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RESUMO

As terapias tradicionais no combate ao cancer baseiam-se em estratégias de
tratamento citotoxicas onde a completa destruicdo celular otimiza o potencial de
sobrevivéncia dos pacientes. Porém, muitas abordagens séo limitadas devido aos
efeitos colaterais, que incluem o desenvolvimento de resisténcia ao tratamento e
recorréncia tumoral. Buscando-se otimizar as respostas aos tratamentos surgem
novas combinacdes de farmacos, como é o caso da combinacéo de cisplatina e acido
retinoico em cancer de pulmao. Apesar disso, a cisplatina € uma droga indutora de
senescéncia celular em diferentes linhagens. Células senescentes permanecem
viaveis e metabolicamente ativas, paradas no ciclo celular, e em contraste as células
sujeitas a apoptose em resposta a drogas citotoxicas, células senescentes podem
persistir no microambiente tumoral. Desta forma torna-se necessario um melhor
entendimento dos efeitos dessas combinacdes e a relacdo destas com 0S processos
celulares de adaptacéo ao estresse. O objetivo principal do trabalho foi avaliar os
efeitos da combinacao de cisplatina e &cido retinoico no tratamento de uma linhagem
de adenocarcinoma pulmonar chamada A549, investigando o papel da senescéncia
celular e sua relacdo com processos celulares como apoptose e autofagia. O
tratamento foi desenhado da seguinte forma: pré-incubacdo com acido retinoico
durante 24 horas, seguido de co-tratamento com cisplatina e &cido retinoico em
periodos de 24, 48 e 72 horas. As doses de cisplatina dos grupos variaram de 0, 1 e
5 pg/mL, enquanto que a dose de &cido retinoico foi de 20 uM. As células positivas
para senescéncia celular foram identificadas por microscopia 6tica através do ensaio
da p-galactosidase associada a senescéncia, mostrando que grupos contendo
somente cisplatina induzem a senescéncia celular de maneira dose e tempo
dependente, enquanto que grupos contendo &cido retinoico demonstraram uma
evasdo da inducédo do processo senescente. O ensaio de ciclo celular revelou que os
grupos tratados somente com cisplatina tiveram uma desregulagéo do ciclo celular,
guando comparados aos grupos tratados com cisplatina e acido retinoico, causando
uma mudanca nos estados de G1 para estados S/G2 do ciclo celular. O ensaio de
anexina V-FITC revelou que os grupos tratados com acido retinoico tiveram a
viabilidade celular aumentada quando comparadas com grupos com apenas
cisplatina. O ensaio de laranja de acridina apontou que 0s grupos tratados com acido

retinoico tiveram maior taxa de células marcadas para autofagia quando comparadas



tanto ao controle quanto a grupos tratados somente com cisplatina. Ja os ensaios de
MitoStatus TMRE mostraram que 0s grupos contendo acido retinoico tiveram o
potencial de membrana aumentado quando comparado aos outros grupos, inferindo
gue a viabilidade celular geral é diretamente relacionada a viabilidade ou saude
mitocondrial. Esses resultados sugerem que a cisplatina combinada ao acido retinoico
no tratamento contra cancer de pulmdo na clinica deve ser reinvestigado e
reconsiderado, tendo em vista que o escape do processo de senescéncia celular €
um mecanismo conhecido de desenvolvimento de tumor em diversas células
imortalizadas humanas. Além disso, grupos contendo acido retinoico demonstraram
uma morfologia e fisiologia mais saudavel em relacdo aos grupos que continham
cisplatina, significando que o acido retinoico pode impactar na genotoxicidade da
cisplatina. Em uma situacao onde a cisplatina tem um papel na senescéncia induzida
por terapia, seria sensato adotar o uso de agentes senoliticos como uma segunda
linha de tratamento para minimizar a possivel recuperacao de subpopulacdes e evitar
a recorréncia da doencga.



ABSTRACT

Traditional cancer therapies rely on cytotoxic treatment strategies where the
complete cellular destruction of tumour optimizes the potential for patient survival.
However, many approaches are limited due to side effects, including development of
resistance to treatment and cancer recurrence. In attempt to optimize treatment
response, new drugs combinations emerged, such as the combination of cisplatin and
retinoic acid in lung cancer. However, cisplatin seems to induce cellular senescence
in different cell lines. Senescent cells remain viable and metabolically active, while
cell-cycle arrested; and in contrast to cells subjected to apoptosis in response to
cytotoxic drugs, senescent cells can persist in the tumour microenvironment. Thus, a
better understanding of the effects of these combinations and their relationship with
cellular processes of stress adaptation becomes necessary. The main objective of this
work was to evaluate the effects of the combination of cisplatin and retinoic acid
treatment in A549 human lung carcinoma cell line, inspecting the role of senescence
and the relation between cellular processes such as apoptosis and autophagy. The
treatment was designed thusly: pre-incubation with retinoic acid during 24 hours,
followed by co-treatment with cisplatin and retinoic acid in periods of 24, 48 and 72
hours. Cisplatin doses in groups were 0, 1 and 5 pg/mL, along with retinoic acid in 20
MM. Positive senescent cells were identified through the SA-B-Gal assay by optical
microscopy, showing us that cisplatin only groups induces cell senescence in a dose
and time-dependent manner, meanwhile groups containing retinoic acid leads to
evasion from the senescence induction by cisplatin. The cell cycle assay revealed that
cisplatin-only treated groups showed a cell cycle deregulation compared to retinoic
acid + cisplatin groups causing a shift from G1 state to a S/G2 cell cycle state. The
annexin V-FITC assay unveiled that groups treated with retinoic acid had their cellular
viability raised when compared to cisplatin-only groups. Acridine orange staining
assay uncovered that retinoic acid groups augmented autophagy cell state compared
both to controls and to cisplatin-only groups. MitoStatus TMRE assay showed us that
groups containing retinoic acid had their mitochondria membrane potential state
augmented when compared to cisplatin-only groups, inferring that the overall cell
viability is related to overall mitochondrial health. Results have suggested that retinoic
acid combined to cisplatin use in treatment against lung adenocarcinoma in clinic

should be re-investigated and reconsidered as escape from senescence is a well-



known mechanism of tumour development in many immortalized human cells. Besides
that, retinoic acid groups showed a healthier morphology and physiology when
compared to cisplatin groups, meaning that retinoic acid might impact cisplatin
genotoxicity. In a situation where cisplatin plays role in a therapy-induced senescence,
it would be wise to adopt the use of so called senolytic agents as a second line

treatment to minimize subpopulation recovery and avoid disease recurrence.



LISTA DE ABREVIACOES

AR: 4cido todo-trans-retinoico

Bax: regulador da apoptose, membro da familia Bcl2

BCL: grupo de familia de proteinas reguladoras da apoptose

CAF: fibroblastos relacionados ao cancer

EROs: espécies reativas de oxigénio

FDA: Departamento de Saude e Servicos Humanos dos Estados Unidos

HRASG12V: variante oncogénica do oncogene homodlogo do sarcoma viral de

camundongo de Harvey

LMA: leucemia mieloide aguda

NF-kB: fator nuclear kappa B

NSCLC: cancer de pulméo de ndo pequenas células
OPAS: Organizacdo Pan Americana da Saude

RAR: receptor de acido retinoico

RARESs: elementos responsivos ao acido retinoico
RXR: receptores X de retinoides

SAHF: heterocromatina foci associada a senescéncia
SASPs: fenétipo secretor associado a senescéncia
SA-B-GAL: B-galactosidase associada a senescéncia

TRAIL: ligante indutor de apoptose relacionado ao fator de necrose tumoral



1. INTRODUCAO

1.1 Senescéncia celular e cancer

1.1.1) Viséao geral

O cancer € a segunda principal causa de morte no mundo e é responsavel por
9,6 milhdes de mortes em 2018. Em escala global, uma em cada seis mortes sé&o
relacionadas a doenca. Os tipos mais comuns de cancer sdo o de pulmao, mama,
colorretal e de préstata, somando juntos mais de 7,6 milhdo de casos, porém os mais
letais sdo os canceres de pulmao, colorretal, estbmago, figado e mama, que juntos
somam 4,814 milhdes de mortes (Organizacdo Pan-Americana da Saude, 2018). As
modalidades no tratamento de cancer mais utilizadas segundo o érgao norte-
americano NCDB (National Cancer Data Base) sé@o a cirurgia, a terapia por radiacao,
e tratamento sistémico, incluindo quimioterapia, terapia-alvo, terapia hormonal, e
imunoterapia (Miller et al. 2019). As terapias no tratamento de céncer tradicionais
baseiam-se em abordagens citotoxicas, onde a completa destruicao celular do tumor
otimiza as chances de sobrevivéncia do paciente. Porém, essas abordagens sao
comumente limitadas por agregarem efeitos colaterais, que podem incluir resisténcia
ao tratamento, reacdes alérgicas, surgimento de canceres secundarios, e recorréncia
tumoral. Uma estratégia promissora, de segunda linha, fundamenta-se na indugéo de
citoestase por senescéncia celular induzida por terapia, com posterior uso de drogas
chamadas senoliticas, que visa a remocao e/ou morte das células senescentes como
alvo especifico, geralmente inibindo tanto proteinas de sobrevivéncia da familia BCL,
guanto outros efetores anti-apoptoéticos (Short et al. 2019). Neste contexto, células
danificadas, que possuem risco de transformacdo neoplasica, podem ser
neutralizadas por apoptose ou engajadas a entrar no processo de senescéncia, cuja
caracteristica implica em uma parada de proliferacdo e que possui um secretoma
bioativo, modulando o sistema imune. Células apoptoticas sdo reconhecidas por
remodelar o microambiente tumoral atraindo macrofagos para os sitios onde estao
presentes fatores de membrana com sinais de morte, facilitando o processo de
fagocitose. Dessa forma, a invasédo de macréfagos e outras células do sistema imune

s

no tumor é acompanhada pela secrecdo de fatores de crescimento e citocinas
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modulatérias que podem impactar na capacidade maligna da populacdo tumoral
(Lauber et al. 2003).

Apesar de no aspecto evolutivo 0 processo senescente ser visto como
benéfico, protegendo contra malignidades causadas por acumulo de dano celular; no
envelhecimento, o acumulo dessas células nos tecidos e 6rgaos acaba por causar
patologias com efeitos prejudiciais. Além disto, estudos recentes mostram que células
tumorais induzidas a estado de senescéncia a partir de exposicdo de drogas
quimioterapicas podem renovar sua capacidade proliferativa. Dessa forma, células
senescentes tumorais que sobreviveram a terapia podem representar uma forma de
dorméncia tumoral; onde a senescéncia se torna uma via a qual células tumorais
evadem diretamente do impacto citotoxico da terapia, entrando em um estado de
parada proliferativa —onde raras células tumorais proliferativas podem reemergir
meses ou até anos apos pacientes terem sido curados da doenga priméria (Saleh,
Tyutyunyk-Massey e Gewirtz 2019). Por causa do aumento de terapias relacionadas
com o programa senescente estar em ascensédo, cada vez mais torna-se importante
entender os efeitos prejudiciais da relacdo complexa entre o cancer e a senescéncia

celular.

1.1.2) Defini¢des

Hayflick e Moorhead em 1961 observaram um fendmeno em cultura celular,
onde fibroblastos humanos normais ndo conseguiam se proliferar indefinidamente e
as células gradualmente paravam de se multiplicar e sofriam alteracdes fenotipicas,
como aumento de tamanho e surgimento de granulos citosdlicos. Além disso, Hayflick
e Moorhead especularam a existéncia de fatores celulares que poderiam estar
envolvidos no processo de envelhecimento organismal. Esse fen6meno foi nomeado
de senescéncia celular (Hayflick e Moorhead 1961) (Hayflick 1965). A senescéncia
celular € um estado de parada do ciclo celular, usualmente através da expresséo e
ativacdo da via de p16'NK4a-Rb (retinoblastoma) e/ou de p53 e seus mediadores. Além
disto, estas células apresentam resisténcia a apoptose em resposta a diversos
estimulos de dano. Estes estimulos ou sinais podem advir de diversas condicdes,
dentre elas a disfungdo telomérica, estresse oxidativo, mudancas na arquitetura da

cromatina, disfungcdo mitocondrial, estresse mitotico e proteotoxicidade (Fig. 1)
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(Childs et al. 2015) (Mufioz-Espin e Serrano 2014) (Van Deursen 2014). As
caracteristicas moleculares de senescéncia celular incluem a regulacdo positiva de
inibidores de ciclo celular como p21 e/ou pl16, a marcacgéao positiva da p-galactosidase
associada a senescéncia (SA-B-GAL) (He et al. 2017) (Dimri 1995), a formacéo de
heterocromatina foci associada a senescéncia (SAHF) (Yamauchi et al. 2017), e a
inducdo de dano ao DNA associado a senescéncia (Kim et al. 2017).

Senescéncia celular € um processo que apresenta efeito dual e/ou
controverso; em um sentido dispde de potencial mecanismo molecular para uma
célula evitar transformacdo maligna; e de outro, ha evidéncias que demonstram
alteracdes no microambiente tumoral através de fendtipo secretor associado a
senescéncia (SASP), que inclui expressao e excrecdo aumentada de citocinas proé-
inflamatérias, fatores de crescimento e proteases; ocasionando um estimulo no
desenvolvimento do cancer (Coppe 2008). A senescéncia durante o tratamento do
cancer pode impactar de forma ambigua a resposta ao tumor, que exemplifica a
complexidade desse processo in vivo e eleva questdes em relacao a irreversibilidade

da senescéncia celular (Zeng, Shen, e Liu 2018).

Figura 1: Caracteristicas do processo senescente. Estressores tanto intrinsecos quanto extrinsecos
podem estimular a conversdo de uma célula normal para uma célula senescente. Uma vez neste
processo, mltiplos fenétipos podem ser observados, que dependem do tipo celular e do estimulo
indutor de senescéncia (adaptado de Baker e Petersen, 2018 — doi: 10.1172/JCI195145).
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1.1.3) Abordagens terapéuticas

Drogas citotdxicas e genotdxicas sdo amplamente utilizadas em terapias no
tratamento do cancer, e geralmente tém como alvo os mecanismos de diviséao celular
de células proliferativas (Dy e Adjei 2008). Entretanto, diversos efeitos colaterais sao
atrelados a esse uso em humanos, dentre eles destacam-se a imunossupressao,
fadiga, nausea, diarreia e alopecia (Schunemann e Rauchhaus 2008).
Complementarmente, quando esse grupo de drogas ocasiona a destruicdo aguda de
células malignas, os conteudos celulares séo liberados para o ambiente extracelular,
elevando assim drasticamente os niveis de &cido uUrico, potassio e fdsforo,
promovendo a condi¢do de sindrome de lise tumoral, podendo acarretar disfuncao
renal, convulsdes e até morte subita (Darmon et al. 2008). Além disso, estudos em
pacientes infanto-juvenis sobreviventes de cancer demonstraram patologias a longo
prazo relacionadas ao envelhecimento, que inclui disfuncdo de 6rgaos, distlrbios
cognitivos, e neoplasmas secundarios (Hudson et al. 2013).

A literatura recente sugere que a quimioterapia citotéxica induz senescéncia
celular em humanos. Wood e colaboradores em 2016 mostraram que a quimioterapia
em pacientes de mieloma altera a composicdo das células T, reduz o tamanho dos
teldmeros, e induz senescéncia celular através da expressao de p16'NK4a Além disso,
0s autores, ao observarem diferencas na expressao de pl16'Nk4a entre pacientes que
tiveram terapias diferentes; um recebendo agentes alquilantes e antraciclinas e outro
recebendo drogas nédo-citotéxicas como bortezomibe e lenalidomida, sugeriram que
a quimioterapia citotoxica em mieloma pode ser mais promotora de envelhecimento

gue drogas nao-citotéxicas.

Em 2017, Demaria e colegas demonstraram, em modelo de camundongo p16-
3MR (cujas células senescentes p16'NX4-positivas podem ser detectadas in vivo), uma
inducdo de senescéncia ocasionada por diversos agentes quimioterapicos
comumente utilizados no tratamento de canceres, como doxorrubicina, paclitaxel,
temozolamida e cisplatina. Adicionalmente, estas drogas provocaram adversidades
como dano ao DNA, ativagcdo de genes codificando fatores de SASPs, que
contribuiram para inflamagéo sistémica, e disfuncdo cardiaca —complicacdes as
guais foram atenuadas apds morte das ceélulas senescentes utilizando tratamento

com ganciclovir, referido como droga senolitica em recentes estudos.
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Saleh et al., em 2019, constatou um resgate da capacidade proliferativa de
células tumorais de diferentes linhagens (H460, HCT116 e 4T1) induzidas a
senescéncia por etoposideo e doxorrubicina. As células que continham o fendtipo
senescente também foram capazes de formar tumores in vivo, quando implantados
em camundongos imunocompetentes e imunodeficientes. Este trabalho sugeriu que
a parada na proliferacdo é apenas temporaria e que a recuperacao proliferativa é
dependente da manutencéo e/ou estabilidade do fendétipo senescente, onde apenas
uma subpopulacdo terd competéncia para escapar do estado de parada do ciclo
celular. Sendo assim, as células tumorais senescentes podem se manter viaveis e
dormentes mesmo apoés longos periodos de tempo apdés tratamento citotdxico e

eventualmente contribuir para a recorréncia da doenca.

Diante desta problemética, novas estratégias surgiram para a terapia do
cancer, como a incorporacdo de agentes senoliticos, cuja funcéo parece eliminar as
células senescentes, mas nao as ceélulas normais proliferativas ou quiescentes. Por
exemplo, in vivo, a combinacédo de dasatinibe e quercetina foi eficiente em reduzir a
carga de células senescentes em camundongos velhos expostos a radiagdo. Além
disso, foi relatada melhora do condicionamento fisico e motor e da funcéo cardiaca e
reatividade vascular apenas cinco dias apés uma unica dose. A administracdo
periodica do tratamento também estendeu a expectativa de vida de camundongos
Erccl (Delta/-), retardando e aliviando sintomas relacionados ao envelhecimento,
incluindo osteoporose e perda de proteoglicanos do disco intervertebral (Zhu et al.
2015). Uma das vantagens do uso de senoliticos sobre terapias tradicionais de cancer
€ que células senescentes ndo sdo geneticamente instaveis, significando que a
resisténcia tumoral a senoliticos pode ndo desenvolver com a mesma velocidade

como vista nas outras terapias de cancer (He e Sharpless 2017).

Outro tipo de estratégia ainda muito utilizada no combate ao cancer € o uso
combinatoério de drogas. No caso especifico de cancer de pulmédo, combinacdes de
drogas como cisplatina, paclitaxel e acido retinoico sugerem aumentar a taxa de
resposta e a sobrevida livre de progressdo em pacientes com cancer de pulmao de
nao-pequenas células (do inglés non small cell lung cancer — NSCLC) (Arrieta et al.
2010). Alguns outros resultados pré-clinicos também demonstraram eficacia na
combinacdo de cisplatina e acido retinoico em células de cancer de pescoco, de

cancer de cabeca, e células de adenocarcinoma ovariano. Esta interacao foi relatada
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mostrando efeito sinergistico, induzindo um aumento de morte por apoptose, e
diminuindo expresséo da proteina Bcl-2 relativa a Bax (Aebi et al. 1997). Além disso,
a combinacao de cisplatina e acido retinoico parece diminuir neuropatias induzidas
por quimioterapia e aumentar niveis do fator de crescimento nervoso (do inglés nerve
growth factor — NGF) em pacientes de com cancer de pulmdo de n&o-pequenas
células (Arrieta et al. 2011). Apesar da interacdo de cisplatina e acido retinoico
mostrarem-se benéficos, outros dados da literatura demonstram um efeito contrario
causado pelo acido retinoico, onde este dispde de atividade anti-apoptotica e melhora
a sobrevivéncia de células progenitoras da retina (Kholodenko et al. 2007); além de
também aumentar o crescimento e melhorar a sobrevivéncia geral de células de
cancer de mama em camundongos (Schug et al. 2007). Desta forma, é necessario
um melhor entendimento molecular da interacdo entre cisplatina e acido retinoico, e

seus processos relacionados, se quisermos estender seu uso de forma clinica.

1.2 Cisplatina, acido retinoico e cancer

1.2.1) Cisplatina

A cisplatina [cis-diaminodicloroplatina (II)] € uma das substancias mais
utilizadas como terapia de primeira linha no tratamento de diversos tipos de cancer
sélidos, como cancer de pulmao, ovario, testiculo, cabeca e pescoco. Seus efeitos
colaterais, no entanto, podem envolver nefrotoxicidade, neurotoxicidade,
ototoxicidade, ndusea, vomitos, alopecia, esterilidade, infarto do miocéardio, trombose
cerebrovascular, dentre outros (Thirumaran, Prendergast e Gilman 2007). Sua
atividade como droga anticancer foi descoberta por Rosenbert et al. em 1969, e desde
entdo, tornou-se o primeiro composto baseado em platina a ser aprovado pelo érgao
americano FDA (Food and Drug Administration). A molécula de cisplatina, que possui
um atomo central de platina em sua estrutura, reage aos residuos de purina tendo
efeito direto com o DNA em dois sitios distintos formando ligagbes cruzadas do tipo
inter e intrafilamentares, levando a uma inibicdo da sintese e transcricdo do DNA
através da estagnacédo da forquilha de replicacdo e da quebra da dupla fita de DNA
(Fig. 2A) (de Almeida et al. 2005).

Pelo fato de a cisplatina induzir ativacdo de vias de resposta a estresse

oxidativo e genotoxicidade, a resisténcia € bastante comum em pacientes que
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receberam tratamento com esta droga. A adquiricAo de resisténcia pode estar
relacionada a entrada da cisplatina nas células. Altera¢cbes da captacéo da droga pela
membrana plasmatica através de transportadores ativos e efluxo podem ser
responsaveis pela reducdo do acumulo das drogas em células resistentes. Outros
mecanismos moleculares de resisténcia a cisplatina foram relatados in vitro, dentre
eles: (i) mutacbes na proteina supressora de tumor p53, (ii) detoxificacdo pela
conjugacao de cisplatina a glutationa, associada a um aumento do processo de
exportacao, e (iii) aumento das vias de reparo de dano ao DNA. (Hall et al. 2008)
(Perego et al. 1996) (Oliver et al. 2010).

Apesar da cisplatina ser extensivamente utilizada visando a inducdo da
apoptose ou morte celular programada, diversos trabalhos na literatura demonstram
evidéncias da inducdo de senescéncia celular por cisplatina de forma dose e
linhagem-dependente. Xianghong et al., em 1998, demonstrou uma parada na
proliferacdo em células de carcinoma nasofaringeo CNE1 quando tratadas com
cisplatina, acompanhada de alteracbes morfoldégicas como aumento de volume
celular, aparicdo de formas celulares vacuolizadas e multinucleares, além da
presenca de fenétipos senescentes. O tratamento com doses de 0,5 ug/mL apontou
uma inducéo de células positivas para SA-B-Gal em 40 a 96% da populagdo enquanto
gue doses mais altas de 1 e 2 ug/mL demonstraram indugdo de 30 a 70% da
populacdo. Este estudo também verificou que as células positivas para senescéncia
diminuiram apds 96h de tratamento, havendo recuperacdo da proliferacao celular,
sugerindo que a resposta senescente em uma dose subletal de cisplatina pode ser
reversivel. Estudo realizado por Li et.al em 2014 afirma que a proteina regulada por
glicose de 78 kDa (GRP78) funciona como blogueador na inducédo de senescéncia
por cisplatina através da expressdo de genes da via de sinalizacdo de ataxia
telangiectasia mutada (ATM) e efluxo de célcio do reticulo endoplasmatico para o
citoplasma em linhagens de células de cancer de ovario (A2780 e C13K). As células
A2780, cuja expressdo de GRP78 é baixa, demonstraram-se sensiveis a indugdo de
senescéncia por cisplatina; ja a linhagem C13K demonstrou-se resistente a cisplatina
e tem niveis elevados de expressdo de GRP78. A indugdo de apoptose celular por
cisplatina geralmente é proeminente nas doses mais altas de drogas utilizadas na
clinica, porém as doses mais baixas parecem ter um efeito citostatico, fazendo com

gue as ceélulas adquiram fendtipos senescentes. Além disso, a cisplatina parece
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influenciar nas vias de sinalizagéo de resposta a estresse, aumentando a expressao

de p53 e p21 em hepatomas (Qu et al. 2013).

1.2.2) Acido retinoico

O acido todo-trans-retinoico (AR) € o principal metabdlito bioativo do retinol
(vitamina A) e tem diversos efeitos pleiotropicos no crescimento e diferenciacéo
celular que sao relevantes para o desenvolvimento embrionario e fisiologia adulta
(Fig. 2B) (Noy 2010). Os efeitos do AR estéo associados a reprogramacao genética,
mediada por receptores nucleares chamados de receptores retinoides. Os
receptores de acido retindico (RARa, B e y) e os receptores X de retinoides (RXRa,
e y) formam heterodimeros que sédo ativados por AR e regulam diretamente a
transcricdo génica interagindo com os elementos responsivos ao acido retinoico (do
inglés retinoic acid responsive elements - RARES) no DNA (Samarut e Rochette-Egly
2012). O AR é vastamente relatado na literatura como um indutor de morte celular
programada tendo como alvo os ligantes e seus receptores que ativam a apoptose.
Por exemplo, a ativacdo de RAR induz a expressao do fator regulatério de interferon
1 (IRF-1) que regula o ligante indutor de apoptose relacionado ao fator de necrose
tumoral (TRAIL) permitindo o avanco do processo de apoptose até de forma
paracrina, em tecido adjacente, j& que TRAIL é secretado no ambiente extracelular
(Clarcke 2004). Em cancer de pulmé&o e em células leucémicas, o acido retinoico
demonstrou induzir a expressdo de receptores para o ligante de morte
TNFa, facilitando a morte celular induzida por TNFa. Além disso, outros trabalhos
relacionam o RA como mediador da fosforilacdo de quinase regulada por sinal
extracelular (ERK1/2) promovendo a apoptose em diversas linhagens tumorais
(Persaud et al. 2016).

Apesar do sucesso em alguns ensaios clinicos para prevenir cancer de pele,
mama, cervical e de figado, o acido retinoico tem seu uso limitado por conta de seus
efeitos colaterais toxicos. A sindrome do &cido retinoico, por exemplo, € uma
complicacdo grave causada pela resposta ao tratamento com &cido retinoico e ocorre
em cerca de 30% dos pacientes de leucemia mieloide aguda (LMA), suas
caracteristicas consistem em febre, insuficiéncia respiratoria e infiltrado pulmonar

(McCulloch, Brown e lland 2017). Aléem disso, em algumas linhagens normais e outras
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tumorais, o AR promove a sobrevivéncia ao invés de promover a morte celular. Foi
relatado que o AR suprime a apoptose induzida por radiacdo UV-B em queratinécitos
e células endoteliais capilares, dispde de atividade anti-apoptética em células
progenitoras da retina, e protege células epiteliais de cancer de pulméo (revisado por
Noy 2010). Apesar de seu vasto uso na clinica, a eficacia do &cido retinoico diminui
conforme a resisténcia ao acido retinoico aumenta. Esta resisténcia é atribuida a acéo
de RAR e dificulta cada vez mais o potencial terapéutico dos compostos retinoides
(Tang e Gudas 2011).

Em nosso grupo de laboratério, trabalhos realizados em células SH-SY5Y de
neuroblastoma humano demonstraram que o tratamento de AR eleva niveis de
expressao génica das vias do fator nuclear kappa B (NF-kB), e das vias glicoliticas e
antioxidantes durante a diferenciagdo neuronal (de Bittencourt Pasquali et al. 2016).
Além disso a neurodiferenciagcdo causada pelo RA mostrou ser regulada pela
producédo de espécies reativas de oxigénio (EROS) e por estresse oxidativo (Kunzler
et al. 2016). Mais recentemente, de Miranda Ramos et al., em 2019, demonstrou que
o pré-tratamento com acido retinoico diminuiu a expressao de genes da via do NRF2
e aumentou a apoptose induzida por cisplatina. Portanto, na tentativa de circunvir
problemas relacionados a resisténcia e recorréncia tumoral, a combinacdo de
cisplatina e acido retinoico tém sido alvo de constantes ensaios clinicos e cada vez
mais se faz necesséario o aprofundamento dos mecanismos relacionados e novos

conceitos buscando melhores rumos para o tratamento de pacientes com cancer.

Figura 2: Estruturas das drogas cisplatina e acido retinoico, respectivamente A e B.
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1.3 Modelo de estudo

A linhagem de adenocarcinoma pulmonar humano A549 é uma linhagem tipo-
epitélio iniciada por Giard em 1972 através de bidpsia derivada de um tecido de
paciente caucasiano de 58 anos. Sao células aderentes de alta proliferagdo (uma
divisdo a cada 22 horas) e facil manipulacdo. As células ocasionalmente apresentam
corpos de incluséo citoplasmaticos multilamelares, apesar de ndo carrearem nenhum
tipo de patdogeno humano. Acredita-se que esses corpusculos de inclusdo tenham
relacdo com a sintese de surfactantes pulmonares e sdo do mesmo tipo dos

encontrados em pneumdcitos tipo 2 (Giard et al. 1973) (Lieber et al. 1976).

2. JUSTIFICATIVA

Considerando-se que a quimioterapia citotoxica ainda é um dos principais
recursos para o tratamento de pacientes com cancer, e que novos conceitos entorno
das terapias combinadas de cisplatina e acido retinoico tém surgido, torna-se
necessario o entendimento dos efeitos dessas combinacgfes e a relacdo destas com
0s processos celulares de adaptacdo ao estresse, tendo em vista principalmente a
senescéncia celular, cuja relacdo complexa com o cancer determina diretamente a

eficiéncia da resposta dos agentes quimioterapicos em tratamentos de cancer.

3. OBJETIVOS

3.1 Objetivo geral

O objetivo geral deste trabalho foi avaliar os efeitos do co-tratamento de
cisplatina e acido retinoico em uma linhagem de adenocarcinoma pulmonar chamada
A549, investigando a relacdo entre processos celulares chave como apoptose,

autofagia e senescéncia celular.
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3.2 Objetivos especificos

¢ Investigar os efeitos do co-tratamento sobre uma possivel senescéncia induzida
por cisplatina em diferentes doses;

e Investigar se existe relacdo entre o processo de senescéncia celular e os
processos celulares de apoptose e autofagia;

e Investigar a integridade e potencial mitocondrial de células tratadas utilizando
ensaios quimicos fluorescentes como indicadores de viabilidade metabdlica
celular;

e Ajudar na avaliagdo de novas abordagens para tratamentos de cancer.
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4. ARTIGO CIENTIFICO

O conteudo do trabalho sera apresentado na forma de artigo cientifico. Normas
foram retiradas do site da revista Cell Research (https://www.nature.com/cr/authors-

and-referees/authors/)
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ABSTRACT

Many traditional cancer therapies relying on cytotoxic treatments are limited due to side effects
including development of resistance to treatment and cancer recurrence. Drug combination therapy
involving cisplatin and retinoic acid (RA) has been intensively studied in lung oncology, however, results
concerning its beneficial effect are contrasting. In addition, cisplatin has been reported to induce cellular
senescence in many tumoral cell lines, while retinoic acid promotes cellular differentiation and activates
pathways to stress resistance. In this work, we aimed to evaluate the cisplatin and retinoic acid
combination in a A549 adenocarcinoma cell line focusing on the role of senescence and its related
cellular processes, like apoptosis and autophagy. To this purpose, we investigated cisplatin-induced
senescence, presence of autophagic process, induction of apoptosis and mitochondrial membrane
potential. Retinoic acid demonstrated to perform a senescence evasion mechanism, while cisplatin
induced senescence in a dose and time-dependent manner. RA also increased cellular overall viability
and enhanced mitochondrial membrane potential (Awym). Taken together, these results suggest that
RA presence in cisplatin treatment promotes cell survivability and tumorigenesis, and cisplatin alone
treatment in clinic should be revaluated as senescent tumoral cells can remain metabolically active and
also contribute to cancer recurrence and malignancy. Thereby, we propose that senolytics, a group of
molecules that selectively kills senescent cells, would be a good alternative to adopt as a second-line

treatment to circumvent subpopulation recovery and consequently minimize disease recurrence.

INTRODUCTION

Tumour microenvironment is at focus in current cancer therapy research. Traditional cytotoxic
approaches aim for complete cellular destruction to optimize patient outcome, however, it has many
limitations including tumour resistance and recurrence, and side effects, such as non-tumour toxicity
[1,2]. In pursuit to optimize response to treatment, new drug combinations arose, such as combination
of cisplatin and all trans-retinoic acid in lung cancer. Cisplatin, a widely used chemotherapeutic drug,
binds to DNA forming intra and interstrand cross-links between purine bases and induces DNA damage,
which consequently trigger signalling leading to apoptosis [3]. All-trans retinoic acid, an active
metabolite of vitamin A, reportedly promotes cell growth, cell differentiation, and has pro-apoptotic and
anti-oxidant effects, thus it is being used as anti-tumour approaches for various tumoral diseases [4].
Molecular mechanisms from this combination are far from fully understood. While retinoic acid seems
to potentialize cisplatin apoptotic effects in liver [5], pancreatic [6], and skin cancer cells [7] it has

contrasting effects in retinal cells [8] and breast cancer cells [9] showing itself as an anti-apoptotic agent.

Furthermore, cisplatin seems to induce cellular senescence in liver [10], nasopharyngeal [11],
ovarian [12] and lung cancer cells [13]. Senescence is a cellular program that induces a stable growth
arrest, which is maintained by activation of p16'Nk43/Rb and p53/p21°€'P* tumour suppressor pathways;
followed by phenotypic alterations, including chromatin remodelling, metabolic reprogramming, and the

implementation of a complex pro-inflammatory secretome [14,15]. Acutely senescent cells coming from
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chemotherapy show tumour supressing properties in one way, including cell cycle arrest and
senescence associated secretory phenotype (SASP) production, which promotes immunosurveillance
[16,17]. However, prolonged presence of senescent cells seems to modulate the development of
secondary tumours by those same paracrine signals, promoting cancer relapse, and increasing tumour

aggressiveness and metastases [18,19].

Previous reports from our laboratory group showed that cisplatin and retinoic acid combined
treatment potentializes cell death through apoptosis in certain conditions [20]. However, new findings
about senescence program in tumour biology are needed with respect to new suggestions for cancer
therapy establishing genetic and pharmacological methods to prevent senescence or to selectively kill
senescent cells in tumours. In this study, we aimed to evaluate the effects of cisplatin and retinoic acid
combination treatment in A549 human lung carcinoma cell line, investigating the role of senescence
among apoptosis and autophagy, and studying the relation of mitochondrial overall health to these
cellular processes.

MATERIAL AND METHODS

Material and agents

All-trans retinoic acid (RA), cisplatin, propidium iodide, acridine orange, and RPMI-1640
medium were purchased from Sigma-Aldrich®. Senescence-associated B-galactosidase (SA-B-Gal)
staining kit was purchased from Cell Signaling™. MitoStatus TMRE was bought from BD
Pharmingen™. MitoTracker™, annexin V-FITC stain kit, and antibiotic-antimycotic 100X were
purchased from Thermo Fisher Scientific. Fetal bovine serum was bought from Cripion Biotechnology
Itd.

Cell culture conditions and treatments

Human adenocarcinoma cell line A549 was cultured and grown in RPMI-1640 (Sigma-
Aldrich®) supplemented with 10% fetal bovine serum (FBS) and 1x antibiotic/antimycotic (Gibco™).
Cells were cultivated at 37 °C in a humidified chamber containing a 5% CO:2 environment. When a 80-
85% confluence was reached, cells were tripsinized and seeded at cultures plates for further
experiments. All medium in treatments had FBS concentration down to 1%. Treatment started 24h after
seeding. All chemicals were previously diluted in culture medium at higher concentrations before being
added to each well reaching final concentrations. Groups that contained retinoic acid had a pre-
treatment, consisting of 24h incubation with retinoic acid alone, followed by co-treatment with retinoic
acid (20 uM) and cisplatin with different concentrations (0, 1, and 5 pyg/ml) at different time lengths for
24, 48 and 72 hours.
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Cell viability

To explore functional impact of cisplatin and retinoic acid on cell survival, we performed a cell
viability assay using propidium iodide (PI) in flow cytometry. A549 were seeded in 12-well plates (1 x
105 cells/well) and groups that contained cisplatin received different concentrations of cisplatin (0, 1, 5,
20 ,50 and 100 pg/mL). After 24h treatment, cells were harvested and centrifuged for 6 minutes/1200
RPM. After centrifugation, cells were washed 2x with PBS + 2% fetal bovine serum and Pl was added
in a PBS solution containing 2% fetal bovine serum and 2 pg/mL propidium iodide. Cells were incubated
for 15 minutes in the dark and analysed using a BD Accuri™ C6 Flow Cytometer where 50000

events/sample were collected.

Senescence-associated B-galactosidase (SA-B-Gal) assay

A549 cells were seeded in 24-well plates (2 x 10* cells/well) and incubated with the test
substances for different time lengths. After treatment, medium was removed, and cells were washed in
1x phosphate buffered saline (PBS), and then fixed with a fixative solution for 10 minutes. Then cells
were washed twice with 1x PBS and incubated overnight at 37 °C with fresh SA-B-Gal staining solution
(pH 6) containing 1 mg/mL X-gal. After incubation, plates were checked under an optical microscope
(Nikon) where images were taken and processed in ImageJ software. Instructions were followed

accordingly to Senescence (-Galactosidase Staining Kit (Cell Signalling™).

Cell cycle

Cell cycle flow cytometric analysis was performed with propidium iodide DNA staining. Cells
were seeded in 6-well plates (2 x 105 cells/well) and right after treatment times, all supernatant and
tripsinized cells were collected and centrifuged for 6 minutes/1200 RPM. After that, cells were washed
with 1x PBS and recentrifuged. Cell pellets were resuspended with Cell Cycle buffer containing 3.5 mM
trisodium citrate, 0.5 mM Tris, 0.1 % Nonidet, RNAse 100 pg/mL and PI 50 pg/mL achieving a final
volume of 260 pL. Finally, after 15-minute incubation, cells were analysed using a BD Accuri™ C6 Flow
Cytometer where 50000 events/sample were collected. Cells were assigned and discriminated using
FLOWJO software®.

Annexin V-FITC/PI Apoptosis Assay
The Annexin V-FITC/PI Detection Kit (BD Pharmigen™) was used to quantify the percentage
number of apoptotic/necrotic cells. Cells were seeded in 6-well plates (2 x 10° cells/well) and after

treatments, culture medium and tripsinized cells were collected and centrifuged for 6 minutes/1200

RPM. Cells were washed with 1x PBS and resuspended with 54 uL. Annexin V Binding Buffer containing
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3 uL of Annexin V-FITC (50 pg/mL) and 3 uL of Propidium lodide (50 pg/mL). Finally, after 15-minute
incubation, 200 pL of Annexin V Binding Buffer was added to the final volume of 260 uL. Cells were

analysed using a BD Accuri™ C6 Flow Cytometer, where 20000 events were collected.

Flow cytometric analysis of autophagy positive cells

Acridine orange staining was used to check for positive autophagic cells. Inside cells, acridine
orange changes its fluorescence emission from green to red at low pH, assessing presence of
autophagosomes acidification. Cells were seeded in 6-well plates (2 x 10° cells/well) and after
treatments, all supernatant and tripsinized cells were collected and centrifuged for 6 minutes/1200 RPM.
Cells were washed with 1X PBS and recentrifuged. Cell pellets were resuspended with Acridine Orange
Staining Buffer containing 1 ug/mL acridine orange in PBS. Lastly, after 15-minute incubation, cells

were analysed using a BD Accuri™ C6 Flow Cytometer where 50000 events/sample were collected.

TMRE (Tetramethylrhodamine ethyl ester) assay by flow cytometry

MitoStatus TMRE (BD Pharmigen™) was used to assess for mitochondrial depolarization and
overall mitochondria health. Non-apoptotic or cells with polarized mitochondria will fluoresce red while
apoptotic or cells with depolarized mitochondria will have diminished levels of red fluorescence. Cells
were seeded in 6-well plates (2 x 10° cells/well). Briefly, all supernatant was discarded after treatment
and adherent cells were incubated with 50 nM MitoStatus TMRE solution in fresh grown medium. After
30-minute incubation, tripsinized cells were collected and centrifuged for 6 minutes/1200 RPM. Cells
were washed with 1x PBS and resuspended in 200 uL PBS buffer. FCCP (carbonilcyanide p-
triflouromethoxyphenylhydrazone), a mitochondrial oxidative phosphorylation uncoupler was used as a
positive control. Cells were analysed using a BD Accuri™ C6 Flow Cytometer where 40000

events/sample were collected.

Mitochondrial membrane status

To assess mitochondrial membrane status, a mitochondrial probe was used. MitoTracker ™
Deep Red (Invitrogen™) is a red fluorescent dye that stains mitochondria in live cells and are retained
in fixed mitochondria, which accumulation is membrane potential dependant. After treatments, culture
medium was removed and a prewarmed staining solution containing 100 nM MitoTracker probe was
added. After 30-minute staining, cells were washed with 1x PBS. Cells were fixated with 4%
paraformaldehyde for 10 minutes, and afterwards permeabilizated with 0,25% Triton X in PBS for 10
minutes. After twice PBS washing, a 300nM 4',6-diamidino-2-phenylindole (DAPI) was added. Light-
protected incubation occurred for 5 minutes. Staining DAPI solution was removed and finally cells were

observed. Images were taken using Microscopy EVOS® FL Auto system.

26



Statistical Analysis

Data are presented as the mean + standard deviation and analysed using GraphPad Prism
software version 7. One-way or Two-way ANOVA analysis followed by Tukey test were used to check
for significance difference between groups, where a P<0.05 was considered to indicate a statistically

significant difference. All experiments were performed at least three individual times.

RESULTS

Cell viability

We aimed to evaluate A549 cell response to drug combination therapy. For that purpose, we
used propidium iodide (PI), a membrane impermeant dye, that is generally excluded from viable cells.
Our result demonstrate that cisplatin reduces cell viability in a dose-dependent manner as expected
(Fig.1). After 24h treatment, the cisplatin-only group with the highest cisplatin concentration used (100
pg/mL) had a 49,3%z+2,5 cell viability in contrast to RA (20 uM) + cisplatin (100 pg/mL) group where the
cell viability rendered to 76%+6,8. As seen in literature, lower doses of cisplatin are linked to induction
of senescent-like phenotypes, while higher doses are linked to cell death through apoptosis. With this

result we could go forward on choosing the lowest values for cisplatin concentrations (0, 1 and 5 ug/mL).

Cisplatin induced senescent phenotype in A549 cells

SA-B-Gal staining, mostly used biomarker for senescent and aging cells, was used to detect
positive senescent phenotype after treatment with retinoic acid (20 uM) and cisplatin at different
concentrations (0, 1, and 5 pug/ml) at different time lengths for 24, 48 and 72 hours. The staining was
observed in the cytoplasm of these cells in a time and dose-dependent manner, where the staining was
the highest in 5 pg/ml cisplatin alone group at 72h time period (Fig.2). We also noticed that non-treated
control group had some level of SA-B-Gal-positive cells after 48h, however, it was reduced after 72h,
most probably due to the increased number of proliferating cells. In addition, we observed that groups
which had retinoic acid had very low percentage of stained cells probably as a result of an evading

mechanism.

Cell cycle shifts

To validate a possible cisplatin-induced senescent growth arrest, a flow cytometric analysis
was performed after treatment exposures of 24, 48 and 72 hours. In cells treated with higher dose of

cisplatin (5 pg/ml) a consistent shift to both S and G2/M cell cycle state was seen at 48 and 72 hours
(Fig.3).
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Treatment effect on apoptosis

To investigate the treatment effect on apoptosis, A549 cells were double-stained with Annexin
V-FITC and PI, prior to detection using flow cytometry. We have observed that after 72h exposure time
groups that contained retinoic acid had lower values of apoptotic rates when compared to cisplatin only
groups (Fig.4). In addition, we noticed that retinoic acid alone had a higher value of cell viability even

when compared to non-treated control, which corroborates with earlier cell viability results.

Treatment effect on autophagy

We desired to study whether autophagy process would be active performing a stress
adaptation on retinoic acid groups which had their viability raised. For that purpose, we used acridine
orange (AO), a lysotropic dye that accumulates in acidic organelles in a pH-dependent manner to
identify acidic vesicular organelles. Firstly, we had six replicates from this experiment, however, we had
some issues concerning this methodology, some replicates had to be put aside. Even with four
replicates, our results showed high deviation values. Nevertheless, we observed some features like the
retinoic acid alone group having a really low percentage of AO-positive cells at 72 hours after treatment
(Fig. 5). This is remarkable since this group had the highest percentage of viable cells on the annexin
V-FITC/PI experiment, meaning that retinoic acid might be triggering a stress adaptation not related to
autophagy.

Mitochondrial membrane potential (Awm)

To gain insight into how combination treatment affects the ability of mitochondrial function and
to cross-link our previous results, we detected mitochondrial depolarization by using TMRE, a known
marker of apoptosis, autophagy, and senescence using flow cytometry. Comparing basal levels of
mitochondrial membrane potential given in medium fluorescence intensity (MFI) of TMRE no significant
difference was observed between groups in the first 24 hours (Fig. 6). However, we have noticed Aym
changes starting at 48h after treatment where groups that contained retinoic acid had their membrane
potential increased when compared to other groups. The highest medium fluorescence intensity (MFI)
observed was from RA (20 uM) + Cisplatin (5 pg/mL) group at 72h where Aym changes were even
more clear. We also used a mitochondrial probe to track mitochondrial abnormalities with live imaging

which also corroborated with these results (Fig.7).

DISCUSSION

Over the last decades, drug combination therapy has been widely studied in cancer research
and other complex disease areas. In some cases, drug combination of cisplatin and retinoic acid seem

to improve treatment response, minimizing the development of resistance and diminishing adverse
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events. However, the same treatment generates contrasting effects in other cases [21]. It is known that
senescence, apoptosis and autophagy play roles in the capacity of damaged cells to adapt to a stress
condition either maintaining viability activating repairing machineries or engaging in programmed-cell-
death pathways [22]. In this context, the combination of all-trans retinoic acid is being used as an
intensifier of cisplatin effects in lung cancer, although, because of bioavailability issues, low doses of
these drugs could cause adverse effects in clinic allowing the existence of specific cellular
subpopulations within primary tumours with increased tumorigenic potential and chemotherapy
resistance [23].

In this study, we tested the combination therapy of cisplatin and retinoic acid in low doses
compared to clinic, in a gradual concentration of 0, 1 and 5 pg/mL of cisplatin and a fixed concentration
of 20 uM of all-trans retinoic acid. We found significant differences in cell viability when comparing
groups that had both drugs and groups that contained cisplatin alone. We also observed that retinoic
acid alone group had its viability increased even when compared to non-treated control. In addition,
there are two patterns that we could notice. We found that at higher doses of cisplatin, the cellular
damage may be too great for the cells to respond in an active way, resulting in decreased cell viability
with longer exposure times; and at lower doses, other stress related processes might be occurring, that
contributes to cellular preservation. Cells that were treated with retinoic acid can enhance cell viability
until a certain limit, which is surpassed by cisplatin damage in higher concentrations of the drug as seen
in our annexin V-FITC/PI experiment. We could also observe morphological phenotypes related to
differentiation (data not shown) in groups that contained retinoic acid. Differentiation driven by retinoic
acid has been previously reported to increase resistance to cytotoxic stress in SK-N-BE and SH-SY-5Y

neuroblastoma cell lines [24].

The SA-B-Gal assay unveiled that cisplatin induces cellular senescence in a time and dose-
dependent manner, while groups that had retinoic acid were able to evade from this process. As seen
in immortal human uroepithelial cells and bladder cancer cell lines, it has been suggested that evasion
from senescence pathways play a role in tumorigenesis [25]. Thus, senescence overcome plays role in
cancer pathogenesis and requires chances that might include either p16 or pRb-loss and additional
genetic alterations associated to immortalization, including +20q and -3p chromosomal imbalances [26].
Our cell cycle result showed that as accordingly to literature, cisplatin-induced changes in cell cycle
distribution indicate a difference between senescent-like growth arrest and aging-related senescence.
Senescence in aging arrests cell cycle in either G1 or G2/M and no mitogenic stimulation is able to
sustain cell cycle progression [27], however, cisplatin-induced senescence growth arrest showed both
S and G2/M accumulation. We could observe, in some replicates, the presence of cells which had super
G2 accumulation and also many doublets, that can be related to multinucleated cells as seen in our
experiment using DAPI and MitoTracker probes. Cellular multinucleation is characterized as a strong
senescent phenotype. Leikam et al., in 2015, showed for the first-time in vitro evidence for senescent
melanocytes multinucleated cells as source for tumour-initiating cells where the long-term oncogene
NRASSk gctivation overcomes oncogenic-induced senescence by triggering the emergence of tumour-

initiating mononucleated stem-like cells from senescent cells [28]. These findings change the
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perspective that senescence process causes an irreversible cell cycle arrest. Indeed, Saleh et al., in
2019, showed that tumour cells from various lines were able to recover proliferative capacity after
senescence induction by doxorubicin and etoposide. His work also suggested that tumour senescent
cells can remain viable and dormant after long periods of time and eventually contribute to cancer

recurrence.

We thought that autophagy was the process that could be occurring to groups that had retinoic
acid affecting senescence evasion. The relationship between autophagy and senescence is complex.
As demonstrated by Dou et al., in 2015, autophagy inhibition seems to delay HRAS®'2V-induced
senescence. Autophagy protein LC3/Atg8, which is related to autophagy membrane trafficking and
substrate delivery, is present in the nucleus and interacts with nuclear lamina protein lamin B1, and
binds to lamin-associated domains on chromatin. The lamin B1 degradation is achieved by nucleus-to-
cytoplasm transport that delivers lamin B1 to the lysosome. When the interaction between LC3 and
lamin B1 or autophagy is inhibited, lamin B1 loss in diminished and oncogene-induced senescence is
attenuated. In this way autophagy acts as a guarding mechanism protecting cells from tumorigenesis
[29,30]. On the other, paradoxically, autophagy inhibition promotes cellular senescence in normal
proliferating cells and in HRASC®12V-induced senescence cells as well [31,32]. We have evaluated the
induction of autophagy in A549 cells and our results do not show a clear pattern. At 72h, RA alone had
a very low acridine orange positive cells when compared to other treatments. However, we could not
see a significant difference of autophagy-positive cells when comparing non-treated control and
cisplatin-treated groups at this stage. We suggest that other method should be used to evaluate

autophagic cells in this experiment design, such as LC3-accumulation and p62 expression.

Our evaluation over mitochondrial membrane potential (Awym) revealed that retinoic acid is
enhancing mitochondrial membrane potential in A549 cells. Tetramethyl rhodamine ethyl ester (TMRE)
is a fluorescent dye that is sequestered by active, healthy mitochondria. Our results show that groups
that contained retinoic acid had their mitochondria potential membrane more polarized, fluorescing
redder than cisplatin alone groups and control group. The intensity of TMRE fluorescence was elevated
by retinoic acid and cisplatin in a dose-dependent manner. Therefore, we suggest that retinoic acid
plays a role in mitochondrial fithess increasing overall membrane potential status and health, and
probably increasing mitochondrial number. Mitochondria are the site of aerobic respiration and a major
source of reactive oxygen species (ROS) and play key role in the stress response. Mitochondrial
dysfunction causes the necessity of cancer cells to rely on glycolysis as the only alternative for ATP
production —this metabolic reprogramming is a recognized hallmark of cancer [33,34]. The influence
of ROS within malignant cells aren’t still clear. Like a double-edged sword, mitochondrial ROS
perturbations in cancer therapy may be beneficial or detrimental [35]. Increased ROS generation alters
mitochondrial membrane potential and induces damages in the respiratory chain triggering to apoptosis.
This was confirmed in a study performed by Marullo et al., in 2013, where intracellular and mitochondrial
ROS levels where measured in A549 cells exposed to cisplatin. This mitochondrial ROS increase was
not related only to apoptosis, as they were able to detect ROS also in non-apoptotic group of cells.

Therefore, mitochondria are the source of cisplatin-induced ROS response [36]. It is also known that
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retinoic acid impacts mitochondrial performance by raising oxidative phosphorylation and mitochondrial
content in some cell lines [37]. Moreover, Xun et al., in 2012, showed that retinoic acid induces a
dramatic increase in oxygen consumption rate in SH-SY5Y neuroblastoma cell line. In addition, retinoic
acid did not cause increase the number of mitochondria, but it raised mitochondrial spare respiratory

capacity [38].

In our study, we suggest that the presence of retinoic acid is affecting the cisplatin damage
response, which plays arole in cell survivability by increasing mitochondrial membrane potential (Aym),
consequently increasing mitochondrial overall fitness and overall cellular health. Besides, in the past,
our group demonstrated that retinoic acid affects the nuclear factor erythroid2(NF-E2)-related
factor2(NRF-2) signalling pathway causing changes in cellular redox balance [20,39]. Also, upregulation
of Multidrug Resistance-associated Proteinl(MRP1) and 2 (MRP2) might interfere in cisplatin uptake.
Cisplatin enter the cells by passive diffusion, however, more recently interest has been given to the
active uptake of the drug via facilitated diffusion by the copper transporter proteins (CTR1 and CTR2).
[40]. Retinoic acid might regulate cisplatin uptake. In this study, we used relatively lower doses
compared to clinic, however, if bioavailability issues in clinic occur, the same drug combination can
cause a different effect than the one expected. However, more studies are needed to validate these
statements and to clarify the complex relation of cisplatin and retinoic acid combination. A promising
strategy to circumvent senescence related issues is called senolytic therapy, where the selectively
death of senescent cells are achieved. Senolytic therapy would be used as a secondary therapy to the
first line DNA-damaging therapies, having potential advantages as the first-line therapies can be used
unmodified and would just need to be followed by a senolytic intervention, which would not be expected
to suffer from adaptation nor drug resistance. However, results from clinical studies in which senolytics

have been administered following senescence-inducing radio- or chemotherapy are still awaited for.

CONCLUSION

For the time being, we suggest that cisplatin and all-trans retinoic acid should be revaluated for
clinical purposes as its use can cause contrasting desirable effects. In one way, cisplatin alone can
induce cellular senescence in lower doses, where cells remain metabolically active and secrete the
SASP phenotype which contributes to formation of secondary cancers. On the other, retinoic acid
presence in cisplatin treatment cause an increase in cell resilience by alternate mechanisms and
consequently also lead to tumour resistance and recurrence. As cisplatin continue to be the most used
drug as a first-line treatment in lung cancer, we also propose that it would be wise to adopt the use of
senolytic agents as a second-line treatment to minimize a possible subpopulation recovery and avoid

disease recurrence.
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LIMITATIONS OF STUDY

We have performed a study with relatively short periods of time when comparing other studies

that relates to cellular senescence. For that purpose, if longer periods of time were analysed, a better

understanding of the evading process by retinoic acid could be noticed. Maybe this evasion is temporary

and induction of senescence would occur thereafter. Also, it is true that single-cell studies are always

desirable since acute characterization of samples with high cellular heterogeneity is not straightforward.

Another point is that in MitoStatus TMRE membrane potential assay, as cited by the fabricant, in cells

whose mitochondrial number may vary widely, healthy cells with few mitochondria might bind little

TMRE dye, and thus may appear falsely depolarized leading to wrong conclusions.
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FIGURES

Figure 1. Flow cytometric analysis of cell viability using propidium iodide (PI). Figure show the effect
of cisplatin alone, retinoic acid alone, and combined drug therapy in A549 cell viability. Data is shown
in percentage of viable cells 24h after treatments. Cisplatin doses varied between 0, 1, 5, 20, 50 and
100 pg/mL. Groups that contained retinoic acid had a pre-treatment with retinoic acid for 24h (20 uM)

Graph is shown by means + SEM. Cis: cisplatin, RA: retinoic acid. n=3. *P<0.05
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24 h

48 h

Figure 2: SA-B-Gal staining of group treated cells. A: SA-B-Gal staining positive cells at different periods
of time (24, 48 and 72h), which exhibit an extended shape. Scale: 100 uM. B: SA-B-Gal staining graph
referring to images on A. Cells were counted using the ImageJ software. ***P<0.0005, ****P<0.0001.
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Figure 3: Flow cytometric analysis of cell cycle with propidium iodide DNA staining.A: Cell cycle

analysis 24, 48 and 72h after treatments. Anaysis was performed using FlowJo software. B:

Quantification of cells accordingly to DNA content. Cis: cisplatin. RA: retinoic acid. n=3.
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Figure 4: Cisplatin and retinoic acid effects on apoptosis. A: Annexin V-FITC/PI apoptosis assay by
flow cytometry B: Apoptosis rate quantification. LL: lower left, representing viable cells. UL: upper left,
representing early apoptotic cells. UR: upper right, representing late apoptotic/necrotic cells. LR:
lower right, representing necrotic cells. FL1: green channel. FL2: orange-red channel. Cis: cisplatin.

RA: retinoic acid.
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Figure 5: Cisplatin and retinoic acid effects on autophagy. A: Acridine orange (AO) staining by flow
cytometry. B: Positive autophagic cells quantification. FL1: green channel. FL3: red channel. Cis:
cisplatin. RA: retinoic acid. n =4. *P<0.05.**P<0.01. ***P<0.0005. ****P<0.0001.
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Figure 6: Cisplatin and retinoic acid effects on membrane potential (Aym) A: Mitostatus TMRE assay
by flow cytometry. B: Quantification of medium fluorescence intensity of TMRE. FL1: green channel.
FL3:

red channel. FCCP: carbonilcyanide p-triflouromethoxyphenylhydrazone, a mitochondrial

oxidative phosphorylation uncoupler. Cis: cisplatin. RA: retinoic acid. n=3.
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Figure 7: Imaging of A549 stained by 4',6-diamidino-2-phenylindole (DAPI) marking the nucleus
and MitoTracker red probe marking mitochondrial membrane. Images were processed in

ImageJ software. Scale bar: 100 um.
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5. CONSIDERACOES FINAIS E CONCLUSAO

O céancer de pulméao é o maior causador de morte por cancer entre homens no
mundo e o segundo maior causador entre mulheres. O subtipo de cancer de pulméo
de ndo pequenas células (NSCLC) responde por mais de 80% dos casos (Torre,
Siegel e Jemal 2016). Essa particularidade se deve parcialmente pela falta de
estratégias de terapia eficientes. A quimioterapia em estagios avancados de NSCLC
possui cerca de 20% a 35% de resposta global e 35% de taxa de sobrevivéncia
(Scagliotti et al. 2002). Neste contexto, algumas abordagens terapéuticas para
prevencdo e combate desse tipo de cancer tém focado em minimizar a toxicidade
sistémica ao paciente, e diminuir a inducdo de resisténcia em células tumorais,
fazendo com que o risco de recorréncia tumoral diminua, aumentando a eficiéncia do
tratamento. O microambiente tumoral € rico em fatores de crescimento, citocinas e
gumiocinas, que atraem e ativam outros tipos celulares, incluindo os fibroblastos
associados ao cancer (CAF) que remodelam a matriz extracelular e promovem

neoplasia (Mishra, Banerjee e Bem-Baruch 2011).

A problematica se da a partir da inducdo de senescéncia celular apés
exposicdo a uma droga quimioterapica ou radiacdo. Foi demonstrado que células
senescentes tumorais podem retomar sua capacidade proliferativa, diferente da ideia
gue se imaginava que as células senescentes teriam uma parada irreversivel do ciclo
celular. A senescéncia celular, em células de tumores residuais que sofreram algum
tipo de dano massivo em terapias, podem representar um tipo dorméncia tumoral —
e raramente podem escapar deste processo, fazendo com que haja uma retomada
da populacdo tumoral (Saleh, Tyutyunyk-Massey e Gewirtz 2019). Por exemplo,
Roberson e colaboradores, em 2005, demonstraram que células da linhagem de
cancer de pulméo H1299 (p16'NK4a-deficientes) podem evadir da senescéncia celular
induzida por campotensina e renovar sua capacidade proliferativa. A frequéncia das
células que retomaram o ciclo proliferativo foi de 1 para cada 1 x 10° células, ou seja,
o fendtipo senescente ainda é o predominante e a evasdo da senescéncia € um
evento bastante raro —porém possivel (Roberson 2005). Outro estudo mais recente
demonstrou que uma pequena populacdo de células de cancer de mama MCF-7

evadiu a senescéncia celular, fazendo com que estas adquiram potencial capacidade
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de desenvolver resisténcia as terapias de inducao de senescéncia (Saleh et al. 2019).
As células senescentes adquirem um fenétipo bastante peculiar, que inclui alteragcfes
na estrutura da cromatina, e possuem diferencas na expressao génica e metabolismo
(Childs et al. 2015) (Mufioz-Espin e Serrano 2014) (Van Deursen 2014). Isso sugere
gue estas células podem ser sensiveis as drogas que tem como alvo apenas este
estado amorfo, sem afetar células normais proliferativas (Fig. 3) (Wand e Bernards
2018).

Figura 3: Modelo de terapia para cancer utilizando drogas senoliticas. Drogas pré-senescéncia
podem ser utilizadas para induzir a parada na proliferacéo associada ao fenétipo senescente. Uma
terapia subsequente com agentes que matam seletivamente as células senescentes pode entdo ser
aplicado para erradicar as células senescentes tumorais. As células tumorais proliferativas ndo séo
sensiveis aos senoliticos, fazendo com que uma terapia sequencial (duas ou mais etapas) ou
concomitante seja necessaria. (Adaptado de Wand e Bernards, 2018 — doi: 10.1007/s11684-018-
0647-7)

Droga pré-
senescéncia Droga senolitica
A—) ) Morte celular

: P A A Células senescentes
Células tumorais proliferativas

Células tumorais proliferativas

Em relacao a contribuicédo deste trabalho, demonstramos que a cisplatina induz
senescéncia celular de maneira tempo e dose-dependente na linhagem de
adenocarcinoma pulmonar A549. Alem disso, observamos que o acido retinoico faz
com gue essas células evadam a inducdo de senescéncia por cisplatina por algum
mecanismo a ser elucidado, que pode estar relacionado a diferenciacdo celular
causada por AR. O AR também mostrou ter relacdo com a viabilidade mitocondrial,
elevando o potencial de membrana mitocondrial (Awm). Esta relacdo também se

estende sobre a resposta celular a cisplatina, ja que a mitocdndria € a fonte da

49



resposta das espécies reativas de oxigénio induzida por cisplatina. N0s observamos
gue na maior dose de cisplatina utilizada, o dano celular pode ser intenso de maneira
gue as células ndo consigam se adaptar e responder ao estresse, resultando numa
viabilidade celular diminuida. NGs evidenciamos que em todos os casos: (i) somente
cisplatina, (i) somente acido retinoico, e (iii) cisplatina em combinacdo com acido
retinoico podem ser prejudiciais para um tratamento eficiente. Em uma perspectiva
clinica, existe a possibilidade de ocorrer problemas relacionados a biodisponibilidade,
fazendo com que a mesma combinacéo de droga possa causar um efeito diferente
do esperado. Com base nas ideias apresentadas, nds propomos, seguindo a dire¢ao
da literatura recente, que o uso da cisplatina deve ser acompanhado por um
tratamento de segunda etapa, chamado tratamento senolitico, para assim minimizar
a chance de reincidéncia tumoral e diminuir a concentracdo de agentes que causam

toxicidades sistémicas, contribuindo para o bem estar de pacientes.

6. PERSPECTIVAS

e Investigar se os efeitos encontrados no trabalho sdo linhagem-dependentes,
testando a combinacdo de acido retinoico em outras linhagens tumorais
imortalizadas de cancer de pulmao;

e Aprofundar a investigacéo sobre a evasao da inducao de senescéncia causado por
acido retinoico;

e Aprofundar a investigacdo sobre a relacdo entre a atividade mitocondrial e os
processos de adaptagéo ao estresse;

e Realizar novos estudos com tempos de tratamento mais longos, com modelo
focado em mimetizar uma terapia clinica;

e Avaliar os efeitos dos tratamentos em carater experimental tipo single-cell;

¢ Realizar estudos com modelo in vivo para validar os efeitos e mecanismos

encontrados.
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