilada e regula o
processamento das extremidades e o reparo, além de facilitar o recrutamento do complexo de
ligacdo final. A nuclease Artemis também é fosforilada por DNA-PKcs. O complexo da DNA ligase,
formado por DNA ligase 1V, XRCC4, XLF e PAXX (ndo mostrado), realiza a etapa final de ligacéo
nas duas fitas do DNA. Adaptado de Blackford and Jackson (2017).

1.1.5.4 Reparo por Recombina¢gdo Homéloga — HR

Assim como o NHEJ, o HR é responsavel pelo reparo de quebras de fita
dupla de DNA, porém, como requer regides de homologia que podem ser
encontradas na cromatides-irmas, este tipo de reparo ocorre apenas durante as

fases S e G2 do ciclo celular (Lemaitre and Soutoglou 2015). Nesta via de reparo
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S80 necessarias varias etapas para que seja restaurada qualquer perda de
informagéo no local da quebra. Em uma primeira etapa, ocorre a ressec¢ao das
extremidades da quebra de 5 para 3’ gerando regides de fita simples com
extremidades 3’. A etapa inicial da ressecgao envolve o complexo MRN (Lee et al.
2018). A nuclease CtIP também esté envolvida na resseccao e tem sua atividade
regulada por ATM. Para evitar a formagéo de estruturas secundarias nas regioes
de fita simples, RPA ¢é recrutada por CtlIP e liga-se rapidamente nestas
extremidades. A ligacdo de RPA estabiliza a fita simples de DNA, o que leva a
ativacdo de ATR, assim como ao recrutamento da recombinase Rad51, de
BRCA1/2 (Breast Cancer Associated Gene 1/2) e de outras proteinas para auxiliar
na procura pelo molde de DNA nédo danificado (Desai et al. 2018). Em seguida,
ocorre a substituicdo de RPA pela Rad51 que, com o auxilio de seus paralogos
(Rad51B, Rad51C, Rad51D, XRCC2 e XRCC3), forma um filamento ativo capaz
de procurar pela regido de homologia (Sanchez et al. 2014). Na procura por
homologia, este filamento invade uma fita de DNA n&o danificada que servira de
molde para restaurar a sequéncia danificada. Esta procura € facilitada pela DNA
translocase Rad54 e por Ino80, que aumenta a mobilidade da cromatina. A
invasdo na fita ndo danificada promove a formacdo de uma estrutura transiente
conhecida como alca-D (D-loop) na qual a extremidade 3'OH da fita invasora
servira como primer para que a maquinaria de replicacdo do DNA realize o
preenchimento da informacao faltante (Ward et al. 2015). Esta alca-D também é
necessaria para a formacdo de estruturas de fitas cruzadas conhecidas como
juncbes de Holliday. ApOs a restauracdo da fita danificada e da ligacéo final do
DNA, ocorre a resolucdo das juncdes de Holliday por diversas nucleases,
processo que pode ocorrer em diferentes direcdes e resultar ou ndo em crossing-
over (Khanna and Shilof 2009, Fig. 7).
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Figura 7. Reparo por recombinagcdo homéloga. Na presenca de uma DSB, o reparo por HR
inicia-se com a resseccdo das extremidades gerando regibes de fita simples, processo que
envolve o complexo MRN. Para evitar a formacéo de estruturas secundarias nas regides de fita
simples a RPA é recrutada e liga-se rapidamente nestas extremidades. Em seguida, ocorre a
substituicdo de RPA pela Rad51, que forma um filamento ativo capaz de procurar pela regido de
homologia. A procura por homologia é facilitada por Rad54 e Ino80. A invasdo na fita nédo
danificada promove a formacgdo de uma estrutura transiente conhecida como al¢a-D (D-loop) na
qual a extremidade 3'OH da fita invasora serve como primer para que a maquinaria de replicacdo
do DNA realize a cépia da informacdao faltante. A alga-D também é necesséria para a formacao de

estruturas de fitas cruzadas conhecidas como jungfes de Holliday. Apés a restauracdo da fita
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danificada pela DNA polimerase e da ligacdo final do DNA, ocorre a resolucdo das juncdes de
Holliday, processo que pode ocorrer em diferentes direcdes e resultar ou ndo em crossing-over.
Adaptado de Khanna and Shilof (2009).

1.1.5.5 A Viada Anemia de Fanconi — FA

A anemia de Fanconi € uma doenca hereditaria caracterizada por
instabilidade genémica e associada a deficiéncia no reparo de ICLs. A via da FA
pode ser ativada tanto por dano no DNA como por parada na forquilha de
replicacdo e é responsavel pela ativacdo da DDR nos casos de ICLs (Nalepa and
Clapp 2018). Existe ainda um papel da via FA na escolha entre NHEJ e HR no
reparo de DSBs. Isto ocorre porque DSBs podem ser geradas no reparo de ICLs
e caso ocorra um NHEJ inapropriado no lugar de HR, formam-se intermediarios
téxicos que podem levar a morte celular. Além disso, acredita-se que a via de FA
tenha um papel na ressecgao de extremidades 5 em uma DSB, etapa decisiva na
escolha entre HR e NHEJ, o que auxiliaria entdo na escolha pelo HR (Hanaoka
and Sugasawa 2016). Na presenca de ICL ocorre o recrutamento do complexo
central de FA (FANCA, FANCB, FANCC, FANCE, FANCF, FANCG, FANCL,
FANCM) que direciona a atividade de E3 ubiquitina ligase da FANCL para
monoubiquitilar e ativar o complexo de ligacdo ao DNA formado por FANCD2
(Fanconi anemia group 2 protein) e FANCI. Este complexo FANCD2-FANCI
orquestra 0s eventos a jusante (downstream) da via FA para solucionar a ICL
(Sale 2012; Sumpter and Levine 2017) . O reparo prossegue com duas incisées
feitas em uma das fitas do DNA por nucleases como SLX4 (Synthetic Lethal of
unknown (X) function - 4) e ERCC1-XPF. Ocorre também o carregamento de
proteinas Rad51 no DNA de fita simples para favorecer o reparo por HR. No caso
de reparo dependente da replicagéo, ocorre a colaboragéo das vias do NER e da
TLS (Douwel et al. 2014; Fig. 8). A via FA esta envolvida no reparo de diversos
outros tipos de lesdes e suas proteinas podem participar em concerto com outras
vias para manter a integridade gendmica em caso de estresse genotoxico (Pace
et al. 2010).
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Figura 8. Modelo para reparo de ICL dependente de replicagcdo. Uma ICL provoca parada na
forquilha de replicacéo, levando ao recrutamento do complexo central da FA que por sua vez ativa
FANCD2 e FANCI por ubiquitinacdo. O DNA de fita simples é carregado com Rad51 e ocorre as
incisdes no local da lesdo, processo coordenado pelas nucleases ERCC1-XPF e FANCP (SLX4).
A lesdo pode ser ultrapassada pelas polimerases da TLS e a quebra pode ser reparada por HR. O

remanescente do dano pode ser reparado pela via do NER. Adaptado de Sale (2012).
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1.1.5.6 Reparo de Pareamentos Errados — MMR (Mismatch Repair)

O MMR é o reparo de pareamentos errados no DNA. Este tipo de lesdo
pode ocorrer, dentre outros motivos, pela incorporacdo errbnea de nucleotideos
pela DNA polimerase e por danos fisicos ou quimicos aos nucleotideos. A taxa de
erro das polimerases capazes de revisdo (proofreading) € em torno de 1 por
milhdo de nucleotideos copiados. Em relacdo ao MMR, os homdlogos de MutS
(MSH) e os homologos de MutL (MLH/PMS) foram altamente conservados no
curso da evolucdo. O exato mecanismo do MMR ainda é debatido, mas acredita-
se que se inicia com o carregamento no DNA de varios grampos deslizantes MSH
ligados a ATP, que sédo capazes de se difundir bidirecionalmente (Fig. 9). As
etapas subsequentes envolvem diferentes proteinas dependendo se a reacdo de
excisdo sera em diregdo a 5’ ou a 3’. A reagao de excisdo 3’ € mais complexa e
ocorre na fita lider na forquilha de replicacdo. Esta reacdo requer MSH,
MLH/PMS, uma exonuclease (EXO1) e RPA (Fig. 9A). A procura por um
pareamento errado parece ser auxiliada pelo grampo de processividade grampo-
B/PCNA (Kunkel and Erie 2015). Além disso, PCNA também se faz necessaria
para a atividade de endonuclease de MLH/PMS. A reacao de excisdo em direcao
a 5 ocorre na fita descontinua em uma forquilha de replicacdo e requer apenas
MSH, EXO1 e RPA (Fig. 9B). O preenchimento da lacuna no DNA ¢é feito pela
maquinaria de replicacdo normal (Fishel 2015).
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Figura 9. Modelo de excisao 5 ou 3’ em MMR para eucariotos. Ambos 0s processos de
excisdo 5 para 3’ ou 3’ para 5’ iniciam com o carregamento no DNA de grampos deslizantes MSH
ligados & ATP. A) Excisao 5’. Um grampo MSH interage e estabiliza EXOI no DNA e aumenta sua
processividade exonucleéasica 5°-3’. Quando o complexo MSH/EXOI se dissocia espontaneamente,
outro grampo MSH pode ser carregado, interagir com EXOI e reiniciar a atividade de exonuclease.
Para que a agdo de EXOI seja impedida na auséncia de MSH, as proteinas RPA ligam-se na fita
simples. Este processo ocorre até que a segmento de DNA contendo o erro seja eliminado. B)
Excisao 3’. O grampo MSH, associado com MLH/PMS, difunde-se em diregcdo a PCNA, que se
encontra em um local de excisdo 3'. O complexo MSH/MLH/PMS/PCNA difunde-se em direcdo a
5. A atividade endonucleasica de MLH/PMS leva a introdugdo de multiplas cisbes que séo
substrato para EXO1 exonuclase. Este processo ocorre até que o pareamento errado seja
eliminado. Adaptado de Fishel (2015).
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1.1.5.7 Sintese Translesao — TLS

Embora os mecanismos de reparo consigam remover os danos no DNA
antes do inicio da replicacdo, alguns danos podem persistir na fase S e impedir as
polimerases replicativas. Desta forma, surgiram oS mecanismos de tolerancia ao
dano no DNA (DDT) para que o DNA néo reparado possa ser copiado,
proporcionando a duplicacdo cromossGmica mesmo na presenca de lesdes. A
TLS é um tipo de DDT na qual DNA polimerases especializadas utilizam o DNA
danificado como molde e estendem a extremidade 3’ além do dano (Fig. 10).
Como a fidelidade na sintese de DNA por estas polimerases € reduzida em
comparacao as polimerases replicativas, as polimerases TLS sdo consideradas
como propensas a erro (error-prone) (Korzhnev and Hadden 2016).
Aproximadamente metade das polimerases codificadas pelo genoma humano
possui a capacidade de ignorar adutos de DNA, tais como Revl, Pol n, Pol 1, Pol
K, que sdo membros da familia Y e Pol {, membro da familia B de polimerases
(Jain et al. 2018). Em eucariotos, os eventos de TLS podem ser dependentes ou
nao da ubiquitinacdo do grampo deslizante PCNA. A ubiquitinacdo adiciona um
ponto de ancoragem entre uma polimerase TLS e PCNA para fortalecer esta
interacdo. Acredita-se que a escolha entre PCNA ubiquitinado ou ndo dependa do
tipo de lesdo no DNA (Zafar and Eoff 2017).
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Figura 10. Sintese translesédo pela Pol n. O dano no DNA causado por UV leva a parada na
forquilha de replicagdo. Para que a replicacdo possa proceder mesmo na presenca do dano,
ocorre uma troca de polimerase. O grampo PCNA é monoubiquitinado por Rad6 e Rad18, o que
estabiliza as Pols TLS na forquilha. Neste exemplo, ocorre a troca da Pol & pela Pol n que pode

ser revertida ap6s a passagem pela lesdo. Adaptado de Menck and Munford (2014).
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1.1.6 A Ativacdo da DDR por Quimioterapicos

Os quimioterapicos compdem uma importante classe de agentes exdégenos
causadores de danos no DNA. Estes podem ser divididos em diferentes
categorias de acordo com 0 seu mecanismo de acado, tais como, agentes
alquilantes, agentes platinados, inibidores de topoisomerase e antimetabdlitos
(Tabela 1).

Os agentes alquilantes, uma das classes mais antigas de farmacos
utilizados no tratamento do cancer, sdo empregados em diversos regimes
guimioterapicos e atuam pela transferéncia covalente de grupos alquil para o DNA
ou outras moléculas biologicas. A alquilagcdo frequentemente provoca danos
volumosos no DNA que podem ser reparados pela via do NER (Bordin et al. 2013;
Woods and Turchi 2013). A temozolomida, principal quimioterapico no tratamento
de gliomas, € um exemplo de agente alquilante que causa a metilacdo do DNA,
gerando produtos como a O°-metilguanina que pode ser revertida pela enzima
metilguanina metiltransferase (MGMT). A O°-metilguanina possui alto potencial
citotoxico, pois pareia-se erroneamente com uma guanina ou uma timina na fase
S e tentativas futeis da maquinaria do MMR para reparar o dano resultam na
formacdo de DSB. (Goldstein and Kastan 2015).

Os agentes platinados sdo conhecidos como agentes alquilantes-like, pois
seu mecanismo de acdo se da nao pela transferéncia de um grupo alquil, mas de
um grupo platina para o DNA. A oxaliplatina € um agente de terceira geracao da
platina utilizado no tratamento do cancer colorretal cuja toxicidade é caracterizada
pela formacdo de pontes intercadeia (ICL) e, principalmente, intracadeia.
Enquanto o reparo de pontes intracadeia pode ser feito pelo NER, o reparo de
ICLs envolve a via da FA, que pode utilizar partes do NER, da HR e da TLS
(Munari et al. 2013; Riddell and Lippard 2018).

Os inibidores de topoisomerase interferem na funcdo das enzimas

topoisomerases. Estas enzimas, TOP | e TOP Il, sdo responsaveis por impedir a
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torcdo excessiva no DNA através da quebra transiente em uma ou nas duas fitas
do DNA, respectivamente. Os inibidores de topoisomerase bloqueiam a religacao
final do DNA pelas topoisomerases apds as etapas de clivagem e relaxamento
(Cheung-Ong et al. 2013). Os inibidores de TOP I, como o topotecan e a
camptotecina, levam ao acumulo de quebras de fita simples (SSBs) que podem
ser reparadas pela maquinaria do BER e pelo complexo tirosil-DNA-
fosfodiesterase 1 (TdP1l). As SSBs podem levar a parada na forquilha de
replicacdo em fase S com consequente surgimento de DSBs. Estas podem ser
reparadas por recombinacdo homoéloga. Os inibidores de TOP II, como a
doxorubicina e o etoposideo, causam um acumulo de DSBs sem a necessidade
da replicacéo levando a rapida ativacdo da DDR (Pommier 2014; Montecucco et
al. 2015).

Os quimioterapicos antimetabdlitos sdo farmacos que mimetizam
moléculas celulares e interferem com a replicacdo do DNA. Sdo geralmente
antagonistas de DNA e interferem no metabolismo dos nucleotideos (Tiwari 2012;
Penna et al. 2017). Os anélogos de purinas, como fludarabina, e os analogos de
pirimidina, como 5-fluorouracil (5-FU) e gemcitabina, sdo incorporados no DNA na
fase S e impedem sua replicacdo adequada. Outros antimetabodlitos podem
bloquear a sintese de nucleotideos pela inibicdo de enzimas que participam da
sintese de DNA, como pemetrexed, metotrexato e aminopterina, que inibem a

enzima diidrofolato redutase (Cheung-Ong et al. 2013).
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Agente quimioterapico

Agentes alquilantes

Temozolomida

Ciclofosfamida

Trabectedina

Indicacéo

Glioblastoma, glioma, gliosarcoma, astrocitoma
anaplasico, melanoma

Varios tipos de linfomas e leucemias,
retinoblastoma, cancer de mama, testicular,
ovario, pulméo, endometrial

Cancer recidivo de ovario sensivel a platina,
sarcoma de tecidos moles

Principais mecanismos de
acao

O°-metilguanina

ICL

Aduto, SSB, DSB

Principais vias de
reparo envolvidas

MGMT/ BER (Goldstein
and Kastan 2015)

FA/ NER/HR/ TS
(Puigvert et al. 2016)

TC-NER/ HR
(Soares et al. 2007)

Agentes platinados

Oxaliplatina

Cisplatina

Carboplatina

Cancer colorretal

Cancer de pulmao, ovario, testicular, mama,
cervical, estbmago, prostata, cabeca e pescogo

Cancer de pulmao, ovario, mama, esbéfago,
cabeca e pescoco, pulméo

Ponte intracadeia e ICL

Ponte intracadeia e ICL

Ponte intracadeia e ICL

FA/NER/HR/ TS
(Riddell and Lippard
2018)

FA/ NER/HR/ TS
(Riddell and Lippard
2018)

FA/ NER/HR/ TS
(Cheung-Ong et al.
2013)

Antimetabdlitos

5-Fluorouracil

Metotrexato

Cancer colorretal

Leucemia linfoblastica aguda

Analogo de pirimidina

Inibidor da diidrofolato
redutase (inibe a sintese de
DNA)

BER/ MMR (Wyatt and
lii 2009)

BER/ MMR (Xie et al.
2016)

Inibidores de
topoisomerase

Camptotecina

Etoposideo

Doxorrubicina

Cancer de Mama, ovario, renal, estbmago

Cancer de pulmao de células pequenas,
testicular, tumores enddcrinos, osteosarcomas,
sarcoma de Kaposi,

Sarcoma de Kaposi, cancer de mama
metastatico, ovario, mieloma

Inibidor de topoisomerase |

Inibidor de toisomerase I

Inibidor de toisomerase I,
agente intercalante, ICL

BER/ TdP1/ HR
(Cheung-Ong et al.
2013)

NHEJ (Montecucco et
al. 2015)

FA/ HR/ NER (Saffi et
al. 2010)

Tabela 1. Agentes quimioterapicos causam diferentes tipos de lesdes que ativam diferentes mecanismos de reparo
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1.1.6.1 As Ecteinascidinas

As ecteinascidinas sdo compostos com potencial quimioterapico que
apresentam um mecanismo de acdo mais complexo quando comparadas as
outras classes de farmacos. As ecteinascidinas contém duas ou trés subunidades
de tetra-hidroisoquinolina e s&o produtos naturais derivados de tunicados
marinhos (Le et al. 2016). O primeiro composto desta familia aprovado para o
tratamento do cancer foi a trabectedina (Yondelis®, ET-743), que possui uma
metade capaz de interagir diretamente com o DNA e outra metade capaz de se
ligar a proteinas especificas envolvidas na transcricdo e no reparo, o que confere
ao farmaco a habilidade de atuar nas células tumorais e no microambiente
tumoral (Ray-Coquard 2017). Enquanto outros agentes alquilantes exercem
melhor a sua funcdo nas células de cancer quando o via do NER esta deficiente,
a trabectedina atua de maneira mais eficaz com a via do NER proficiente. Seu
mecanismo acao se inicia com a alquilacdo de uma guanina na posicdo N2
formando um aduto no DNA. Os adutos causam a parada da RNA polimerase Il
durante a transcricdo e competem com certos fatores de transcrigdo, o que leva
ao bloqueio da expressao génica. Na presenca do aduto, a maquinaria do TC-
NER é recrutada e, na tentativa de corrigir o dano, induz a forma¢édo de SSBs na
fita oposta a da alquilacdo. Como a trabectedina forma um complexo ternario
XPG-DNA-trabectedina, estas SSBs tornam-se irreversiveis e sao transformadas
em DSBs que podem ser reconhecidas e reparadas pelo reparo por HR (Fig. 11).
Assim, células deficientes no reparo por HR ficam mais sensiveis ao tratamento
(Soares et al. 2007; Larsen et al. 2016). Outro composto bastante promissor € o
PMO01183 (Lurbinectedina), um agente derivado da trabectedina. Apesar das
similaridades funcionais com a trabectedina, lurbinectedina é ainda mais eficaz no
tratamento de tumores, pois possui uma diferenca estrutural que confere
beneficios farmacodindmicos e farmacocinéticos, o que diminui sua toxicidade e
permite regimes com doses mais intensas (Soares et al. 2011; Takahashi et al.
2016).
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Figura 11. Mecanismo de acdo proposto para a trabectedina. A trabectedina alquila uma
guanina formando um aduto no DNA. Na presenca do aduto, a maquinaria do TC-NER é recrutada
e, na tentativa de corrigir o dano, induz a formacgédo de SSBs na fita oposta a da alquilagdo. Como
a trabectedina forma um complexo ternario XPG-DNA-trabectedina, estas SSBs tornam-se
irreversiveis e séo transformadas em DSBs que podem ser reconhecidas e reparadas pelo reparo
por HR. Em células deficientes para HR ocorre uma maior sensibilizagdo ao farmaco. Adaptado de
Cuevas (2009).

1.1.7 Modulacédo da DDR no Tratamento do Cancer

1.1.7.1 O Principio da Letalidade Sintética e os Inibidores de PARP

Nos ultimos anos, muitos estudos tém sugerido a modula¢do da DDR como
estratégia promissora no combate de tumores. Pelo menos 450 genes
relacionados a DDR poderiam ser modulados para a otimizagao da terapia (Pearl
et al. 2015). Os moduladores da DDR podem ser empregados na forma de
monoterapia ou em regimes de tratamento combinados com agentes que causam

dano no DNA. Em tumores com deficiéncia ou perda em alguma funcéo
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especifica da DDR, caracteristica presente em quase todos os tipos de tumores,
os moduladores ampliam a janela de tratamentos disponiveis para o paciente.
Neste caso, em que as células cancerosas tornam-se dependentes das vias
remanescentes da DDR para lidar com o dano ao DNA, pode ser usado o
principio da letalidade sintética, no qual um agente tem como alvo a via
remanescente que estd compensando a falta da via principal (Basu et al. 2012).
Um dos primeiros exemplos foi a aprovacéao regulatoria do Olaparib no tratamento
de cancer de ovario em 2014 e cancer de mama em 2018 (Desai et al. 2018).
Olaparib é um inibidor de PARP (poli (ADP ribose) polimerase), fator essencial no
reparo de quebras de fita simples, especialmente via NER. Em células de cancer
com perda de funcdo em BRCAL ou BRCA2, nas quais as DSBs ndo podem ser
reparadas pela via da HR e dependem da via NER, o tratamento com o inibidor de
PARP mostrou-se eficaz. Além disso, na presenca do inibidor, PARP fica ligada
em uma regido de SSB formando um complexo PARP-DNA que pode levar ao
colapso de forquilhas de replicacdo e resultar em DSBs deletérias (Puigvert et al.
2016).

1.1.7.2 Inibidores das Vias de ATM-Chk2 e ATR-Chk1

Outro exemplo atrativo no que diz respeito a modulacdo da DDR é a
combinacdo de quimioterapicos com inibidores das cinases responsaveis pela
transducdo de sinal de dano. As vias de ATM-Chk2 e ATR-Chkl1l, como
mencionado, séo as principais envolvidas na sinalizacdo de dano e na parada do
ciclo celular para promover o reparo e a sobrevivéncia da célula ou, em caso de
dano irreparavel, a morte celular. Dois dos primeiros inibidores de ATM descritos,
a cafeina e a wortmanina, sdo capazes de sensibilizar células de tumores a
agentes causadores de DSBs e a irradiacdo, porém de maneira muito toxica in
vivo e pouco potente (Blasina et al. 1999). Além disso, s&o muito inespecificos e
podem também inibir as cinases ATR, DNA-PK e mTOR (mammalian target of
rapamycin). Varios inibidores mais especificos tém sido desenvolvidos, como 0s
inibidores ATP-competitivos KU-55933 e sua versdo melhorada em relacdo a

farmacocinética e a biodisponibilidade, KU-60019. Outra molécula desta classe de
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compostos, KU-59403, mostrou ainda melhor biodisponibilidade e solubilidade.
Entretanto, o Unico inibidor de ATM atualmente em testes clinicos de fase | é a
molécula AZD0156 (Batey et al. 2013; Carrassa and Damia 2017).

Como regra geral, o checkpoint G1 esta desregulado em células de cancer
devido a mutacdes nas vias de TP53, o que leva a dependéncia pelo checkpoint
S/G2 para a sobrevivéncia celular apés dano ao DNA (Riley et al. 2008). Neste
caso, a inibicdo da via de ATR-Chk1 pode auxiliar na sensibilizacdo das células e
aumentar a atividade citotoxica de varios agentes causadores de dano. Para ATR,
o desenvolvimento de inibidores especificos € dificultado pelo alto grau de
homologia no dominio de cinase da ATR com outras PIKK. Os primeiros
inibidores especificos descritos foram VE-821 e seu analogo mais recente, VE-
822 (VX-970 ou M6620) (Weber and Ryan 2015). Estes s&o capazes de
sensibilizar as células a irradiacdo e ao tratamento com varios quimioterapicos.
VE-822 e outro inibidor de ATR, AZD6738, estdo atualmente em testes clinicos de
fases | e Il (Kim et al. 2017).

Inibidores de Chkl também tém sido desenvolvidos. Recentemente, foi
relatado que células tumorais deficientes no reparo por HR podem ser
sensibilizadas pelo tratamento com inibidores de Chkl e que estes inibidores
apresentam atividade sinérgica com inibidores de PARP. Alguns dos inibidores de
Chkl em fase clinica sdo MK8776, bem tolerado em testes clinicos em
combinacdo com quimioterapicos, irradiacdo ou como monoterapia, e prexacertib
(LY2606368), segunda geracao de LY2603618 e atualmente em testes clinicos de
fases | e Il (Carrassa and Damia 2017). Inibidores da cinase Weel também tém
sido desenvolvidos. Da mesma forma que Chk1, Weel também esta envolvida na
ativacdo de checkpoints pela regulacdo da atividade das CDKs nas fases S e G1
e é requerida para a manutencdo da integridade genOmica na replicacdo. A
molécula MK-1775, renomeada AZD-1775, € atualmente o inibidor mais potente e
especifico de Weel, capaz de aumentar o efeito citotoxico de varios agentes
causadores de dano tanto in vitro como in vivo (Do et al. 2013; Chaudhuri et al.
2014).
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1.1.7.3 Inibidores das Vias de Reparo

Esforcos tém sido feitos na tentativa de desenvolver e testar compostos
gue possam modular as vias de reparo. A metoxiamina (MX ou TCR102) forma
ligacBes covalentes com os sitios AP, levando ao bloqueio da atividade de APE1
e da continuidade da via BER (Desai et al. 2018). Esta molécula esta em estudos
clinicos em combinacdo com pemetrexed e tomozolomida devido a sua
capacidade de aumentar o potencial citotéxico destes quimioterapicos. Em
relagdo a via NHEJ, inibidores de DNA-PK estdo sendo testados, como as
moléculas MSC2490484A e VX984, e inibidores de Ku70 e Ku80 estdo em
desenvolvimento (Gavande et al. 2016). Proteinas envolvidas no reparo por HR
também podem servir como alvo de inibidores. Uma das mais promissoras €
Rad51 devido ao seu papel central nesta via de reparo e pelo fato de sua
expressédo estar aumentada em muitos casos de tumores. O composto RS-1
explora a superexpressdo de Rad51 e estimula a formacdo de complexos de
Rad51 toxicos na cromatina ndo danificada, principalmente em células tumorais
em comparacao a células normais (Mason et al. 2015). BO2 é um composto que
tem sido empregado em outro tipo de estratégia, na qual Rad51 é impedido de se
ligar no ssDNA, e tem se mostrado eficaz na sensibilizacdo ao tratamento com
varios agentes como radiacdo ionizante, cisplatina e mitomicina C (Alagpulinsa et
al. 2014).

Muitos estudos ainda sdo necessérios para entender o efeito em longo
prazo dos inibidores da DRR em pacientes, porém, este tipo de modulagéo
continua a ser uma das estratégias mais importantes no combate a células

cancerosas.
1.2 A Via Autofagica
A autofagia € um processo catabolico de degradacdo de componentes

celulares que resulta na liberacdo e reciclagem de nutrientes. A autofagia pode

ser categorizada em trés vias principais: microautofagia, autofagia mediada por
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chaperonas e macroautofagia (Ravikumar et al. 2010). Na microautofagia uma
pequena por¢do do citoplasma é entregue diretamente ao lisossomo para ser
degradada através de uma invaginacdo na membrana lisossomal. Na autofagia
mediada por chaperonas ocorre o0 transporte direto de componentes
citoplasmaticos pela parede dos lisossomos via proteinas chaperonas. Na
macroautofagia (referida a partir deste ponto como autofagia) organelas
danificadas e outros elementos a serem degradados sdo envolvidos em uma
vesicula de membrana dupla chamada autofagossomo. Esta vesicula fusiona-se
entdo com o lisossomo, que contém as enzimas responsaveis pela digestdo de
seu conteudo (Wilde et al. 2018).

1.2.1 Maquinaria Molecular da Autofagia

Na maquinaria molecular da autofagia a proteina mTOR € um importante
sensor do estado energético da célula. Ao associar-se com outras proteinas,
forma o complexo mTORC1 que € inibido em situacdes de escassez de
nutrientes, o que leva a ativacao da autofagia. Quando os niveis de ATP estdo
baixos, por exemplo, mMTORCL1 € inibido pela proteina cinase dependente de AMP
(AMPK) (Mowers et al. 2018). A inibicaio de mTORC1 por sua vez previne a
fosforilacao inibitoria de Ulk1l (Unc-51 like autophagy activating kinase 1), que fica
livre para ser fosforilada por AMPK em sitios ativadores. A presenca das
proteinas Atg, codificadas por genes ATG (autophagy related genes), é essencial
nas etapas subsequentes. Ulkl ativada fosforila Atgl3 e FIP200 (Fak family
interacting protein of 200kDa) e forma um complexo de pré-iniciacdo com estes
fatores que é crucial para o inicio da formacdo do fagoforo, uma estrutura de

membrana que da origem ao autofagossomo (Das et al. 2018).

A formagdo do fagéforo também é regulada pelo complexo de iniciacdo
formado por Beclina-1, Atgl4L, VPS15 e fosfatidilinositol 3-cinase (PI3K) de
classe lll, também conhecido como VPS34. O alongamento do autofagossomo
requer dois sistemas de conjugacédo ubiquitina-like. No primeiro, Atgl2 e Atg5 séo

conjugadas por Atg7 e Atgl0. Atg5-Atgl2 forma um complexo com Atgl6L que
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participa no alongamento da membrana autofagica (Choi et al. 2013). O segundo
sistema de conjugacdo requer a proteina LC3 (microtubule-associated protein 1
light chain 3), um importante marcador nos estudos de autofagia. Na presenca de
um sinal autofagico a forma precursora de LC3 é clivada por Atg4 para formar
LC3-I. Em uma etapa chave na formacao do autofagossomo, LC3-I é conjugada
com fosfatidiletanolamina (PE) pela acdo de Atg7 e Atg3 e é convertida em LC3-I
(Fig. 12). Esta se localiza tanto na membrana externa quanto na membrana
interna do autofagossomo e esta envolvida nas etapas finais de fusdo de
membrana e na localizacéo de alvos a serem degradados (Wilde et al. 2018). LC3
também estd envolvida no processo de degradacdo seletiva da proteina
sequestossomo 1 (p62/SQSTM 1). Neste contexto, p62 é um efetor e um
substrato para a autofagia. p62 interage com o material celular a ser degradado e
interage com LC3 para se ligar a membrana do autofagossomo, o que faz com
que ela também seja degradada pelo sistema lisossomal (Islam et al. 2018).
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Figura 12. Maquinaria molecular da autofagia. A deprivacdo de nutrientes induz AMPK e

suprime a atividade de mTORC1. Ocorre entdo a ativacdo da atividade de cinase de Ulkl como
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parte do complexo de pré-iniciacdo (Ulk1/FIP200/Atg13) que por sua vez induz a atividade de
cinase do complexo de iniciacdo (Bleclinal/VPS34 e proteinas associadas). Este complexo recruta
0 complexo de conjugacdo Atgl2/Atg5/Atgl6L que promove o0 processamento e insercédo de LC3
nas membranas do fag6foro. Na presenca de sinal autofagico, a forma precursora de LC3 é
clivada por Atg4 para formar LC3-I, que por sua vez é conjugada com PE e convertida em LC3-II
pela acdo de Atg7 e Atg3. A fus@o do autofagossomo com o lisossomo resulta na degradacéo

proteolitica com liberagéo dos nutrientes reciclados. Adaptado de Mowers et al. (2018).

1.2.2 Autofagia como Alvo Terapéutico no Combate ao Céancer

A autofagia pode ser ativada por diversos estressores, como a privacao de
nutrientes, estresse oxidativo, infeccées e dano ao DNA, entretanto, o papel da
autofagia na presenca destes estressores ainda é bastante controverso no que
diz respeito a morte ou a sobrevivéncia da célula. Defeitos relacionados a
autofagia tém sido associados a instabilidade gendmica e a susceptibilidade ao
surgimento de tumores. Contudo, sugere-se que o papel da autofagia no cancer é
contexto-dependente, pois a ativacado da via pode tanto inibir como promover a
tumorigénese (Ding et al. 2011; Filippi-Chiela et al. 2011). Em células normais, a
autofagia exerce um papel citoprotetor, pois remove organelas danificadas, ERO
e proteinas mal-dobradas, limitando possiveis danos gendmicos e protegendo
contra o surgimento de mutacfes que levam ao cancer. Por outro lado, em
tumores estabelecidos a autofagia aumenta a tolerancia ao estresse por fornecer
nutrientes que suprimem as altas demandas por energia (Singh et al. 2017). Por
este motivo, muitos estudos tém demonstrado que a inibicdo da autofagia, seja
farmacoldgica ou pelo uso do silenciamento génico, pode sensibilizar células de
cancer e levar a morte por apoptose. Todavia, em varios casos 0 aumento no
fluxo autofagico também pode sensibilizar as células de tumor e levar a morte
celular programada tipo Il (morte celular com caracteristicas autofagicas), o que
aponta para a natureza contexto-dependente da autofagia (Shimizu et al. 2014;
Bhat et al. 2018). E importante mencionar que ainda existe uma controvérsia em
relacdo a este assunto, pois € possivel que a autofagia ndo seja um tipo de morte
celular, mas apenas uma caracteristica frequente em células que estdo em

processo de morte (Bishop and Bradshaw 2018).
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No contexto do microambiente de tumores solidos, a ativacado de autofagia
€ capaz de modular o desenvolvimento do tumor, a metastase e a resisténcia a
terapia (Yang et al. 2015). O microambiente tumoral € um sistema complexo
composto por vérias células estromais, incluindo fibroblastos, células-tronco
mesenquimais, células do sistema imune (linfcitos, macrofagos), adipécitos e
citocinas (Ngabire and Kim 2017). Em relacdo ao perfil fisiolégico, o
microambiente é caracterizado por apresentar baixos niveis de oxigénio, privacao
de nutrientes, acidez e inflamacao, diferindo consideravelmente dos tecidos
normais. A privacdo de nutrientes é o principal indutor fisiolégico de autofagia. A
deplecdo de glicose, por exemplo, ativa a autofagia por estresse oxidativo e por
diminuicdo dos niveis de ATP. Estas caracteristicas levam a ativacdo da via
autofagica para que a células do tumor sobrevivam ao estresse metabdlico e para

a manutencao da homeostase (Monkkonen and Debnath 2018).

A autofagia pode ser ativada em células tumorais quando tratadas com
quimioterapicos, o que pode contribuir para o surgimento da resisténcia ao
farmaco. Isto ocorre devido a comunicacao entre a via autofagica e a via da DDR
(Vessoni et al. 2013). Na presenca de DSBs, por exemplo, ATM reconhece o
dano e ativa AMPK que por sua vez remove o efeito inibitério de mTORC1 na
autofagia. A proteina PARP1, ativada na presenca de danos causados por
agentes alquilantes, também esta envolvida nesta interacdo entre autofagia e
DDR. Quando ativada, PARP1 esta associada a uma reduc¢éo nos niveis de ATP,
0 que leva a ativacdo de AMPK com consequente inducdo da autofagia
(Eliopoulos et al. 2016). Além disso, a autofagia também pode influenciar nos
mecanismos de reparo por sustentar os niveis de ATP que s&o necessarios para
a atividade destas vias, regular os niveis de desoxinucleotideos trifosfato (dNTPSs)
e controlar as dindmicas do reparo através da degradacdo de proteinas

regulatorias (Gomes et al. 2016).

Por ser um alvo terapéutico atrativo, diversos grupos de pesquisa tém

investido na procura por modulares de autofagia eficazes que possam ser
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utilizados em regimes de tratamento de tumores. A modulacdo da autofagia pode
ser feita tanto por inibidores quanto por ativadores da via. Em relagdo aos
inibidores farmacoldgicos, estes podem inibir o inicio da via, a nucleacdo do
fagdéforo ou a etapa de fusdo do autofagossomo com o lisossomo. Dentre os
inibidores mais conhecidos estdo a cloroquina (CQ) e seu derivado
hidroxicloroquina (HCQ), farmacos utilizados ha décadas para o tratamento da
malaria (Janji et al. 2018). CQ inibe a autofagia por bloguear a fusdo do
autofagossomo com o lisossomo (lisossomotropico) e tem sido empregada em
diversos estudos pré-clinicos e clinicos como monoterapia ou combinada com
outros farmacos. No entanto, a resposta clinica a estes inibidores € varidvel e em
alguns destes estudos nenhum beneficio clinico foi observado. Além disso, CQ e
HCQ nao sao inibidores seletivos da autofagia e sua toxicidade pode ser devida a
outros mecanismos de agdo, como a alteragdo no pH do tumor, o que afeta a
biodisponibilidade de outros farmacos (Pellegrini et al. 2014). Indutores de
autofagia também podem ser utilizados no tratamento de tumores como o inibidor
de mTOR rapamicina (sirolimus) e seus analogos (rapalogos) everolimus,
temsirolimus e deforolimus. Como mTOR esta envolvida em outros mecanismos
além da autofagia como as vias de proliferacéo, sintese proteica e metabolismo, a
interpretacdo de resultados decorrentes do tratamento com estes farmacos deve

ser feita com cautela (Byun et al. 2017).

Apesar de ser uma ideia promissora, a modulacdo da autofagia deve ser
planejada levando-se em consideracao o fato de que a via autofagica também
tem um papel importante na resposta celular imune. A autofagia inibida pode
bloquear o recrutamento dependente de ATP de células do sistema imune e
interferir no processo de apresentacdo de antigenos pelo complexo principal de
histocompatibilidade (MHC) (Ma et al. 2013). Desta forma, ao cogitarmos a
modulacdo da autofagia para fins terapéuticos, torna-se importante considerar
uma modulagdo no contexto do microambiente tumoral e ndo s6 a nivel celular
(Gewirtz et al. 2018). Este papel controverso da autofagia no microambiente

tumoral ainda € bastante debatido e mais estudos sdo necessarios para que se
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possa ponderar em quais casos a inibicdo ou a ativacdo da via podem trazer
beneficios ao paciente.
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2 OBJETIVOS

2.1 Objetivo geral

O objetivo geral desta tese foi avaliar o efeito de moduladores da via de resposta
de dano ao DNA (DDR) e da via autofagica, em células tumorais humanas

quando expostas ao tratamento com quimioterapicos.

2.2 Objetivos especificos

e Verificar a ativacdo da DDR pelos farmacos trabectedina (Yondelis®) e
lurbinectedina (PM01183) em células de cancer cervical HelLa.

e Determinar a citotoxicidade apds o tratamento com trabectedina e
lurbinectedina em combinacdo com inibidores farmacoldgicos das vias de
ATM-Chk2 e ATR-Chk1 em células HelLa e em células de cancer de ovério
IGROV1 e A2780.

e Avaliar o efeito da inibicdo farmacoldgica dual de ATM e ATR sobre o inicio
da DDR em células Hela tratadas com trabectedina e lurbinectedina.

e Apontar o efeito da inibicdo farmacoldgica dual de ATM e ATR sobre o
reparo por recombinacdo homéloga em células Hela tratadas com
trabectedina e lurbinectedina.

e Determinar o indice mitético e a presenca de danos cromossémicos em
células Hela tratadas trabectedina e lurbinectedina na presenca de ambos
os inibidores de ATM e ATR.

e Verificar o efeito do tratamento com oxaliplatina em condicdo de baixa
disponibilidade de glicose na viabilidade e na ativagdo de autofagia em

células de cancer colorretal HCT-116.
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Determinar se a ativacdo de autofagia pela oxaliplatina em baixa glicose
ocorre por uma reducdo na atividade de mTOR e um aumento na atividade
da cinase AMPK.

Avaliar os efeitos da inibicdo da via autofagica por silenciamento do gene
ATG7 na linhagem HCT-116 na presenca de oxaliplatina em condi¢cGes de

baixa glicose.

Avaliar o efeito da modulagéo farmacologica da autofagia em células HCT-

116 na presenca de oxaliplatina em condi¢cGes de baixa glicose.
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3 CAPITULO I - Dual inhibition of ATR and ATM potentiates the activity of
trabectedin and lurbinectedin by perturbing the DNA damage response

and homologous recombination repair

APRESENTACAO

Neste capitulo esta apresentado um artigo cientifico que trata sobre a
modulacado da resposta de dano ao DNA em células tratadas com ecteinascidinas.
O artigo detalha os efeitos da combinacédo de trabectedina ou lurbinectedina com
inibidores das vias de ATM-Chk2 e ATR-Chk1, em células de céancer cervical e
cancer de ovario. De maneira interessante, foi demonstrado que existe uma
necessidade de inibicdo dual de ATM e ATR para que as células sejam
sensibilizadas pelas ecteinascidinas. O artigo ainda relata que somente a inibicao
dual de ATM e ATR promove o bloqueio do inicio da DDR e do reparo por

recombinacdo homologa em células de cancer cervical.

As atividades experimentais deste projeto foram desenvolvidas durante o
estagio sanduiche no laboratério Cancer Biology and Therapeutics, localizado no
Centre de Recherche Saint-Antoine, INSERM — UPMC (Paris, Franca). O artigo

apresentado esta publicado na revista Oncotarget.
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ABSTRACT

Trabectedin (Yondelis®, ecteinascidin-743, ET-743) is a marine-derived natural
product approved for treatment of advanced soft tissue sarcoma and relapsed
platinum-sensitive ovarian cancer. Lurbinectedin is a novel anticancer agent structurally
related to trabectedin. Both ecteinascidins generate DNA double-strand breaks that
are processed through homologous recombination repair (HRR), thereby rendering
HRR-deficient cells particularly sensitive. We here characterize the DNA damage
response (DDR) to trabectedin and lurbinectedin in HelLa cells. Our results show that
both compounds activate the ATM/Chk2 (ataxia-telangiectasia mutated/checkpoint
kinase 2) and ATR/Chkl (ATM and RAD3-related /checkpoint kinase 1) pathways.
Interestingly, pharmacological inhibition of Chk1/2, ATR or ATM is not accompanied
by any significant improvement of the cytotoxic activity of the ecteinascidins while dual
inhibition of ATM and ATR strongly potentiates it. Accordingly, concomitant inhibition
of both ATR and ATM is an absolute requirement to efficiently block the formation
of v-H2AX, MDC1, BRCA1 and Rad51 foci following exposure to the ecteinascidins.
These results are not restricted to HelLa cells, but are shared by cisplatin-sensitive
and -resistant ovarian carcinoma cells. Together, our data identify ATR and ATM as
central coordinators of the DDR to ecteinascidins and provide a mechanistic rationale
for combining these compounds with ATR and ATM inhibitors.

INTRODUCTION

Trabectedin (Yondelis®, ecteinascidin-743, ET-743)
is a marine-derived natural product that is approved for
treatment of patients with advanced soft tissue sarcoma
and relapsed platinum-sensitive ovarian cancer [1].
Lurbinectedin (PMO01183) is a novel ecteinascidin (ET)
derivative in clinical development [2]. Lurbinectedin

is structurally similar to trabectedin except for a
tetrahydroisoquinoline present in trabectedin that is
replaced by a tetrahydro P-carboline in lurbinectedin
[3]. This structural variation is accompanied by
important modifications of the pharmacokinetic and
pharmacodynamic properties in cancer patients although
the preclinical activities of lurbinectedin remain close to
those observed for trabectedin [4,5].
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Due to their original mechanism of action, trabectedin
and lurbinectedin are associated with an unusual pattern
of sensitivity in DNA repair-deficient cells [1]. Several
studies have shown that in contrast to other DNA-targeted
anticancer agents, TC-NER-deficient cells are 2 to 10 times
more resistant to trabectedin and lurbinectedin [5-10].
It was also shown that homologous recombination repair
(HRR), but not Non-Homologous End Joining (NHET),
is important for trabectedin and lurbinectedin, since
HRR-deficient cells were 50 to 100 times more sensitive
to these drugs. The lack of HRR was associated with the
persistence of unrepaired DSBs during the S phase of the
cell cycle and apoptosis [5,11,12]. Importantly, the unique
sensitivity of cells deficient in HRR has been confirmed in
the clinic [13-15]. Interestingly, although HRR deficiency
has proven relevant for both trabectedin and lurbinectedin
[5], no strategy has been evaluated to inhibit this repair
pathway although it would likely improve the activity of
the ecteinascidins (ETs) by mimicking HRR deficiency.
Moreover, inhibition of the cell cycle checkpoints that are
activated in response to trabectedin might also prove useful
in order to increase drug efficacy [16,17].

The major regulators of the DNA damage response
(DDR) are two phosphatidyl inositol 3-kinase-like
kinases (PIKKs), ataxia-telangiectasia mutated (ATM)
and ATM and RAD3-related (ATR) [18]. ATM initiates
the cellular response to DSBs. ATM is activated through
autophosphorylation of the Ser1981 residue and activates
the distal transducer kinase, Chk2 [18-20]. The primary
function of ATR is to monitor DNA replication and to
regulate the repair of damaged replication forks [18,21].
ATR is recruited by the ATR-interacting protein (ATRIP)
to regions of replication protein A (RPA)-coated stretches
of single-stranded DNA (ssDNA) that are generated
by decoupling of helicase and polymerase activities at
stalled replication forks [22-24]. Once activated, ATR
preferentially phosphorylates the distal kinase, Chkl1 [18,
21]. Both ATM/Chk?2 and ATR/Chk]1 pathways converge
to inactivate members of the Cdc25 phosphatase family,
which drives dividing cells through the cell cycle [25].
In addition to their specific substrates, ATM and ATR
also share common ones, like the histone variant H2AX
and the 32-kDa subunit of human RPA (RPA32). RPA32
phosphorylation, catalyzed by the PIKKs family as well
as CDKs, plays an important role in stabilizing DNA
replication forks and in promoting HRR in response
to replication arrest [26,27]. RPA32 phosphorylation
occurs at the site of damage where it marks the sites of
DNA damage or DNA stress [28]. The phosphorylation
of the histone variant H2AX leading to the formation of
the so-called y-H2AX might serve as docking sites for
DNA damage/repair proteins, including MDC1, 53BP1
and BRCA1, and functions to promote DSB repair and
genome stability [25,29,30]. In this process, the binding
of MDC1 to H2AX acts as the first step where y-H2AX-
associated MDC]1 recruits additional activated ATM,

thereby establishing a positive feedback loop leading to
v-H2AX expansion along the DNA [31-33]. Importantly,
MDCI1 i1s also involved in ATR-dependent Chkl activation
by promoting accumulation of TopBP1 at stalled
replication forks thus facilitating the efficient activation of
ATR kinase activity [34]. In addition to recruiting MDC1,
v-H2AX helps recruiting BRCALT, a central constituent of
HRR [30,35]. BRCAI then promotes the recruitment of
BRCAZ2 which in turn favors the recruitment of RAD51
for homologous recombination [35].

In this study, we characterize the DNA damage
response to trabectedin and lurbinectedin in HeLa cells.
Our results show that both compounds activate the ATM/
Chk2 and ATR/Chkl pathways simultaneously which
is accompanied by the formation of BRCA1 and Rad51
foci. Interestingly, the pharmacological inhibition of
either Chk1/2 (AZD7762), ATR (VE-821, AZ20) or ATM
(KU-60019) kinase is not accompanied by any significant
increase in the cytotoxicity of trabectedin or lurbinectedin.
In contrast, simultaneous inhibition of both ATM and ATR
strongly potentiates the activity of the ETs. To explain this
phenomenon, we show that concomitant inhibition of both
ATR and ATM is an absolute requirement to efficiently
block the formation of y-H2AX, MDC1, BRCA1 and
Rad51 foci suggesting a redundant or complementary
function of the ATM and ATR pathways in the processing
of ET-induced DSBs. Importantly, these results are not
restricted to HeLa cells, but can also be extended to
cisplatin-sensitive and -resistant ovarian cancer cell lines.
Together, our data identify ATR and ATM as central
coordinators of the DDR to trabectedin and lurbinectedin
and provide a mechanistic rationale for combinations of
these compounds with dual ATR and ATM inhibitors.

RESULTS

Trabectedin and lurbinectedin induce both
ATM- and ATR-dependent DNA damage
response pathways

Previous studies indicate that trabectedin induces
replication-dependent DSBs [11]. To identify the key factors
needed for the DDR to trabectedin and lurbinectedin, we
first determined the activity of ATM. Immunofluorescence
microscopy was used to determine the activation of ATM,
as measured by ATM autophosphorylation of Ser1981 after
1 hour exposure to 20 nM trabectedin (Figure 1A, left panel)
or lurbinectedin (Figure 1A, right panel) followed by 6 hours
post-incubation in drug-free media. The results show that
both compounds induce the autophosphorylation of ATM,
compared to untreated control cells (Figure 1A). Interestingly,
only a subset of cells shows autophosphorylation of ATM
(Figure 1A). These data are in agreement with previous
reports demonstrating that ATM plays a role in the processing
of replication-dependent DSBs induced by trabectedin [36].
Coherent with the results for ATM, both trabectedin and
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Figure 1: Trabectedin and lurbinectedin activate both ATM and ATR pathways. A. HeLa cells were mock-treated or exposed
to 20 nM trabectedin (left panel) or lurbinectedin (right panel) for 1 hour followed by 6 hours post-incubation in drug-free media. Cells were
then processed for immunolabeling with an antibody directed against Ser1981-phosphorylated ATM. Fluorescence intensities in individual
cells were quantified by Metamorph analysis and are indicated in arbitrary units (a.u.). B. Same as above except than the cells were pre-
permeabilized with ice-cold CSK-lysis buffer to remove the soluble fraction of RPA32 before processing for immunolabeling with an
antibody directed against RPA32. C. Same as above except than cells were processed for simultaneous staining of Ser1981-phosphorylated
ATM and RPA32. p denotes the correlation coefficient between the intensities of Ser1981-phosphorylated ATM and RPA32.
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lurbinectedin treatments lead to the activation of Chk2
through phosphorylation on Thr68 (Figure 2). Together, our
results indicate that the ATM/Chk2 pathway is activated in
response to trabectedin and lurbinectedin.

To determine whether the ATR/Chkl pathway
also plays a role in the processing of trabectedin- or
lurbinectedin-induced DNA lesions, we performed
immunofluorescence microscopy to visualize chromatin
recruitment of RPA32, one of the three RPA subunits
(Figure 1B). RPA-coated single-stranded DNA (ssDNA)
regions are required for recruitment of the ATR-ATRIP
complex to damaged sites [22-24]. Our results show
that 1 hour exposure to 20 nM trabectedin (Figure 1B.
left panel) or lurbinectedin (Figure 1B, right panel)
followed by 6 hours post-incubation in drug-free media
is accompanied by strong chromatin recruitment of
RPA32. Remarkably. the trabectedin- and lurbinectedin-
induced RPA foci were mostly detected in cells where
ATM was autophosphorylated (Figure 1C) suggesting
that both pathways are activated simultaneously
following exposure to the ETs. Chromatin recruitment
of RPA32 was accompanied by rapid activation of ATR
as indicated by the formation of phosphorylated Chkl
on the Ser317 residue (Figure 2). Interestingly, RPA32
as well as the H2AX histone variant are phosphorylated
in response to trabectedin (Figure 2A and Supplementary
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Figures S1A and S1B) or lurbinectedin (Figure 2B and
Supplementary Figures S2A and S2B). This suggests
that the damaged replicative sites are quickly recruiting
proteins capable of stabilizing the replication fork and
repairing the DSBs. In agreement, we show that BRCA1
is recruited to the chromatin following exposure to
trabectedin (Supplementary Figure S1C) or lurbinectedin
(Supplementary Figure S2C).

Combination of trabectedin and lurbinectedin
with checkpoint abrogators

Previous reports have shown that individual
checkpoint abrogators enhance the efficacy of DNA-
targeting anticancer drugs as well as of radiotherapy
[37-40]. To establish if this approach is also valid for the
ETs, the influence of pharmacological concentrations of
Chk1/Chk2 (AZD7762, 50 and 100 nM), ATM (KU60019,
1 and 2 uM) or ATR (VE-821, 1 and 2 pM; AZ20, 0.1
and 0.2 uM) inhibitors on the cytotoxicity of the ETs was
determined. However, the presence of a single checkpoint
abrogator had only modest influence on the cytotoxicity of
the ETs. Indeed, the activity of trabectedin was increased
4-, 2-, 4- and 3-fold by AZD7762, KU60019, VE-821 or
AZ20, respectively (Figure 3, left panels). Similarly, the
activity of lurbinectedin was only marginally increased
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Figure 2: Both trabectedin and lurbinectedin induce the DNA damage response. A. HeLa cells were mock-treated (UT)
or incubated for 1 hour with trabectedin (20 nM) followed by 0. 2. 4, 6 hours post-incubation in drug-free media as indicated. Total
protein extracts were prepared and analyzed by immunolabeling with antibodies directed against Ser317-phosphorylated Chk1, Thr68-
phosphorylated Chk2, Thr21-phosphorylated RPA32 and Serl39-phosphorylated H2AX. Total Chkl, Chk2, RPA32 and H2AX were
used as loading controls. B. Hela cells were either untreated (UT) or incubated for 1 hour with 20 nM trabectedin (T) or lurbinectedin
(L) followed by 6 hours post-incubation in drug-free media. Total protein extracts were prepared and analyzed by immunolabeling with
antibodies directed against Ser317-phosphorylated Chk1, Thr68-phosphorylated Chk2 and RPA32. Total Chkl and Chk2 were used as
loading controls. On each panel, arrows indicate the main phosphorylated forms of RPA32.

www.impactjournals.com/oncotarget

Oncotarget

57



A 100
- 75 1
§ --Control
s 50 0-50nM AZD 7762
e -0-100nM AZD 7762
-
« 25
0 - .
0,01 0,1 1 10 0,01 0,1 1 10
Lurbinectedin (nM)
B 100 100
75 75
—-o-Control

-0-1uM KU-60019
-@-2uM KU-60019

Survival (%)
3

&
Survival (%)
2

N
(&)}

¥

0 y - 0 T -
0,01 0,1 1 10 0,01 0,1 1 10
Trabectedin (nM) Lurbinectedin (nM)
C 100 ;
- 75
X
= -o-Control
S 50 -0-1uM VE-821
E -@-2uM VE-821
@ 25
0 y g -
0,01 0,1 1 10 0,01 0,1 1 10
Trabectedin (nM)
b 100
= 75 1
S --Control
S 50 -0-0,1uM AZ20
s -0-0,2uM AZ20
3
? 25
0 y T 0
0,01 0,1 1 10 0,01 0,1 1 10
Trabectedin (nM) Lurbinectedin (nM)

Figure 3: Effect of single checkpoint abrogators on the cytotoxic activities of trabectedin and lurbinectedin. HeLa cells
were exposed for 1 hour to the indicated concentrations of checkpoint abrogators (A. AZD7762; B. KU-60019; C. VE-821; D. AZ20)
before addition of either trabectedin (left panels) or lurbinectedin (right panels) at the indicated concentrations. Cells continuously exposed
to trabectedin or lurbinectedin alone were included as control. AZD7762, KU-60019, VE-821 and AZ20 have no effects on HeLa cells
growth when used alone up to 100 nM, 2 uM, 2 uM and 0.2 uM, respectively. Standard deviations (SD) are indicated by error bars and are
indicated when they exceed symbol size.
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when cells were co-incubated with AZD7762 (Figure
3, right panels). Together, these results show that the
classical strategies of using a single checkpoint abrogator
as chemo-sensitizer do not apply to the ETs and suggest
either no role or, alternatively, functional overlap of the
ATM and ATR pathways in the processing of ETs-induced
DNA lesions.

Influence of dual ATM and ATR inhibition on
the cytotoxicity of trabectedin and lurbinectedin

To distinguish between these two possibilities,
we performed viability assays on HeLa cells that were
treated with ETs in the absence or presence of dual
ATM and ATR inhibition (with KU60019 and VE-821,
respectively). We chose concentrations of checkpoint
abrogators (2 pM KU60019 and 1 pM VE-821) with
marginal toxicity toward HeLa cells (<IC,) when

combined. Interestingly. although inhibition of ATM or
ATR only moderately increased the cytotoxic activity
of trabectedin (Figures 3B and 3C, left panels). dual
inhibition of ATM and ATR potentiated the cytotoxicity
of trabectedin 14-fold (Figure 4A, left panel). Similarly,
although inhibition of ATM or ATR alone had no effect
on the cytotoxicicity of lurbinectedin (Figures 3B and
3C, right panels), dual ATM and ATR inhibition markedly
increased it (Figure 4A, right panel). Importantly.
these observations were not limited to a specific type
of cell cycle abrogator, since the combination of 2 uM
KU60019 with 0.2 uM AZ20 also improved the cytotoxic
activities of trabectedin and lurbinectedin by 11- and
8-fold, respectively (Figure 4B). These results strongly
suggest that both ATM and ATR act in the signaling of
ET-induced DNA damage and therefore. that both need
to be inhibited in order to increase the cytotoxic activity
of the ETs.
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Figure 4: Influence of combinations of checkpoint abrogators on the cytotoxic activities of trabectedin and lurbinectedin.
A. HeLa cells were first exposed for 1 hour to either no drug (black diamond) or a combination of 2 pM KU-60019 and 1 puM VE-821 (white
circle) before addition of either trabectedin (left panel) or lurbinectedin (right panel) at the indicated concentrations. B. HeL a cells were first
exposed for 1 hour to either no drug (black diamond) or a combination of 2 pM KU-60019 and 0.2 pM AZ20 (white circle) before addition

of either trabectedin (left panel) or lurbinectedin (right panel) at the indicats
that is 2 pM KU-600019 with 1 uM VE-821 and 2 pM KU-600019 with 0

ed concentrations. Both combinations of checkpoint abrogators,
2 uM AZ20 have minor cytotoxic activity (<IC, ) toward HeLa

cells by themselves. SDs are indicated by error bars and are indicated when they exceed symbol size.
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Both ATM and ATR are involved in the initial
steps of the DDR

To better characterize the molecular processes
underlying the need for dual ATM/ATR inhibition to
improve the activity of the ETs, we first determined
the influence of 2 pM KU60019, 1 uM VE-821 or
2 uM KU60019 in combination with 1 pM VE-821
on the phosphorylation of histone H2AX following
exposure to trabectedin or lurbinectedin (Figure 5A).
Interestingly, our results show that the formation of
v-H2AX foci is, at the best, only moderately diminished
in the presence of a single kinase inhibitor in response
to the ETs. In clear contrast, dual inhibition of ATM
and ATR was accompanied by a drastic reduction of
v-H2AX foci formation induced by trabectedin (Figure
5A, left panel) or lurbinectedin (Figure SA, right
panel). Accordingly, MDC1 chromatin recruitment
and focalization was detectable when trabectedin- or
lurbinectedin-treated cells were co-incubated in the
presence of either KU60019 or VE-821 (Figure 5B and
5C) whereas the combination of both KUU60019 and VE-
821 completely inhibited the formation of MDC1 foci
(Figure 5B and 5C). This observation was not limited
to H2AX and MDC1, since RPA32 phosphorylation was
also attenuated by dual, but not by single, inhibition
of ATM or ATR (Supplementary Figure S3). It is
interesting to note that single inhibition of either ATM
or ATR generally has a more pronounced effect on
trabectedin, compared to lurbinectedin, suggesting that
the two compounds induce a similar, but not identical
response. Together, these data suggest that both the
ATM and the ATR kinase play a role in the initial DNA
damage response to the ETs.

Both ATM and ATR are required for the
recruitment of HRR proteins

To determine if the inhibition of the early steps of
the ETs-induced DNA-damage signaling is accompanied
by a default in the recruitment of HRR proteins to the
damaged DNA, we performed immunofluorescence
microscopy to characterize the influence of ATM and
ATR inhibition on the formation of BRCA1 and Rad51
foci (Figure 6). Again, we observed that the presence
of a single kinase inhibitor only partly inhibited
the formation of BRCA1 foci following trabectedin
exposure (Figure 6A, left panel). In contrast, BRCA1
recruitment was not significantly influenced by ATM
or ATR inhibition in response to lurbinectedin (Figure
6A, right panel) confirming the similar, but not fully
identical, cellular response to the two ETs. In clear
contrast, dual inhibition of both ATM and ATR almost
completely inhibited the recruitment of BRCAI1 to
the chromatin following exposure to both trabectedin

(Figure 6A, left panel) and lurbinectedin (Figure 6A,
right panel). These results were not limited to BRCAL,
since Rad51 focalization was also completely abrogated
by dual, but not by single, inhibition of ATM and ATR
(Figure 6B and 6C).

Dual inhibition of ATM and ATR increases
chromosome damage induced by
trabectedin and lurbinectedin

Unrepaired DSBs may lead to chromosomal
abnormalities. To determine the influence of
checkpoint abrogators on the karyotype of ETs-
treated cells, HeLa cells were exposed for 1 hour to
a non-toxic concentration (1 nM) of either trabectedin
or lurbinectedin in the presence or absence of 2 M
KU60019, 1 uM VE-821 or a combination of the two
checkpoint abrogators. HeLa cells were then post-
incubated in the presence or absence of checkpoint
abrogators for 24 hours and their karyotype analyzed
(Figure 7). In agreement with our previous findings,
we show that single kinase inhibition slightly increased
the chromosomal damage induced by trabectedin
or lurbinectedin (Figure 7A). In clear contrast, dual
inhibition of both ATM and ATR is accompanied by
a striking increase in chromosome breakage induced
by trabectedin (Figure 7A, left panel) as well as by
lurbinectedin (Figure 7A, right panel). Importantly, this
increase was well above the effects seen for the two
checkpoint abrogators when they were given alone or
in combination to cells in the absence of ETs (Figure
7A, left panel). Remarkably, all metaphases examined
in cells treated with ETs in the presence of dual ATM
and ATR inhibition showed extensive chromosome
breakage (Figure 7B). Previous findings show that
exposure to trabectedin or lurbinectedin induced cell
cycle arrest in G2, most likely to allow time for DNA
repair [5]. Accordingly, in our chromosome-spread
experiments, we observed a slight decrease in the
number of mitotic cells after treatment with the ETs
(Figure 7C). In contrast, when cells were exposed to
trabectedin or lurbinectedin in the presence of both
ATM and ATR inhibitors, the fraction of mitotic cells
increased from 3.5% to 20% and from 4% to 15%,
respectively. In comparison, single kinase inhibition
only partly replicated these results (Figure 7C).
Importantly, VE-821 and KU60019 did not alter the
fraction of mitotic cells by themselves (data not shown).
Together, our findings show that the simultaneous
inactivation of both ATM and ATR is necessary to
increase the cytotoxic activities of the ETs acting
through a potent and complete inhibition of the early
DDR, on the recruitment of HRR proteins as well as on
the subsequent G2/M checkpoint arrest resulting in the
accumulation of deadly DSBs and mitotic catastrophe.
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Figure 5: Influence of combinations of checkpoint abrogators on the phosphorylation of the histone variant H2AX and
the focalization of MDC1 following exposure to trabectedin or lurbinectedin. A. HeLa cells were exposed to 10 nM trabectedin
(left panel, T) or lurbinectedin (right panel. L) for 1 hour in the absence (white columns) or presence of 2 pM KU-60019 (+ KU, light
grey columns), 1 uM VE-821 (+ VE. medium grey columns) or a combination of 2 M KU-600019 and 1 uM VE-821 (+ KU + VE, dark
grey columns). This was followed by 24 hours post-incubation in the absence (white columns) or presence of 2 uM KU-60019 (+ KU,
light grey columns), 1 pM VE-821 (+ VE. medium grey columns) or a combination of 2 uM KU-600019 and 1 pM VE-821 (+ KU + VE,
dark grey columns). Cells were then processed for immunolabeling with an antibody directed against Serl139-phosphorylated H2AX.
Untreated cells were used as a negative control (black columns). The fluorescence intensities in single cells were quantified by Metamorph
analysis and are expressed in arbitrary units (a.u.). Data are represented as means +/- SD. B. (trabectedin) and C. (lurbinectedin), Same as
above. except that cells were pre-permeabilized with ice-cold CSK-lysis buffer before fixation and immunolabeling with a MDC 1-directed
antibody. DNA was counterstained with Topro-3 fluorescent dye. MDC1 focalization was visualized by confocal microscopy.
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Figure 6: Influence of combinations of checkpoint abrogators on the focalization of BRCA1 and Rad51 induced by
trabectedin or lurbinectedin. A. HeLa cells were exposed to 10 nM trabectedin (left panel. T) or lurbinectedin (right panel. L) for
1 hour in the absence (white columns) or presence of 2 uM KU-60019 (+ KU, light grey columns), 1 uM VE-821 (+ VE, medium grey
columns) or a combination of 2 uM KU-600019 and 1 uM VE-821 (+ KU + VE, dark grey columns). This was followed by 24 hours post-
incubation in the absence (white columns) or presence of 2 M KU-60019 (+ KU, light grey columns), 1 uM VE-821 (+ VE. medium grey
columns) or a combination of 2 pM KU-600019 and 1 pM VE-821 (+ KU + VE, dark grey columns). Cells were then pre-permeabilized
with ice-cold CSK-lysis buffer, fixed and immunolabeled with a BRCA 1-directed antibody. Untreated cells were used as a negative control
(black columns). The fluorescence intensities in single cells were quantified by Metamorph analysis and are expressed in arbitrary units
(a.u.). Data are represented as mean +/- SD. B. (trabectedin) and C. (lurbinectedin), Same as above, except that cells were directly fixed and
immunolabeled with a Rad51-directed antibody. DNA was counterstained with Topro-3 fluorescent dye. Rad51 focalization was visualized
by confocal microscopy.
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Figure 7: Influence of the combination of checkpoint abrogators on DSBs repair. A. Hel.a cells were exposed to 1 nM
trabectedin (left panel, T) or lurbinectedin (right panel, 1.) for 1 hour in the absence (white columns) or presence of 2 uM KU-60019 (+
KU, light grey columns), 1 pM VE-821 (+ VE, medium grey columns) or a combination of 2 uM KU-600019 and 1 pM VE-821 (+ KU +
VI, dark grey columns). This was followed by 24 hours post-incubation in the absence (white columns) or presence of 2 pM KU-60019
(+ KU, light grey columns), 1 pM VE-821 (+ VE, medium grey columns) or a combination of 2 uM KU-600019 and 1 uM VE-821 (KU +
VE, dark grey columns). Cells were then processed for karyotype analysis. Untreated cells were used as a negative control (black columns).
The left panel shows the influence on Hel.a cells of 2 pM KU-60019 (KU, light grey dashed column), 1 uM VE-821 (VE, medium grey
dashed column) or a combination of 2 pM KU-600019 and 1 pM VE-821 (KU + VE, dark grey dashed column) when they were given in
the absence of ETs. Data are represented as mean +/- SD. B. Typical metaphase in untreated Hel.a cells and cells treated for 1 hour with 1
nM of either trabectedin or lurbinectedin combined with a combination of 2 pM KU-600019 and 1 pM VE-821 and post-incubated for 24
hours in the presence of a combination of 2 pM KU-600019 and 1 uM VE-821. C. The mitotic index was determined on the microscopy
slides used for karyotype analysis. Data are expressed as mean +/- SD.
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Influence of dual ATM/ATR inhibition on
the cytotoxic activities of trabectedin and
lurbinectedin toward ovarian cancer cell lines

To confirm that our data might have some rapid
clinical application, we applied our strategy to 3 different
ovarian cancer cell lines. Remarkably, while ATM or
ATR single inhibition increased the cytotoxic activity
of trabectedin toward IGROV1 cells by 4- and 2-fold,
respectively (Figure 8A, left panel, white triangle and
white square), the combination of trabectedin with 2 pM
KU60019 and 1 pM VE-821 strongly potentiated it 27-fold
(Figure 8A, left panel, white circle). Similarly, while both
ATM and ATR single inhibition improved the cytotoxic
activity of lurbinectedin 3-fold each (Figure 8A, right
panel, white triangle and white square), their combination
markedly increases it 16-fold (Figure 8A, right panel,
white circle). Importantly, these results were also found for
A2780 cells as well as for their cisplatin-resistant A2780/
CP70 counterparts (Figure 8B and 8C). Specifically, ATM
and ATR dual inhibition increased the cytotoxic activities
of trabectedin and lurbinectedin toward A2780 cells 13-
and 10-fold, respectively, and 11-fold for both ETs toward
A2780/CP70 cells. It is noteworthy that A2780/CP70
cells were more sensitive to dual kinase inhibition than
the parental cells. Indeed, to reach a similarly low toxicity
as for A2780 or IGROV1 cells (<IC, ), A2780/CP70 cells
had to be pre-incubated with 1 pM KU60019 and 1 uM
VE-821 instead of 2 pM KU60019 and 1 pM VE-821.
Taken together, our data demonstrate that combining ETs
with dual ATM and ATR inhibition represent a promising
approach to significantly improve the clinical efficacy of
this unique class of DNA-targeting chemotherapeutics, in
particular for patients with functional HRR.

DISCUSSION

Although HRR deficiency has proven to be highly
relevant for both trabectedin and lurbinectedin [5,11], no
strategy has been evaluated so far to inhibit this repair
pathway, although it would likely increase the antitumor
activity of the ETs by mimicking HRR deficiency. This is
likely because initial findings showed that ATM deficiency,
which is believed to initiate the DDR following trabectedin
exposure, only moderately increased the activity of both
trabectedin and lurbinectedin in cellular models [5,
36]. In agreement, we here show that pharmacological
inhibition of ATM by KU-60019, an ATP-competitive
inhibitor, only marginally increased the cytotoxic activity
of the ETs. The modest influence of ATM inhibition
might be due to activation of alternative processes [41].
In agreement, we here report that ATM inhibition with
KU-60019 only slightly inhibited y-H2AX foci formation
as well as chromatin recruitment of MDC1, BRCA1 and
Rad51 following exposure to trabectedin or lurbinectedin.
One might speculate that DNA-PK would be redundant

with ATM as being the case for ionizing radiation [42].
However, in the case of trabectedin, DNA-PK is only
involved in the processing of transcription-dependent, but
not replication-dependent, DSBs. Furthermore, loss of
DNA-PK has been associated with resistance, rather than
increased sensitivity, to trabectedin thereby making DNA-
PK arisky target [11,36].

Alternatively, one could imagine that ATR
activation would be responsible for the modest influence
of pharmacological inhibition or genetic loss of ATM. In
agreement, our data show that the dual inhibition of both
ATM and ATR is required to fully inhibit y-H2AX foci
formation and recruitment of HRR proteins 24 hours after
exposure to trabectedin or lurbinectedin. Importantly, this
is accompanied by a marked increase in the capacity of
both ETs to induce chromosome damage and cell death.
It is likely that ATR does not play an important role in
the early phosphorylation of the histone variant H2AX
since it has been reported that ATM inhibition leads to the
almost complete loss of H2AX phosphorylation 6 hours
after trabectedin exposure [36]. Preliminary data in our
laboratory confirm that assumption (data not shown).
This suggests that HRR starts at frank DSBs, leading to
rapid ATM auto-phosphorylation and pathway activation.
Accordingly, it has been suggested that by interfering
specifically with the TC-NER process, trabectedin and
lurbinectedin-induced DNA adducts are capable of
forming ternary complexes that are not removed by the
NER machinery, although the XPF/ERCCI1 nuclease is
able to cleave the strand opposite to the lesion thereby
inducing SSBs [12,43]. Such SSBs could then be
transformed into DSBs by the replication fork thus quickly
activating the ATM pathway. Alternatively, the lack of
early activation of the ATR pathway could lead to unstable
replication forks leading to their collapse [36,44]. In
agreement, both trabectedin and lurbinectedin form DNA
adducts that stabilize double-stranded DNA (dsDNA) and
functionally mimic covalent DNA cross-links thereby
preventing the uncoupling of the helicase and polymerase
activities needed for activation of ATR [3,43,45,46].
Interestingly, the role of ATM in dealing with replicative
problems is not limited to ETs. In particular, it was shown
that exposure to the hexavalent chromium [Cr(VI)]
compounds results in generation of S phase-dependent
DNA DSBs, which activate ATM independently of ATR
[47]. Similarly, irofulven specifically induces the ATM/
Chk2 signaling pathway in replicating cells [48,49].
More recently, it has been reported that low formaldehyde
doses, by inducing chromatin perturbations, also causes
a strong and rapid activation of ATM in human cells,
which was ATR-independent and restricted to S-phase
[50]. Together, these data show that ATM can deal with
different types of replicative problems besides replicative
stress. However, processing of stalled replication
forks through either the FA pathway or replication fork
regression might generate single-stranded DNA later
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Figure 8: Influence of combinations of checkpoint abrogators on the cytotoxic activities of trabectedin and lurbinectedin
toward ovarian cancer cell lines. A. IGROV1 cells were first exposed for 1 hour to either no drug (black diamond), 2 uM KU-60019
(white triangle), 1 pM VE-821 (white square) or a combination of 2 uM KU-60019 and 1 pM VE-821 (white circle) before addition of
either trabectedin (left panel) or lurbinectedin (right panel) at the indicated concentrations. The combination of 2 pM KU-600019 and 1 uM
VE-821 had a minor effect (<IC,) on IGROV1 cells while 2 uM KU-600019 or 1 uM VE-821 alone had no toxicities. B. A2780 cells were
first exposed for 1 hour to either no drug (black diamond), 2 uM KU-60019 (white triangle), 1 pM VE-821 (white square) or a combination
of 2 uM KU-60019 and 1 pM VE-821 (white circle) before addition of either trabectedin (left panel) or lurbinectedin (right panel) at the
indicated concentrations. The combination of 2 pM KU-600019 and 1 uM VE-821 as well as 2 uM KU-600019 or 1 uM VE-821 alone
have no toxicity toward A2780 cells. C. A2780/CP70 cells were first exposed for 1 hour to either no drug (black diamond), 1 uM KU-60019
(white triangle), 1 uM VE-821 (white square) or 1 uM KU-60019 in combination with 1 uM VE-821 (white circle) before addition of either
trabectedin (left panel) or lurbinectedin (right panel) at the indicated concentrations. The combination of 1 uM KU-600019 and 1 uM VE-
821 has a minor effect (<IC,) on A2780/CP cells growth while either 1 pM KU-600019 or 1 pM VE-821 alone have no toxicities. SDs are
indicated by error bars and are indicated when they exceed symbol size.
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capable of recruiting RPA thereby activating the ATR
pathway [45,51,52]. The coexistence of different pathways
to manage the stress induced by ETs is supported by our
observation showing that both ATM and ATR pathways
are activated within a single cell in response to ET-
exposure. Interestingly, single inhibition of either ATM or
ATR is likely to generate substrates capable of activating
the remaining pathway. Indeed, the inhibition of ATM is
likely to generate single-stranded DNA regions through
the activation of endonucleases thereby activating the ATR
pathway [53-55]. Conversely, the absence of ATR would
promote replication fork collapse and activation of ATM
[52]. Thus, the dual inhibition of both ATM and ATR is
an absolute requirement to inhibit HRR and to potentiate
ETs’ activities.

Interestingly, a recent report has shown that the
pharmacologic inhibition of ATR or ATM increased
the response to ionizing radiation in human cervical,
endometrial and ovarian carcinoma cell lines, with a
further increase in ionizing radiation sensitization by
coordinated inhibition of both kinases [56]. In contrast,
selective inhibition of ATR, but not ATM, synergized with
platinum in all three types of cellular models, while the
combined inhibition of ATR and ATM does not enhance
the response to platinum agents above that seen with
the ATR inhibitor alone. These results, together with
ours, demonstrate the need to precisely characterize the
mechanism of action of each anticancer agent to establish
new rationales and thereby to improve cancer patients’
care. Until recently, clinical attempts to inhibit the DDR
in order to ameliorate the activity of DNA-targeted agents
were limited by the high general toxicity and lack of
specificity of available compounds. However, new and
selective inhibitors are currently under development
and some have recently entered phase I clinical trials in
combination with either radiotherapy or DNA-targeting
agents [18,41]. Despite the fact that no ATM inhibitors are
yet in clinical development and no ATR inhibitors have
reached approval, the in vitro studies carried out to date
clearly show that pharmacological inhibition of ATM and
ATR has great potential in cancer therapy in combination
with radiotherapy or certain chemotherapeutic drugs
including trabectedin and lurbinectedin. One might
speculate that inhibiting both ATM and ATR might have
severe toxic effects on normal tissues when combined
with DNA-targeting agents. Determining whether non-
replicating cells are equally sensitized to ETs by dual
inhibition of ATR and ATM than actively replicating tumor
cells might be part of the answer. However, measuring
the expression levels of ATR and ATM in tumors with
functional HRR might also help to solve that issue. Tumors
with low expression levels of ATR are indeed likely to
respond to ETs when combined with ATM inhibitors while
tumors with low expression levels of ATM are likely to
respond to ETs when combined with ATR inhibitors. This
approach might improve the therapeutic index of ETs on

tumors with functional HRR by selectively targeting the
tumor cells. Obviously, additional work on animal models
is required to validate our combinations and to evaluate
toxicities in a living context.

In summary, our findings demonstrate that
pharmacological inhibition of either the Chk1/2, the ATR
or the ATM kinase is not accompanied by any significant
improvement of the cytotoxic activity of trabectedin or
lurbinectedin. In clear contrast, dual ATM/ATR inhibition
strongly potentiates the activity of both ETs against
human cervical and ovarian carcinoma cells by efficiently
blocking the formation of y-H2AX, MDC1, BRCA1
and Rad51 foci following ET-exposure thereby resulting
in extensive chromosome damage. Together, our data
identify ATR and ATM as central coordinators of the DDR
to trabectedin and lurbinectedin and provide a mechanistic
rationale for combining these compounds with ATR and
ATM inhibitors in future clinical trials.

MATERIALS AND METHODS

Chemicals

Trabectedin and lurbinectedin were provided by
PharmaMar (Madrid, Spain). AZD7762 (http://www.
selleckchem.com/products/AZD7762 . html), AZ20 (http://
www.selleckchem.com/products/az20.html), ~ VE-821
(http://www.selleckchem.com/products/ve-821.html) and
KU-60019 (http://www.selleckchem.com/products/KU-
60019.html) were purchased from Selleckchem.

Cells

HeLa-M cervical carcinoma cells were a gift
from Andrzej Skladanowski (Gdansk, Poland). Parental
A2780 and cisplatin resistant A2780/CP70 ovarian
carcinoma cells were kindly provided by Robert Brown
(Bearsten, UK), whereas IGROV1 ovarian carcinoma
cells were provided by Alain Pierré (Croissy sur Seine,
France). HeLa cells were grown in DMEM GlutaMAX™
(ThermoFisher Scientific) supplemented with 10%
fetal bovine serum (Perbio Science). A2780, A2780/
CP70 and IGROV1 were grown in RPMI 1640 medium
(ThermoFisher Scientific) supplemented with 10% fetal
bovine serum (Perbio Science). Media were supplemented
with 100 units/ml penicillin and 100 pg/ml streptomycin
(PanPharma). All cell lines were regularly tested for
Mycoplasma contamination using Mycoplasma Detection
Kit Myco Alert® (Lonza).

Antibodies

Antibodies directed againstP-Thr68-Chk?2 (# 2661),
Chk2 (clone 1C12, # 3440), P-Ser317-Chk1 (# 2344),
Chk1 (clone 2G1D5, # 2360), P-Ser1981-ATM (clone
10H11.E12, # 4526) and RPA32 (clone 4E4, # 2208) were
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purchased from Cell Signaling Technology (Ozyme, Saint
Quentin en Yvelines, France). Antibodies against phospho-
Thr21-RPA32 (# ab61065) and MDCI1 (# ab11169) were
from Abcam while the H2AX (# 07-627) and y-H2AX
(# 05-636) -directed antibodies were purchased from
Millipore (Lake Placid, NY). Antibodies against BRCAI
(# sc-6954) and RADS1 (# sc-8349) were from Santa
Cruz Biotechnology. HRP (horseradish peroxidase) and
fluorescent dye-conjugated antibodies were obtained from
Jackson ImmunoResearch (Bar Harbor, ME).

Viability assays

Cellular viability was determined by the MTT
(methylthiazolyldiphenyl-tetrazolium bromide) assay as
described previously [57]. Briefly, cells were exposed to the
indicated concentrations of trabectedin or lurbinectedin for
five doubling times. For drug combinations, cells were pre-
incubated for 1 hour with checkpoint abrogators, followed
by co-incubation with trabectedin or lurbinectedin for five
doubling times. All values are averages of at least three
independent experiments, each done in duplicate.

Immunoblotting

HeLa cells were incubated with trabectedin or
lurbinectedin for 1 hour and post-incubated in drug free
medium for up to 6 hours at 37°C. Cells were then washed
in PBS and lysed in lysis buffer (0.5% NP40, 20 mM Tris/
HClpH 8, 1 mM EDTA, 150 mM NaCl, 1 mM PMSF, 1
UM leupeptin, 1 uM aprotinin, 1 mM orthovanadate and
1 mM DTT) as described [58]. Proteins were resolved on
SDS/PAGE (10 or 15%) and blotted onto nitrocellulose
membranes (Bio-Rad). Membranes were saturated by
TBST-milk [50 mM Tris/HCI (pH 8.0), 150 mM NaCl,
0.5% Tween 20 and 5% dehydrated skimmed milk] and
the antigens were revealed by immunolabeling. Antigens
were detected using an enhanced chemiluminescence kit
(Bio-Rad) using the Chemidoc system (Bio-Rad).

Immunofluorescence and microscopy

Hela cells were incubated with the indicated
concentrations of trabectedin or lurbinectedin for 1 hour
at 37°C and post-incubated for 6 or 24 hours. For drug
combinations, cells were exposed for 1 hour to trabectedin
or lurbinectedin in the presence or absence of checkpoint
abrogators followed by 24 hours in the presence or absence
of checkpoint abrogators alone. Immunofluorescence
experiments were carried out as described previously
[59]. When indicated, coverslips were washed twice
in PBS and resuspended in ice-cold CSK-lysis buffer
(100 mM NaCl, 3 mM MgCl,, 1% Triton X100, 50 mM
HEPES pH 7.4 and 300 mM sucrose) and kept at 4°C
for 5 minutes before fixation in 4% paraformaldehyde
(Electron Microscopy Sciences, Hatfield, PA, U.S.A).
The antigens were revealed by using the indicated

primary antibodies. DNA was counterstained by DAPI for
fluorescent microscopy (# H-1200, Vector Laboratories)
and TO-PRO-3 iodide for confocal analysis (# T3605,
ThermoFisher Scientific). Images were collected using a
BX61 fluorescent microscope and cell F imaging software
(Olympus) or an inverted LEICA TCS SP2 confocal
microscope. Fluorescence intensities were measured by
MetaMorph software (Universal Imaging Corporation,
Downingtown, PA). The background over noncellular
regions was subtracted. At least 100 cells were analyzed
per sample. Values represent the averages of at least three
independent experiments.

Chromosome spread

HelLa cells were exposed for 1 hour to the indicated
concentrations of trabectedin or lurbinectedin in the
presence or absence of checkpoint abrogators. Cells were
then washed with PBS and post-incubated for 24 hours
in the presence or absence of checkpoint abrogators.
Chromosome spreads were prepared as described
previously [60]. Briefly, cells were first treated with
colchicine (0.2 pg/mL) for 90 minutes at 37°C, washed
with PBS and incubated for 20 min at 37°C in hypotonic
conditions (56 mM KCI). Cells were then fixed twice for
10 min at room temperature by acetic acid and methanol
(1:3). After fixation, cells were dropped onto microscopy
slide and DNA counterstained with DAPI. Images were
collected using a BX61 microscope and cell F imaging
software (Olympus). One hundred metaphases per
treatment condition were evaluated. Cells presenting
more than five chromosome breakages were considered as
abnormal mitotic cells. The total number of cells in mitosis
or in interphase was counted on each microscopy slides and
the fraction of mitotic cells (mitotic index) was determined.
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Supplementary Figure S1: Trabectedin induces phosphorylation of RPA32 and H2AX that is followed by focalization
of BRCAL. A. HeLa cells were mock-treated or exposed to 20 nM trabectedin for 1 hour followed by 6 hours post-incubation in drug-
free media. Cells were then fixed and processed for immunolabeling with an antibody directed against Thr21-phosphorylated RPA32.
Left panel shows a typical image of Thr21-phosphorylated RPA32 obtained after exposure to trabectedin (trabectedin-treated cells) or
no drug (untreated cells). The right panel shows the fluorescence intensities in individual cells as quantified by Metamorph analysis. The
fluorescence intensities are indicated in arbitrary units (a.u.). At least 100 cells were analyzed for each condition. B. HeLa cells were
mock-treated or exposed to 20 nM trabectedin for 1 hour followed by 6 hours post-incubation in drug-free media. Cells were then fixed
and processed for immunolabelling with an antibody directed against Ser139-phosphorylated H2AX. Left panel shows a typical picture of
Ser139-phosphorylated H2 AX immunolabeling obtained after cells exposure to trabectedin (trabectedin treated cells) or no drug (untreated
cells). The right panel shows the fluorescence intensities in single cells as quantified by Metamorph analysis. The fluorescence intensities
are indicated in arbitrary units (a.u.). At least 100 cells were analyzed for each condition. C. HeLa cells were either untreated or incubated
for 1 hour with trabectedin (20 nM) followed by 6 or 24 hours of post-incubation in drug-free media. Cells were then pre-permeabilized
with ice-cold CSK-lysis buffer, fixed and immunolabeled with a BRCA1-directed antibody.
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Supplementary Figure S2: Lurbinectedin induces phosphorylation of RPA32 and H2AX that is followed by focalization
of BRCAL. A. HeLa cells were mock-treated (-) or exposed to 20 nM lurbinectedin (+) for 1 hour followed by 6 hours post-incubation in
drug-free media. Cells were then fixed and processed for immunolabeling with an antibody directed against Thr21-phosphorylated RPA32.
The fluorescence intensities in each single cell were quantified by Metamorph analysis and indicated in arbitrary units (a.u.). At least 100
cells were analyzed for each condition. B. HeLa cells were mock-treated (-) or exposed to 20 nM lurbinectedin (+) for 1 hour followed by
6 hours post-incubation in drug-free media. Cells were then fixed and processed for immunolabelling with an antibody directed against
Ser139-phosphorylated H2AX. The fluorescence intensities in individual cells were quantified by Metamorph analysis and are indicated in
arbitrary units (a.u.). Atleast 100 cells were analyzed for each condition. C. HeLa cells were either untreated or incubated for 1 hour with
lurbinectedin (20 nM) followed by 24 hours post-incubation in drug-free media. Cells were then pre-permeabilized with ice-cold CSK-lysis
buffer, fixed and immunolabeled with a BRCA1-directed antibody.
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Supplementary Figure S3: Effect of checkpoint abrogators on the phosphorylation status of RPA32. A. HeLa cells were
exposed to 10 nM trabectedin for 1 hour in the absence (T, white column) or presence of 2 uM KU-60019 (T + KU, light grey column), 1
UM VE-821 (T + VE, medium grey column) or [2 uM KU-600019 + 1 uM VE-821] (T + KU + VE, dark grey column). This was followed
by 24 hours post-incubation in the absence (T, white column) or presence of 2 pM KU-60019 (T + KU, light grey column), 1 uM VE-
821 (T + VE, medium grey column) or [2 pM KU-600019 + 1 uM VE-821] (T + KU + VE, dark grey column). Cells were then fixed and
immunolabeled with a Thr21-phosphorylated RPA32 directed antibody. Untreated cells were used as a negative control. The fluorescence
intensities in individual cells were quantified by Metamorph analysis and are indicated in arbitrary units (a.u.). At least 100 cells were
analyzed for each condition. Values represent the averages of at least two independent experiments and data are represented as mean +/- SD.
B. Same as above, except that cells were treated with lurbinectedin.
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4 CAPITULO Il - Autophagy modulation influences oxaliplatin tolerance of

colorectal cancer cells under low glucose environment

APRESENTACAO

Neste capitulo estd apresentado um manuscrito em fase de preparagéo
que aborda a modulagdo da autofagia em células tratadas com oxaliplatina. O
manuscrito demonstra que células de cancer colorretal tratadas com oxaliplatina
em baixa disponibilidade de glicose apresentam maior viabilidade em comparacao
a células tratadas em alta concentracao de glicose. Também é demonstrado que
em condi¢des de baixa glicose ocorre uma maior ativacdo da via autofagica nas
células tratadas com oxaliplatina. O envolvimento da autofagia na resisténcia das
células a oxaliplatina em baixa glicose foi testado através de modula¢do génica e
farmacoldgica desta via. O silenciamento de um gene essencial para a autofagia
néo foi suficiente para sensibilizar as células de cancer colorretal, sugerindo um
mecanismo de resisténcia parcialmente independente da via autofagica. O
manuscrito ainda apresenta dados que mostram éxito na sensibilizacdo das
células tratadas em baixa glicose através da super estimulacdo da autofagia com
um indutor farmacolégico.

O manuscrito sera submetido para a revista Biochemical Pharmacology.
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ABSTRACT

Low glucose characterizes the microenvironment of solid tumors. Such condition
can activate autophagy and contribute to tumor metabolism adaptation and
survival. More recently, DNA damage has also been implicated in autophagy
induction. Despite being chiefly a cell survival mechanism, chronic activation of
autophagy may lead to cell death. Given this dual role, we assessed the
contribution of autophagy to cell survival after oxaliplatin treatment in a panel of
colorectal cancer cell lines cultured under low or high glucose environments. Low
glucose significantly increased resistance to oxaliplatin in a subset of cell lines and
induced autophagy through activation of AMPK and inhibition of mTOR.
Surprisingly, genetic inhibition of autophagy by ATG7 knockdown did not
significantly sensitize HCT-116 cells to oxaliplatin. Since overstimulation of
autophagy can lead to cell death, we assessed the effect of rapamycin on
oxaliplatin-treated cells, showing that rapamycin significantly sensitized cells to
oxaliplatin in low glucose. Collectively, our data demonstrate that low glucose
environment contributes to resistance to oxaliplatin treatment, and that this
mechanism is only partly dependent of autophagy. Moreover, pharmacological
activation of autophagy alongside oxaliplatin treatment under low glucose may
represent an attractive chemotherapeutic strategy for colorectal cancer.

Implication: Low glucose environment contributes to resistance to oxaliplatin
treatment, but this event can be attributed to activation of autophagy only to a
certain extent. Still, pharmacological activation of autophagy combined with
oxaliplatin promotes sensitivity to colorectal cancer cells treated in low glucose

conditions.
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INTRODUCTION

The microenvironment of solid tumors represents a hostile condition to
cancer cells. Rapid cell proliferation and poor vascularization result in low
availability of oxygen and nutrients to cancer cells (Dang 2012). The mechanisms
in which cancer cells survive this tumor microenvironment stress, maintain the
metastatic spread and develop chemoresistance upon treatment, have been
recently proposed (Semenza 2013; Mowers et al. 2018). Cells exposed to stress
factors in the tumor microenvironment frequently activate autophagy as a pro-
survival strategy (Mazure and Pouysségur 2010; Fred and Vassiliki 2012; Das et
al. 2018). Autophagy is a highly conserved process with an important role in
cellular homeostasis. Autophagy acts by removing and recycling
damaged/superfluous organelles and biomolecules in the cell (Mizushima and
Levine 2010). Autophagy, therefore, represents not only a mechanism of stress
response but also an alternative source of cellular energy in periods of starvation
(Rosenfeldt and Ryan 2011). Thus, the high-energy demands of cancer cells
combined with low nutrient availability features a state of metabolic stress that can

be alleviated by autophagy.

Autophagy is initiated by the formation of the autophagosome, a double
membrane structure that engulfs cytoplasmic components to be degraded. The
next step is the fusion of autophagosomes with lysosomes, leading to
autolysosome formation. The lysosomal hydrolases then digest the autolysosome
cargo, releasing sugars, amino acids, nucleosides/nucleotides and fatty acids,
back to the cytosol. Autophagy regulation is complex and involves multiple
signaling pathways. The mammalian target of rapamycin (mTOR) is the central
control of autophagy, which is a downstream effector of PI3K (Phosphoinositide 3-
kinase)/Akt (Protein kinase B) pathway (Li et al. 2012). The mTOR/PI3K/Akt
pathway acts in concert with AMPK (Adenosine monophosphate-activated protein
kinase), an energy sensor kinase responsible for activating autophagy (Yang et al.
2011). mTOR and AMPK are able to oppositely regulate Ulk1/2 (UNC-51 like
kinase 1 and 2) activity by direct phosphorylation. Activated mTOR inhibits
autophagy through direct phosphorylation of the complex initiator of autophagy
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Ulk1/2-Atg13 (Autophagy- related protein 13)-FIP200 (Focal adhesion kinase
family interacting protein of 200 kD) (Alers et al. 2012). AMPK is activated by
upstream kinases, such as LKB1 (Liver kinase B1), and inhibits mTOR mainly by
phosphorylation of TSC2 (Tuberous sclerosis complex 2) and promotes
autophagy by directly activating Ulkl (Kim et al. 2011). Autophagy is also
controlled by p53, which can inhibit mTOR and/or activate AMPK (Maiuri et al.
2009).

Autophagy can be activated not only in the context of tumor
microenvironment but also in the presence of DNA damage induced by anti-cancer
drugs (Rodriguez-Rocha et al. 2011). Cells under genotoxic stress trigger the DNA
damage response (DDR), which coordinates many downstream processes
including DNA repair, cell cycle checkpoints and cell death pathways. Increasing
evidence suggest that the complex connection between DDR and autophagy
involves several pathways including PARP (Poly (ADP-ribose polymerase), p53,
JNK (c-Jun N-terminal kinase) and ATM (Ataxia telangiectasia mutated) (Vessoni
et al. 2013; Eliopoulos et al. 2016). Autophagy activation is generally considered
as a pro-survival strategy employed by cells under stress (Yang et al. 2011; Roos
et al. 2016). On the other hand, excessive autophagy caused by severe and
prolonged stress leads to progressive degradation of cellular components which
compromise cell viability and may contribute to cell death (Shen et al. 2012).
However, the functional role of autophagy in the induction of cell death is still
debated. Autophagy may precede another form of cell death or result from
exhaustive attempt of the cells to survive stress, characterizing cell death with
autophagic aspects (Shimizu et al. 2014). Since autophagy can have both
cytoprotective and cytotoxic role, it becomes important to define its role in the
response to different anti-cancer therapies. Therefore, a greater understanding of
how cancer cells respond to stress conditions like those imposed by the tumor
microenvironment and the genotoxic anticancer agents, as well as the role of
autophagy in this context, can provide valuable information for the development of

therapeutic strategies against solid tumors.
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As previously mentioned, low concentrations of glucose can induce
metabolic adjustments, such as autophagy, and interfere with the effectiveness of
anticancer agents. Most investigations that evaluated autophagy induction by
anticancer drugs were carried out in a nutrient-rich environment. Considering
glucose, the conventional culture media can be considered a hyperglycemic
environment as it contains 25 mM of glucose, compared with the concentration of
glucose in the plasma which typically is around 5.5 mM (Glemes et al. 2016).
Furthermore, tumor glucose concentrations can vary from 3 to 10-fold lower than
non-tumor tissues, probably as a consequence of high glucose uptake and low
tumor vascularization (Urasaki et al. 2012). In colon tissues, for example,
Harayama et al. (Hirayama et al. 2009) found an average glucose concentration of
1220 = 150 and 123 + 43 nmol/g for normal and tumour tissues, respectively.
Therefore, the availability of glucose for normal and tumor cells in vivo may differ
widely and in vitro conditions are often not representative of the tumor
microenvironment. The goal of this study was to evaluate the response of
colorectal cancer cell lines to oxaliplatin (Ox) treatment continuously grown under
low glucose (LG), a common condition present in the microenvironment of solid
tumors. Ox is a third generation alkylating agent derived from platinum and has
been effective in treating tumors unresponsive to cisplatin, especially colorectal
cancer (Alcindor and Beauger 2011). In addition, we intended to establish whether
oxaliplatin-induced autophagy is a cytoprotective or a cytotoxic mechanism
employed by colorectal cancer cells under low levels of glucose. Our results
showed that low levels of glucose contribute to the tolerance of colorectal cancer
cell lines to Ox treatment and increase autophagy induction when compared to
cells in a glucose-rich environment. The inhibition of autophagy by silencing ATG7
did not significantly sensitized cells under low glucose, suggesting that autophagy
IS not the main mechanism involved in Ox resistance. However, the
overstimulation of autophagy by combining Ox and rapamycin, showed to be a

promising alternative to the increased resistance to Ox in low glucose condition.

METHODS
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Reagents and antibodies. Oxaliplatin (Eloxatin) was obtained from Sanofi-
Aventis. Chloroquine (CQ, #C6628), 3-methyladenine (3MA, #M9281), Rapamycin
(Rap, #R0395), 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT,
#M2128) and acridine orange (AO, #318337) were purchased from Sigma-Aldrich.
The primary antibodies used in this study were: Atg7 (1:1000, #2631); mTOR
(1:2000, #7C10); phospho-mTOR (Ser2448) (1:500, #5536); AMPKa (1:500,
#23A3); phospho-AMPK (Thrl72) (1:500, #2535), all from Cell Signaling
Technology. B-actin (1:2000, #A1978) was used as loading control and was
obtained from Sigma-Aldrich. Secondary antibodies were goat anti-rabbit IgG-HRP
(1:5000, #sc-2004) or goat anti-mouse IgG-HRP (1:5000, #sc-2005) from Santa

Cruz Biotechnology.

Cell Culture. Colorectal cancer wild-type (WT) cell line HCT-116 was a kind gift
from Bert Vogelstein (Baltimore, MD) while HT-29 was kindly provided by Richard
Camalier, (National Cancer Institute, Bethesda, MD). SW0-480 colon carcinoma
cells were purchased from American Type Culture Collection (Rockville, MD) and
DLD-1 was kindly provided by Richard Hamelin (Paris, France). All cell lines were
periodically tested for Mycoplasma contamination. HCT-116 and HT29 cell lines
were authenticated at DNA Diagnostics Center (DDC) from Public Health England
(PHE) using short tandem repeat (STR) methodology and reference sample
comparison to ATCC STR profile database. All cells were used within 5 months of
thawing a frozen vial. Cells were grown in DMEM (Dulbecco’s modified Eagle’s
medium; Invitrogen) containing high glucose (HG, 25 mM glucose), a standard
glucose concentration in culture media, or low glucose (LG, 2.5 mM glucose), a
glucose concentration 10 fold lower than that used for standard cell culture. To
obtain LG concentration, DMEM containing HG was diluted with DMEM without
glucose (Invitrogen). Both media were 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% CO..

Generation of ATGY silenced cell line with lentiviral infection. Knockdown
(KD) of ATG7 gene in HCT-116 cells was achieved by transduction with lentiviral
vectors produced with the plasmid clone NM_028835.3-1655s21cl from the
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Mission RNAI library (Sigma-Aldrich). Non-target (PLKO.1l-puro) sequence was
used as control. Cells expressing control scrambled short hairpin (sh) RNA were
denoted shCtrl and knockdown (KD) cells were denoted shATG7. Stable cells
were selected with puromycin (4 pg/ml) and the Atg7 levels were detected by

western blotting.

Clonogenic assay. We assessed the ability of HCT-116 WT cells exposed to
different glucose concentrations to form colonies on a monolayer surface of a six-
well plate. Cells were plated in 25 mM of glucose (HG media) and in three lower
concentrations of glucose, namely 0.5, 2.5 and 5 mM. We also assessed the
difference in colony formation between HCT-116 shCtrl and shATG7 treated with
oxaliplatin for 120h in LG and HG. Cells were plated at a density of 200 cells / well
and allowed to adhere, the culture media was replaced with fresh media and then
cells were grown for 10 to 12 days. To visualize the colonies, media was removed,
cells were fixed in 96% ethanol for 10 min and stained with a mixture of 0.5%

crystal violet/20% methanol.

Cell survival assay. To compare the sensitivity to Ox of colorectal cancer cells
cultured in HG and LG, HCT-116 WT, shCtrl and shATG7 cells were seeded at a
density of 7 x 10° cells per well in a 24 well-plate and treated continuously with
different concentrations of Ox for 120 h. To evaluate cell survival of HCT-116 WT
cells cultured in LG and treated with Ox in the presence or absence of Rap, cells
were plated at a density of 1 x 10* cells per well in 24 well-plates and treated with
Ox for 48 h. In order to stimulate autophagy with Rap, cells were treated with Ox
for 24 h and then Rap (1 uM) was added into the media for an additional 24 h (48
h time point relative to Ox treatment). Prior to analysis, cells were kept in drug-free
medium for additional 72 h. Following any of the treatments applied, cells were
incubated with 0,4 mg/ml MTT salt for 2-3 h and the absorbance was measured at
a wavelength of 540 nm. Cell survival curves obtained from this assay were used

to calculate the 1Csg of Ox for HG and LG conditions.

Flow cytometric quantification of acidic vesicular organelles (AVOs). HCT-
116 WT cells were treated during 48 h with increasing concentrations of Ox

representing the ICp, IC25 and 1Cs values derived from the MTT assay for HG and

83



LG conditions. HCT-116 shCtrl and shATG7 cells were treated during 48 h with
concentrations of Ox representing the IC,5 values derived from the MTT assay for
HG and LG conditions. Cells were harvested by trypsinization, washed in PBS and
then stained with 1 pg/ml acridine orange (AO) for 15 min. AO fluorescence was
measured immediately after staining by flow cytometry (GUAVA EasyCyte, Guava
Technologies, Hayward, CA). Analysis was conducted as described in Thomé et
al. (Thomé et al. 2016).

GFP-LC3 overexpression and autophagosome detection. Autophagosome
formation was evaluated by transfection of HCT-116 WT cells with pEGFP-LC3
plasmid DNA (Addgene plasmid #21073), kindly provided by Dr. Tamotsu
Yoshimori, using Lipofectamine™ LTX according to the manufacturer’s
instructions (Invitrogen). Transfected cells were treated with ICsq of Ox for 48 h,
fixed with 4% paraformaldehyde and then analyzed by fluorescence microscopy.
The percentage of cells with at least 5 clear green dots in the cytosol was

quantified by counting 100 green cells/sample.

Apoptosis analysis. Apoptosis was detected using the Dead Cell Apoptosis
Kit with Annexin V FITC (1 pg/ml) and propidium iodide (Pl, 1 pg/ml)
(Molecular Probes, Thermo Fisher Scientific). Cells were treated with 1Cso of Ox
alone or in combination with Rap (1 puM) up to 48 h. After exposure to the different
experimental conditions, cells were trypsinized and incubated with Pl and Annexin
V-FITC for 15 min at 37°C. The samples were then analyzed by flow cytometry
(GUAVA EasyCyte, Guava Technologies, Hayward, CA).

Western blot analysis. Cells were washed with PBS and collected from plates
with lysis buffer containing 10% SDS, 100 mM EDTA, 500 mM Tris-HCI pH 6.8
and 1:10 w/v cocktail protease inhibitor (Roche Diagnostics). Proteins were
quantified using the Pierce BCA Protein Assay Kit (ThermoFisher Scientific). Equal
amounts (30 pg) of proteins was resolved in a SDS—PAGE gel and transferred to a
PVDF membrane (Amersham Pharmacia Biotech). 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 antibody. The primary antibody was
detected by using a horseradish peroxidase (HRP) linked-secondary antibody.
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Signals were detected using ECL western blotting substrate system or
SuperSignal™ West Pico Chemiluminescent Substrate (ThermoFisher
Scientific) and X-ray films exposition (Kodak-Xmat). B-actin or comassie blue

staining were used as loading controls.

Statistical analysis. Data were expressed as mean values + S.E.M. Each
experiment was carried out at least in triplicate. Statistical analysis was conducted
by two-way ANOVA followed by Bonferroni post-hoc test for multiple comparisons.
‘P’ value under 0.05 was considered significant. The ICyy, IC25 and ICso of Ox were
determined using Nonlinear Regression (curve fit) test. All analyses were
performed using GraphPad Prism 6.0 software (San Diego, CA, USA).

RESULTS

Low Glucose environment favors resistance to Ox treatment. We first
determined if the colony forming ability of colorectal cancer cells would be affected
by glucose availability (Fig. 1A). For this, we performed clonogenic assays of HCT-
116 cells grown either in low or high concentrations of glucose. We found that only
the lowest concentration of glucose (0.5 mM), representing fifty times less glucose
than that found in HG media, reduced colony forming ability of the cells. However,
no difference in clonogenic capacity was observed for the concentrations of 5 and
2.5 mM of glucose, indicating that even in an environment containing 10 times less
glucose (2.5 mM), HCT-116 cells can form colonies as efficiently as those cultured
with high availability of glucose. Based on this result, 2.5 mM of glucose was
selected for the experiments and will be hereafter referred simply as low glucose
(LG).

Next, we evaluated survival of HCT-116 cells treated with different doses of
Ox in HG and LG conditions. Cells treated in LG showed increased survival
compared to cells treated in HG and demonstrated a 2.4-fold increase in the ICsg
of Ox (Fig. 1B). We also evaluated whether Ox resistance is induced by the LG

environment for other colorectal cancer cell lines. Among the cell lines we tested,
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SW-480 (Suppl. 1A) also showed higher survival when treated with Ox in LG,
whereas DLD-1 (Suppl. 1B) and HT-29 (Suppl. 1C) cell lines showed a very similar

pattern of sensitivity to Ox regardless the glucose concentration in the media.
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Figure 1. Impact of different levels of glucose on clonogenic survival and
sensitivity to Ox. (A) Clonogenic assay was performed with cells cultured
continuously under HG (25 mM) and LG concentrations (5, 2.5 and 0.5 mM). (B)
Cell survival determined by MTT assay in HCT-116 cells treated with Ox for 120 h
in HG and LG. Data from three to four experiments are presented as mean + SE.
### P<0.001, versus 25 mM of glucose, *, P<0.05; **, P<0.01; *** P<0.001 versus

respective doses in HG.

Ox induces autophagy in HCT116 cells treated under HG and LG conditions.
In order to evaluate whether autophagy activation may explain the cytoprotection
observed when cells were treated with Ox under LG, we measured autophagy
induction by acridine orange staining. Autophagy is characterized by the formation
of acidic vesicular organelles (AVO) (Chen and Sanchez 2004) which increase the
red fluorescence with acridine orange staining. Cells cultured in HG or LG were
treated with different doses of Ox corresponding to the ICyp, IC25 and ICs values.
AVO were detected 48 h after treatment as measured by flow cytometry under
both glucose conditions, indicating that Ox can induce autophagy independently of

the glucose concentration. However, a significant increase in AVO formation in
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cells under HG conditions was detected only at the highest Ox dose tested (Fig.
2A, B), whereas AVO formation was significantly increased at lower Ox doses in
cells under LG conditions. These results suggest that the LG environment favors
autophagy activation in response to Ox. Moreover, it is noteworthy that, at the
highest Ox dose tested, AVO formation was 2-fold higher under LG than HG
condition (Fig. 2B).

Autophagy was also evaluated by assessment of autophagosome formation
after Ox treatment. LC3, a mammalian orthologue of yeast Atg8, is post-
translationally processed into LC3I, a cytoplasmic form of the protein. In the
presence of an autophagic signal, LC3I is converted into the LC3IlI form, which
associates with the autophagosome membranes (Mizushima et al. 2011). The
conversion of LC3l to LC3Il is considered a reliable marker of autophagy
(Mizushima 2007). Transfection with the pEGFP-LC3 plasmid allows the
visualization of the punctate aggregation and accumulation of GFP-LC3Il by
fluorescence microscopy, which indicates the formation of autophagosomes. After
48 h treatment with Ox, we observed a significant increase in the percentage of
cells showing GFP-LC3 punctate aggregation in LG conditions when compared
with control and HG conditions (Fig. 2C). As a positive control, cells cultured under
HG and LG were treated with CQ. CQ is an intralysosomal neutralizer which
prevents the fusion of lysosomes with autophagosomes and consequently causes
an accumulation of autophagosomes preventing the degradation of its contents
(Kimura et al. 2013). Significant higher levels of GFP-LC3 punctate aggregation
were detected in LG in comparison to HG when cells were treated with CQ, which

may suggest higher autophagy activity under LG condition.

Ox treatment in LG environment leads to inhibition of mTOR
phosphorylation and AMPK activation. As discussed earlier, both
MTOR/PI3K/Akt and AMPK pathways have been involved in the activation of
autophagy. To determine whether Ox increases autophagy in LG conditions via
MTOR/AMPK pathway, HCT-116 cells continuously cultured in LG were treated
with Ox for 24 h and 48 h and both total and phosphorylated mMTOR and AMPK
levels were assessed by Western blotting. Compared to control, there was a
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noticeable decrease in mTOR phosphorylation at 24 h and 48 h after Ox treatment
(Fig. 2D). Strikingly, AMPK phosphorylation levels were increased 48 h after Ox
treatment relative to levels found in control samples or samples from the 24 h time
point (Fig. 2E). These results strongly suggest that the inhibition of mTOR
combined with the activation of AMPK cooperate to induce autophagy in response
to Ox in LG conditions.
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Figure 2. Autophagy induction by Ox in HCT-116 colorectal cancer cells and
MTOR/AMPK expression in LG conditions. Representative flow cytometry dot
plots (A) and quantification (B) of AVO after acridine orange staining in cells
treated with increasing doses of Ox for 48 h under either HG or LG conditions. (C)
Quantification of GFP-LC3-transfected HCT-116 cells 48 h after Ox (ICsp)
treatment in HG and LG conditions. CQ (10 uM) was used as a positive control.
(D) Reduced expression of p-mTOR and (E) activation of AMPK detected by
western blot after 24 h and 48 h of Ox treatment. Results are shown as mean + SE
from three independent experiments. *, P<0.05; **, P<0.01; ***, P<0.001 versus
respective controls. *, P<0.01; " P<0.001.
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Autophagy inhibition by ATG7 knockdown does not significantly sensitize
HCT-116 cells to Ox. Autophagossomes are vesicles resulting from the
elongation of the phagophore, which is elongated by two ubiquitin-like systems
that require the action of the activating enzyme Atg7. In the first system, Atg12 and
Atg5 are conjugated by Atg7 and Atgl0. In the second one, Atg7 and Atg3
mediate the conjugation of PE (phosphatidylethanolamine) and LC3 (Microtubule-
associated protein 1 light chain 3) to generate the lipidated form of LC3 (LC3-II)
(Singh et al. 2017). Giving the key role of Atg7 protein in autophagy, we generated
a stable ATG7 KD cell line with lentiviral infection in order to determine whether
autophagy plays a role in the survival of Ox-induced DNA damage under LG

conditions.

The levels of Atg7 protein were assessed by western blot (Fig. 3A). Control
shCtrl and KD shATG7 cells were treated with Ox under LG and HG and
autophagy induction was measured by acridine orange staining. Upon treatment of
the dose of Ox tested (IC,s), ATG7 silencing did not affect the amount of AVO
formed in glucose-rich environment (Fig.3B). However, knockdown of ATG7 led to
a significant reduction (approximately 50%) in AVO after Ox treatment in LG
condition compared to shCitrl (Fig. 3C).

Next, we evaluated whether ATG7 KD could sensitize cells to Ox in cells
constantly exposed to low glucose environment. Although ATG7 KD caused a
significant decrease in autophagy induction upon Ox treatment in LG, no impact
on cell viability was observed (Fig. 3D, E). In line with this survival assay, a similar
result was obtained with colony formation capacity, which was not affected by
ATG7 KD regardless the glucose concentrations (Fig. 3F,G). The lack or mild
sensitivity detected upon ATG7 KD suggests that autophagy plays a minor role
behind Ox resistance under LG at least under the glucose concentration tested. In
parallel with ATG7 KD, we also verified the sensitivity of HCT-116 WT cells upon
pharmacological inhibition of autophagy. For this purpose, WT cells were pre-
treated with 3MA in order to inhibit the initial steps of autophagy, followed then by
Ox treatment (Suppl. 2). Unlike ATG7 KD, 3MA was able to decrease cell viability
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in response to Ox treatment and ATP supply (Suppl. 2A, D) as well as to increase
the number of cells undergoing apoptosis (Suppl. 2E, F)

Figure 3. ATG7 knockdown impairs autophagy activation in LG but does not
sensitize cells to oxaliplatin. (A) Reduced expression of Atg7 in ATG7 KD cells
(shATG7). (B) Quantification of AVO after acridine orange staining in cells treated
with 1C25 doses of Ox for 48 h under HG and (C) LG conditions. (D) Cell survival
determined by MTT assay in HCT-116 shCtrl and shATG7 cells treated with Ox for
120 h in HG and (E) LG. (F) Clonogenic survival after treatment with 1 uM of Ox
for 120 h in HG and (G) LG. *, P<0.05 versus OxIC25 and control; # P<0.05

versus respective dose between shATG7 and shCtrl.

Overstimulation of autophagy induces apoptotic cell death in Ox-treated
cells under LG conditions. Modulation of autophagy has become a strategy of
great interest in cancer treatment in order to enhance the effects of chemotherapy
(Yang et al. 2011). Stressful environmental conditions may lead to constant
activation of the autophagic pathway and subsequently cell death. In an attempt to
sensitize HCT116 cells to Ox in low glucose condition, we thus examined the
effect of overstimulation of this pathway in cells cultured under LG conditions by
combining Rap with Ox. Rap is a conventional inducer of autophagy acting via
MTOR inhibition (Jung et al. 2010). The inhibition of mTOR induced by Rap
combined with the reduced phosphorylation of mMTOR observed after Ox treatment

in LG conditions should lead to a drastic decrease of mTOR activity.

We evaluated the effect of mTOR inhibition using Rap in combination with Ox
on cell viability and apoptosis induction in cells cultured in LG. Co-treatment of
cells with Ox and Rap led to a significant decrease in cell survival when compared
to cells treated only with Ox (Fig. 4C). This phenomenon was accompanied by a
strong apoptosis induction as shown by the 4-fold increase in the population of
Annexin-V positive cells with combined Ox + Rap treatment, compared to cells
exposed to Ox alone (Fig. 4D, E). Together, these data demonstrate that Rap
sensitizes cells to Ox treatment under LG conditions by enhancing autophagy and

eliciting apoptosis.
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Figure 4. Effect of Rap combined with Ox on cell survival and apoptosis
induction in LG conditions. (A) Cell survival of HCT-116 cells treated with Ox in
the presence or absence of Rap. (B) Flow cytometric analysis of apoptotic cells
after treatment with Ox in the presence or absence of Rap. (C) Quantification of
the data presented in (B). Data are representative of at least three independent

replicates. *, P<0.05; *** P<0.001 versus control; " P<0.001.

DISCUSSION

Solid tumors display regional differences in glucose and oxygen levels due
to insufficient blood supply (Zeng et al. 2015). In order to survive and sustain
proliferation in such hostile environment, cancer cells undergo metabolic

adjustments which can interfere with the response to chemotherapy and lead to
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chemoresistance (Berardi and Fantin 2011). Therefore, a better understanding of
the metabolic adaptations employed by cancer cells is needed for the
development of more effective cancer treatment. Based on this, we analyzed the
response of colorectal cancer cell lines cultured continuously under HG or LG
environments to the chemotherapeutic agent Ox. We show that LG significantly
altered the sensitivity to Ox of HCT-116 and SW-480 cells, rendering them more
resistance to Ox treatment. However, similar results were not observed for the
other cell lines we examined, namely HT-29 and DLD-1, which both showed a
similar response to Ox regardless of the glucose concentration. It has been
recently shown that the genetic profile of tumors can influence cancer cell
metabolism and consequently alter the sensitivity to chemotherapy (Yuneva et al.
2013). Furthermore, different responses to glucose limitation among cancer cell
lines could also be attributed to defects in glucose utilization and mitochondrial
function (Birsoy et al. 2014). Although glucose availability modulated the response
to Ox treatment only in a subset of our cell lines, it is noteworthy that LG rendered
the affected cell lines more resistant to Ox treatment. This clearly shows that
glucose levels can influence the response of colorectal cancer cells to
chemotherapy warranting further investigation. One possible explanation could be
the fact that glucose transporters are often deregulated in several types of cancer
due to high energy demands. Therefore, it is likely that GLUT1 and GLUT3 are
overexpressed in the case of glucose deprivation and that this overexpression

could contribute to treatment resistance (Ancey et al. 2018).

Other adaptive mechanism adopted by cancer cells in the response to a
non-favorable tumor microenvironment is activation of autophagy (Amaravadi et
al. 2016). The low availability of glucose in the tumor microenvironment is one
cause of autophagy upregulation (Moruno et al. 2012). Glucose is an important
source of energy and autophagy activation can restore intracellular ATP levels in
case of glucose shortage. Besides tumor microenvironmental factors, DNA
damaging agents can also trigger autophagy usually in a cytoprotective manner
(Bordin et al. 2013). The stimulation of autophagy after DNA damage contributes
to enhancing the production of ATP to be used in DNA repair processes, thereby

preventing genomic instability or cell death (Rodriguez-Rocha et al. 2011). DNA
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damaging drugs, such as cisplatin and 5-fluorouracil, were found to increase the
formation of autophagossomes in hepatocarcinoma cell lines. Moreover,
pharmacological or genetic autophagy inhibition led to loss of mitochondrial
membrane potential and a significant increase in apoptotic cell death, indicating
that autophagy played a pro-survival role in response to genotoxic stress (Pan et
al. 2011). Similar findings have reported that autophagy induction after DNA

damage delays apoptosis and prolongs cell survival (Guo et al. 2012).

Here, we show that Ox treatment activated autophagy in HCT-116 cells
cultured under both glucose conditions tested. However, autophagy induction was
more prominent in cells treated under LG as evidenced by higher AVO formation
and number of autophagosomes when compared to HG conditions. Ox has been
previously implicated in the induction of autophagy via generation of reactive
oxygen species in hepatocellular carcinoma (Ding et al. 2011). Furthermore, it has
been shown that autophagy activation prevents apoptosis in a variety of cancer
cell lines such as gastric cancer and hepatocellular carcinoma and may function

importantly in resistance to Ox (Ding et al. 2011; Xu et al. 2011).

We also demonstrated that Ox treatment and LG environment synergized to
activate AMPK and reduce the phosphorylation of mTOR under LG conditions. It
has been previously demonstrated that Ox treatment significantly inhibits mTOR
phosphorylation and activates autophagy in gastric cancer MGC803 cells (Lee et
al. 2011). mTOR serves as a major negative regulator of autophagy and its
inhibition may occur by genotoxic stress even when the cell is properly supplied
with energy (Budanov and Karin 2009; Maiuri et al. 2009). In addition, low levels of
nutrients are mainly sensed by AMPK and its activation also contributes to inhibit

MTOR and upregulate autophagy (Hardie et al. 2012).

Based on these findings we decided to modulate autophagy in order to
investigate if the resistance observed in cells treated in LG conditions is due to
autophagy activation. Modulation was achieved by genetic and pharmacological
inhibition means. Regarding genetic inhibition, it is important to note that the profile
of higher cell viability when cells are treated in LG is also present in shCtrl and
ShATG?7 cells. Surprisingly, autophagy impairment by ATG7 KD had no significant
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impact on cell viability (Fig. 3). These data suggest that the mechanism of
resistance to Ox in LG conditions can be partly independent of the autophagic
pathway. The idea of pharmacological inhibition may be attractive to overcome
resistance, but when we consider the off-targets of inhibitors it can be challenging
to predict the exact mechanism of cell death. 3MA for instance, can lead to
autophagy impairment by inhibition of class Il PI3K, but it can also induce cell
death by mechanisms independent of autophagy (Zheng et al. 2015). Studies
demonstrate that 3MA can even inhibit class | PI3K and also depress drug efflux

transporters (Zou et al. 2014).

The stage at which autophagy is inhibited may also lead to diverse
outcomes (Bhat et al. 2018). In this scenario, our group has recently showed that
the inhibition of temozolomide-induced autophagy at early stages with 3MA
triggered apoptosis in glioblastoma, while the inhibition of late stage autophagy
with bafilomycin had no effect (Filippi-chiela et al. 2015). Therefore, the outcome
of autophagy inhibition may be related to the cellular context, such as the

autophagy stimuli and the extent of damage.

In general, autophagy has been associated with resistance to
chemotherapy, but conflicting results have been found depending on cell type,
drug used and extent of cellular damage (Wilde et al. 2018). Autophagy inhibition
has been shown effective in increasing chemosensitivity of different tumor models
in vivo and in vitro (Choi 2012). However, under conditions of prolonged stress,
overstimulation of autophagy can also serve as a strategy to promote cell death
(Coates et al. 2010). Rapamycin, an mTOR inhibitor and well-known autophagy
activator, was shown to increase the efficacy of selected anticancer therapies in in
vivo and in vitro models (Granville et al. 2007; Xie and Dong 2013). We found that
Rap significantly reduced cell survival and strikingly increased apoptotic cell death
when combined to Ox treatment. Therefore, autophagy modulation by
overstimulating this pathway may be a viable therapeutic option for cancer cells
treated with DNA damaging agents under a nutrient-deficient microenvironment.
Moreover, confirming that mTOR inhibition is a promising target for cancer
therapy, everolimus, a targeted mTOR inhibitor, has shown to be effective alone
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and to potentiate the antitumor effect of drugs such as cisplatin and doxorubicin in
vivo (O’Reilly et al. 2011).

In conclusion, our data show that LG environment can confer resistance to
colorectal cancer cells treated with the alkylating agent Ox and that autophagy
activation may be only partly involved in the tolerance of HCT-116 cells to Ox. This
study also shows that autophagy modulation by overstimulation of this pathway
represents a potential useful tool to sensitize colorectal cancer cells to Ox

treatment.
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SUPPLEMENTARY MATERIAL
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Supplementary Figure 1. Impact of glucose levels on the sensitivity to Ox
treatment in different colorectal cancer cell lines. Cell survival was determined
by MTT assay for (A) SW-480; (B) DLD-1 and (C) HT-29 cells treated with Ox for
120 h in HG (squares) and LG (circles). Results are from three to four independent
experiments. * P<0.05, ** P<0.01, *** P<0.001, versus the corresponding doses

under HG conditions.
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Supplementary Figure 2. Autophagy inhibition with 3MA sensitizes HCT-116
cells treated with Ox in LG condition. (A) Cell survival under LG conditions to
Ox treatment in the presence or not of 3MA or CQ and fold change in ICs of Ox.
(B) Survival of cells cultured in HG and treated during 48 h with Ox in the
presence or absence of 3MA and fold change in ICso of Ox. (C) Western blot
analysis of LC3II/LC3I expression in Ox + 3MA treated cells in LG. (D) Intracellular
levels of ATP in cells treated in LG in the presence or absence of 3MA. (E) Flow
cytometric dot plots of Annexin-V positive cells after Ox treatment in the presence
or absence of 3MA. (F) Quantification of the data presented in (E). Data are

%)

presented as mean = SE based on at least three independent experiments. <,

P<0.05; 992, P <0.001, versus respective controls. #, P<0.05.
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5 DISCUSSAO GERAL

Na tentativa de melhorar a eficacia das terapias anticancer, a modulacdo
de vias que sdo ativadas em resposta ao tratamento surge como estratégia
promissora. A administracdo de quimioterapicos que causam danos no DNA pode
ser feita em combinacdo com moduladores da DDR. A DDR é uma rede
orquestrada que envolve multiplos sensores de dano, fatores de sinalizacdo que
ativam os pontos de checagem do ciclo celular e ativacdo de vias de reparo.
Desta forma, a ativacdo da DDR na célula tumoral se da como forma de lidar com
o dano provocado pelo quimioterapico e sua modulacdo pode ser eficiente na

sensibilizacdo do tumor (Goldstein and Kastan 2015).

A DDR é controlada pelas cinases ATM e ATR, responsaveis por ativar 0s
pontos de checagem, levando & parada no ciclo celular e a ativacdo de
mecanismos de reparo (Blackford and Jackson 2017). No trabalho apresentado
no Capitulo I, os resultados mostram que as ecteinascidinas (ETs) trabectedina
(Yondelis®) e lurbinectedina (PM01183) levaram & ativagdo da DDR dependente
de ATM e ATR em células HelLa (Fig. 1). A trabectedina € utilizada no tratamento
de sarcomas de tecido mole e cancer de ovario recidivo sensivel a platina em
combinagcdo com doxorrubicina lipossomal pequilada (Newman and Cragg 2014).
Foi inicialmente isolada da ascidia marinha Ecteinascidia turbinata, porém
atualmente é produzida de forma sintética (Larsen et al. 2016). A lurbinectedina é
um derivado sintético da trabectedina, porém com atividade antitumoral mais
elevada devido a presenca de uma tetrahido B-carbolina no Ilugar da
tetrahidroisoquinolina na subunidade C (Takahashi et al. 2016). Na Figura 1 do
Capitulo | é possivel observar o aumento na fosforilagdo de ATM (Fig. 1A), e de
RPA32 (Fig. 1B), uma das trés subunidades de RPA, proteina requerida no
recrutamento de ATR para o local do dano. Além disso, € possivel observar uma
correlacdo entre as intensidades de fluorescéncia medidas para as duas proteinas
em uma mesma ceélula (Fig. 1C). A ativagdo das vias de ATM e de ATR também é
confirmada pelos resultados de western blotting que mostram o aumento na
fosforilacdo de Chkl, principal substrato de ATR; Chk2, principal substrato de

ATM e H2AX, alvo comum das duas vias (Fig. 2). Analises de imunofluorescéncia
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também confirmam a fosforilacdo de H2AX e de RPA32 na presenca dos
farmacos, além do aumento no recrutamento de BRCAL, proteina chave no

reparo por HR (Figs. Suplementares 1 e 2).

A utilizacéo de inibidores da DDR e das vias de sinalizacdo dos pontos de
checagem é uma area emergente no que diz respeito ao manejo da eficacia na
quimioterapia. Varios estudos tém demonstrado que o uso individual de inibidores
das vias de ATR-Chkl e de ATM-Chk2 pode ser eficiente na sensibilizacdo de
células aos quimioterapicos. Recentemente, neste cenario, Tu et al., mostraram
que o inibidor de ATR VX-970 é capaz de sensibilizar células e modelos
xenograficos de cancer de mama triplo negativo a radioterapia (Tu et al. 2018).
Outro estudo recente sugeriu que o0 uso do inibidor de Chk1/2 AZD7762 é eficaz
na sensibilizacdo de células de cancer de bexiga ao tratamento com gencitabina
(Isono et al. 2017). No entanto, no trabalho apresentado no Capitulo I, foi
demonstrado que os inibidores de Chk1/Chk2 (AzD7762), de ATM (KU60019) ou
de ATR (VE821 e AZ20), quando utilizados individualmente, apresentam pouca
influéncia na toxicidade das ETs (Fig. 3). Desta forma, o uso de um unico inibidor
nao se adequa ao tratamento combinado com as ETSs, pois € provavel que ocorra
uma sobreposicdo das vias de ATM e ATR no processamento das lesdes
provocadas por estes farmacos. Para confirmar ou eliminar esta hipétese foi feito
o tratamento combinado dos inibidores de ATM e de ATR em doses pouco toxicas
(<ICy0) com trabectedina ou lurbinectedina em células HelLa. De fato, existe uma
necessidade em inibir ambas as vias para que o efeito citotdxico das ETs seja
potenciado (Fig. 4). E importante mencionar que o mesmo resultado foi observado
para as células de cancer de ovario IGROV1, A2780 e sua equivalente resistente
a cisplatina A2780/CP70, (Fig. 8), indicando uma aplicabilidade clinica para esta

medida de tratamento.

A fim de se investigar os mecanismos por tras desta necessidade de
inibicdo dual de ATM e ATR, primeiramente foi determinada a influéncia dos
inibidores na fosforilagédo de H2AX e de MDC1. MDC1 é uma das proteinas chave
no inicio da DDR, pois além de estar envolvida na sinalizacdo de ATM, ligando-se

a yH2AX e recrutando mais ATM ativada para amplificar o sinal da via, também
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esta implicada na ativacdo de Chkl dependente de ATR (Lou et al. 2006; Ciccia
and Elledge 2010). Como é possivel observar na Figura 5 do Capitulo I, os niveis
de fosforilacdo de H2AX e de MDCL1 diminuiram drasticamente na presenca de
ambos os inibidores de ATM (KU60019) e de ATR (VE-821) em combinacdo com
as ETs, assim como os niveis de RPA32 fosforilado (Fig. Suplementar 3). O
conjunto desses resultados confirma o papel de ATM e de ATR no inicio da

resposta de dano a estes farmacos.

As ecteinascidinas possuem um mecanismo de acdo complexo que difere
da maioria dos agentes alquilantes de DNA. A trabectedina é capaz de ligar-se
covalentemente a uma base guanina na fenda menor do DNA e, a0 mesmo
tempo, interagir com proteinas da maquinaria do TC-NER. A trabectedina impede
a transcricdo através do bloqueio direto da RNA polimerase Il e, portanto, atua
mimetizando uma ICL. Na tentativa de reparar esta lesdo, sdo geradas quebras
de fita dupla que podem ser reparadas por recombinacdo homologa (Larsen et al.
2016). Assim, células deficientes nesta via de reparo sao especialmente sensiveis
a acao da trabectedina. A lurbinectedina possui um mecanismo de acéo similar,
porém a modificacdo estrutural entre as duas ETs confere diferencas

farmacocinéticas e farmacodinamicas importantes (Soares et al. 2011).

Para avaliar se o efeito da inibicdo de ATM e ATR estende-se para a via de
reparo por HR, o recrutamento das proteinas BRCAl1 e Rad51 também foi
mensurado. Em concordancia com os resultados observados para o recrutamento
de proteinas do inicio da DDR, apenas o uso combinado dos dois inibidores foi
capaz de reduzir quase por completo a formacéo de foci de BRCAL e também de
Rad51 (Fig. 6). O uso isolado dos inibidores de ATM ou ATR mostrou ainda
menor influéncia no recrutamento das proteinas em células tratadas com
lurbinectedina (Fig. 6A e C), evidenciando um mecanismo de ac¢do similar para as
duas ETs, porém néo idéntico. Estes resultados sugerem que DSBs provocadas
pelas ETs ndo seriam reparadas, levando ao surgimento de aberractes
cromossOmicas na presenca de ambos os inibidores. Esta hipétese foi confirmada
com a analise do cariotipo de células expostas as diferentes condicbes de

tratamento (Fig. 7). Em células tratadas com ambos os inibidores, os danos
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cromossOmicos sdo muito mais frequentes do que na presenca de um inibidor
(Fig. 7A e B). Isto ocorre porque a inibicdo dual de ATM e ATR impede a ativagao
do checkpoint G2/M, nédo conferindo tempo para o reparo e possibilitando a

continuacgéo do ciclo celular (Fig. 7C).

Estes resultados sdo bastante promissores no que diz respeito a
sensibilizacdo de células tumorais aos tratamentos ja existentes. Entretanto, &
importante que seja determinada a toxicidade em células ndo tumorais para que
se possa inferir a severidade dos efeitos da combinacg&o de inibidores de ATM e
ATR. Inibidores mais potentes e especificos estdo sendo desenvolvidos e
testados em combinacdo com radioterapia e quimioterapia (Clinicaltrials.gov).
Além disso, estes inibidores também podem ser administrados como
monoterapia, atendendo ao principio da letalidade sintética no caso de células
que portam defeitos na DDR e contam com vias de reparo secundarias para

sobreviver (Fang 2014).

Na linha de modulacdo de mecanismos que sdo ativados em células
tumorais em resposta a tratamentos convencionais, o0 manejo da via autofagica
tem sido motivo de controversos e extensos debates (Bishop and Bradshaw
2018). Devido ao papel dual da autofagia no cancer, € possivel que tanto
inibidores quanto ativadores sejam usados na modulacédo da via na tentativa de
sensibilizar células tumorais. Os diversos estagios da via autofagica podem servir
de alvo, desde as primeiras etapas de sinalizacao até a degradacao lisossomal.
Neste sentido, diversos estudos com moduladores da autofagia mostram
resultados divergentes. Zhao et al. por exemplo, observaram que a inibicdo de
autofagia por CQ, em combinagdo com bevacizumab, inibiu o crescimento tumoral
em um modelo xenografico de cancer colorretal (Zhao et al. 2018). Enquanto isso,
Zielke et al. encontraram morte celular dependente de autofagia em células de
glioma tratadas com os farmacos loperamide, pimozide e STF-62247 (Zielke et al.

2018; para uma reviséo, ver, Bishop and Bradshaw 2018).

A autofagia pode ser ativada na presenca de diversos estressores, como
farmacos que causam lesdo no DNA. Além disso, caracteristicas encontradas no

contexto do microambiente tumoral, como o baixo nivel de nutrientes, também
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podem levar a ativagcdo da autofagia (Yang et al. 2015). No Capitulo Il desta tese,
células de céancer colorretal foram cultivadas continuamente em baixos niveis de
glicose com o objetivo de mimetizar um aspecto do microambiente tumoral e obter
possiveis respostas que nao seriam observadas em condigcdes normais de
cultura. Foi escolhida uma concentragéo de glicose 10 vezes menor (2,5 mM) do
que a encontrada no meio de cultura DMEM (alto nivel de glicose, 25 mM), pois
esta foi a menor concentracdo que nao reduziu a capacidade de sobrevivéncia
clonogénica das células HCT-116 (wild type, WT) (Fig. 1A). A seguir, as células
foram expostas ao quimioterapico oxaliplatina (Ox) em condi¢cbes de alta glicose
(HG) e baixa glicose (LG). A oxaliplatina é um farmaco platinado de terceira
geracao utilizado no tratamento do cancer colorretal, gastrico e pancreatico, além
de estar em fase de testes clinicos para outros tipos de tumores como cancer de
mama e ovario (Martinez-Balibrea et al. 2015; Clinicaltrials.gov). O mecanismo de
acdo da Ox ocorre pela sua ligacdo a sitios nucleofilicos como RNA e proteinas,
mas preferencialmente ao DNA. Ao ligar-se no DNA, forma principalmente pontes
intracadeia entre dois residuos de guanina adjacentes ou de guanina e adenina,
levando ao bloqueio da replicacéo e da transcricao (Martinez-Balibrea et al. 2015).
Na Figura 1B é possivel observar um aumento na viabilidade das células tratadas
com Ox em baixos niveis de glicose, sugerindo uma possivel resisténcia a esta
condicdo. Visto que os farmacos que causam dano no DNA atuam
preferencialmente em células proliferativas (Swift and Golsteyn 2014), é
importante mencionar que as células HCT-116 cultivadas em LG e HG dividem-se
na mesma proporcdo e que, portanto, esta resisténcia a Ox em meio LG néo
poderia ser explicada por possiveis diferencas nas velocidades de proliferacao

entre as células.

Os niveis de autofagia foram medidos nestas condi¢des de tratamento e foi
observado um aumento na porcentagem de células autofagicas em resposta ao
tratamento com Ox em LG (Fig. 2A, B, C). Também foi demonstrado que a
inducéo de autofagia pela Ox em baixa glicose ocorre por uma reducéo nos niveis
de mTOR fosforilado, acompanhada de um aumento na fosforilagdo de AMPK
(Fig. 2D, E). Considerando que os niveis de autofagia e a viabilidade estavam

aumentados em baixa glicose, sup0s-se que a ativacdo de autofagia poderia estar
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contribuindo para a resisténcia ao farmaco nesta condicdo. Para que esta
hipotese pudesse ser verificada, decidiu-se modular a autofagia por inibi¢cao
génica e farmacologica. Em relacdo a inibicdo génica, foi gerada uma linhagem
por infeccdo lentiviral silenciada para ATG7 (autophagy related 7), gene que
codifica para a proteina Atg7, fundamental na formacéo do autofagossomo. Esta
linhagem foi denominada HCT-116 shATG7, enquanto seu controle foi

denominado HCT-116 CtrIATG?7.

Ao contrario do esperado, mesmo com uma reducdo na ativacdo de
autofagia nas células silenciadas em LG (Fig. 3C), a porcentagem de células
viaveis néo foi diferente entre células shATG7 e shCtrl tratadas com Ox (Fig. 3E).
De maneira interessante, o perfil de sobrevivéncia ainda € maior para células em
LG do que em HG, sugerindo que os mecanismos de resisténcia a Ox em
condicBes de baixa glicose ndo podem ser totalmente explicados pela autofagia.
Entretanto, para células HCT-116 WT tratadas com 3MA na presenca de Ox,
houve uma reducéo da viabilidade em LG, que pode ser explicada por uma queda
nos niveis de ATP e um aumento na porcentagem de células apoptéticas nestas
condicbes (Fig. Suplementar 2). O conjunto desses resultados pode parecer
bastante contraditorio em um primeiro momento, pois estudos sugerem gue a
3MA é capaz de sensibilizar células de tumor por diminuir a ativacdo de autofagia
(Filippi-chiela et al. 2015; Chiu et al. 2018). Porém, no presente estudo, € possivel
gue os efeitos sensibilizadores do tratamento com este farmaco nao sejam
somente em decorréncia da inibicdo autofagica, dada a sua inespecificidade em
relacdo ao bloqueio da via. Outros estudos também mostram que 3MA é capaz de
causar morte celular por outros mecanismos, como no estudo de Zheng et al., no
qual baixas doses de 3MA e CQ inibem o crescimento de células de
retinoblastoma em sinergismo com vincristina independentemente da autofagia
(Zheng et al. 2015).

No estudo apresentado no Capitulo Il, além da inibicdo da autofagia,
também foi realizada a inducao da autofagia com rapamicina (Rap), um conhecido
inibidor de mTOR. Em condicfes de baixa disponibilidade de glicose, o tratamento

com Rap levou a diminuicdo na viabilidade celular e ao aumento na porcentagem
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de células apoptéticas, indicando uma sensibilizacdo ao tratamento com Ox (Fig.
4). Como o tratamento com Ox leva a inducdo da autofagia, é provavel que a
combinacdo de Ox e Rap em baixa glicose provoque uma super estimulacao

desta via, aumentando 0s niveis de estresse e levando a morte celular.

Muitas questdes permanecem em aberto quando o assunto é modulacéo
da autofagia e o uso combinado de moduladores também pode ser levado em
consideracdo. Neste cenério, Bhat et al. sugerem que em casos em que a
autofagia esteja contribuindo para a resisténcia a quimioterapia, pode ser
interessante uma modulacdo combinada iniciando com uma breve inducdo da
autofagia, o que levaria ao acumulo de autofagossomos, seguida de inibicdo com
um agente lisossomotrdpico. Isto resultaria na desativacdo de um maior nimero
de autofagossomos e no blogueio mais eficiente da resposta autofagica ao

qguimioterapico, superando a resisténcia (Bhat et al. 2018).

N&o existe um consenso sobre a real aplicabilidade da modulacdo de
autofagia no combate ao cancer, pois esta modulacdo deve ser feita de maneira
muito precisa e delicada a fim de se evitar a interferéncia direta em outras vias.
Ainda assim, € inegavel que a autofagia tenha um papel importante na
tumorigénese, mesmo que dual. Portanto, o desenvolvimento de moduladores
mais especificos, bem como sua utilizacdo no contexto adequado podem servir

como medida terapéutica relevante.

Os dados apresentados nesta tese, em conjunto, apontam para a
importancia de se desvendar mecanismos de acdo decorrentes da modulacao da
DDR ou da autofagia, para que novas medidas de tratamento contra o cancer
possam ser sugeridas. Os resultados também propdem uma nova medida para
aprimorar o efeito das ecteinascidinas, além de discutir a pertinéncia da

modulacdo da autofagia no cancer colorretal.
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6 CONCLUSOES

6.1 Concluséo geral

Neste trabalho foi possivel concluir que a modulacdo de vias que sao ativadas na
presenca de quimioterapicos, como a DDR e a via autofagica, pode ser uma
ferramenta valida para a sensibilizacdo de células tumorais, proporcionando uma

melhor resposta ao tratamento.

6.2 Conclusdes especificas

e As ecteinascidinas ativam a DDR em células Hela.

e O uso de um unico inibidor das vias de ATM-Chk2 ou ATR-Chkl nao é
suficiente para sensibilizar células HeLa e de cancer de ovario ao

tratamento com as ecteinascidinas.

e A inibicdo dual de ATM e ATR é necesséria para sensibilizar células HelLa

e de cancer de ovario ao tratamento com as ecteinascidinas.

e A inibicdo dual de ATM e ATR interfere no inicio da DDR e também no
reparo dos danos causados pelas ecteinascidinas por recombinacéo
homéloga.

e O indice mit6ético e os danos cromossdmicos sao aumentados com a

inibicdo dual de ATM e ATR na presenca das ecteinascidinas.

e Células HCT-116 sdo mais resistentes ao tratamento com oxaliplatina em

condi¢cBes de baixa glicose.

e A oxaliplatina ativa a autofagia em células HCT-116 em condi¢des de baixa

glicose via inibicdo de mTOR e ativacdo de AMPK.

e A inibicdo da autofagia pela redugcédo nos niveis de Atg7 ndo € suficiente

para sensibilizar as células HCT-116 a oxaliplatina.

e A superestimulagdo da autofagia com rapamicina sensibiliza as células

HCT-116 a oxalipatina em baixa glicose.
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7 PERSPECTIVAS

Este trabalho gerou dados importantes em relacdo a modulagdo da DDR
para a otimizacdo do tratamento com ecteinascidinas. Além disso, foram obtidos
resultados sobre o papel da autofagia na resisténcia ao tratamento com
oxaliplatina em células de cancer colorretal cultivadas em ambiente contendo
baixos niveis de glicose. Ao considerarmos a modulacdo de autofagia, alguns
resultados necessitam de confirmacgao para que se possa concluir de forma mais
precisa a funcdo da autofagia e o efeito de sua modulacdo na resisténcia a

oxaliplatina. Para tal, pretende-se:

e Confirmar os resultados de inibicdo da autofagia com as linhagens HCT-116
shCtrl e shATG7 tratadas com diferentes doses de oxaliplatina (IC1o, 1Cys,

ICsp).

e Corroborar os resultados de inibicdo de autofagia em células HCT-116 shCtrl e

shATG?7 através da verificacdo dos niveis das proteinas LC3 e p62.

e Avaliar o papel de transportadores de glicose em células tradadas em meio

contendo alta e baixa concentracdo de glicose.
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