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RESUMO

O tratamento com quimioterapicos ainda hoje € a principal abordagem para
combater casos de cancer de pulmao. Porém, muitos tumores adquirem resisténcia a
farmacos, dificultando o tratamento e aumentando a reincidéncia. Na tentativa de
otimizar a resposta dos tratamentos e de circunvir problemas como resisténcia tumoral,
novos estudos vem testando a combinacédo de diferentes farmacos como abordagem
terapéutica. Dentre estes, a combinacdo entre as moléculas de acido retindico (AR) e
cisplatina apresentaram resultados promissores tanto em ensaios clinicos quanto em
modelos de pesquisa basica. Porém, pouco se sabe sobre os mecanismos moleculares
presentes na interacdo de ambos. Uma das vias de sinalizacdo altamente relacionada
com a resposta tumoral a quimioterdpicos é a via do fator nuclear eritréide 2
relacionado ao fator 2 (NRF2). Sendo assim, o objetivo desta dissertagéo foi investigar
e discutir os efeitos moleculares do tratamento combinado de AR e cisplatina em uma
linhagem de adenocarcinoma pulmonar (A549), focando principalmente na via do
NRF2. Mais especificamente, foi investigado os efeitos sobre a expressao do NRF2 e
de seus genes-alvo, ambiente redox celular, apoptose, autofagia e reparo de fita de
DNA por recombinagdo homologa (RH). O AR demonstrou ter um efeito inibitério sobre
as vias do NRF2 e de RH. Além disso, 0 AR elevou a producao de espécies reativas e
a oxidacdo de grupamentos sulfidrilas. Combinados, estes efeitos parecem ter
contribuido para uma sensibilizacdo ao efeito pré-apoptético derivado do tratamento
com cisplatina. Além do mais, a autofagia também se mostrou elevada nos tratamentos
individuais e em conjunto, podendo indicar um possivel mecanismo de resisténcia
celular. Nestes resultados, ficou demonstrado diferentes mecanismos por onde o AR
pode atuar para potencializar o efeito da cisplatina em células de cancer de pulmao.
Além disso, esta dissertacdo colabora com perspectivas de outros autores sobre
abordagens que atuem no ambiente redox celular, na tentativa de combater células
tumorais. Portanto, estas informacdes podem contribuir com outros trabalhos para a

otimizacdo do uso do AR associado a cisplatina em pacientes com cancer de pulmao.



ABSTRACT

Chemotherapy is still today the most used strategy to treat lung cancer cases.
Meanwhile, many tumors can develop resistance to drugs, suppressing treatment
effectiveness and increasing probability of recurrence. As an attempt to optimize
treatment response and circumvent problems such as cancer resistance, new studies
have been testing the combination of different molecules as therapeutic approach. In
this context, the combination of retinoic acid (RA) and cisplatin have presented
promising results in clinical trials as well as in basic research models. Although, little is
known about the molecular mechanisms underling both chemicals interaction. One
pathway that is highly related to tumor response to chemotherapy is the nuclear factor
(erythroid-derived 2)-like 2 (NRF2) pathway. Thus, the aim of this dissertation is to
investigate and discuss the molecular effects of combined RA and cisplatin treatment in
a lung adenocarcinoma cell linage (A549), mainly through NRF2 modulation. More
specific, the effects over NRF2 and NRF2-target genes expression, cellular redox
environment, apoptosis, autophagy and DNA repair through homologous recombination
(HR). RA treatment demonstrated an inhibitory effect over NRF2 and HR activation.
Moreover, RA increased reactive species production and the oxidation of sulfhydryl
groups. All combined, these effects contributed to cell sensitization to pro-apoptotic
effect derived from cisplatin exposure. In addition, autophagy also was increased after
individual and combined treatments, indicating a possible cell resistance mechanism.
Taken together, these results demonstrated different mechanisms by which RA
potentiates cisplatin effects in lung cancer cells. Furthermore, this dissertation
corroborates with other authors perspectives about cancer therapies approaches that
acts on cellular redox environment. Therefore, these information can contribute with
other works on the attempt to optimize RA usage associated with cisplatin in lung

cancer patients.



LISTA DE ABREVIACOES

SCLC: cancer de pulméao de pequenas células
NSCLC: cancer de pulméo de ndo-pequenas células
SCC: carcinoma de células escamosas

AR: acido retingico todo trans

RARs: receptores de 4cido retindcio

RARa: receptor de acido retindico subtipo alfa
RARR: receptor de acido retindico subtipo beta
RARA: receptor de acido retinbico subtipo gama
RXRs: receptores X de retindides

ERK: proteina cinase regulada por sinal extracelular

PI3K: fosfatidilinositol-3-cinase
NRF2: fator nuclear eritréide 2 relacionado ao fator 2

ER: espécies reativas

GSH: glutationa reduzida

GPx: glutationa peroxidase

TXN: tioredoxinas

GR: glutationa redutase

NADPH: nicotinamida adenina dinucleétido fosfato
KEAPL1: kelch-like ECH-associated protein 1

PKC: proteina cinase C

Akt: proteina cinase B

GSK-3: glicogénio sintase cinase 3
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1. INTRODUCAO

1.1 Cancer de pulméo

1.1.1) Viséo global

Com o aumento do consumo de cigarros nas décadas entre 1930 e 1990, casos de
cancer de pulméo se tornaram cada vez mais frequentes tornando-o hoje o segundo
tipo de cancer mais diagnosticado em homens e mulheres. Apesar de campanhas
antitabagismo e estudos cientificos terem contribuido para que o nimero de casos
decaissem nas ultimas décadas, ainda hoje, o cancer de pulmao é o maior causador de
Obitos, estimando-se corresponder a um quarto das mortes por cancer em 2017
(American Cancer Society 2017) (Dela Cruz, Tanoue, and Matthay 2011). Apenas 15%
dos homens e 21% das mulheres sobrevivem mais de 5 anos apo6s o diagnéstico. Esta
baixa taxa de sobrevida esta associada ao fato de que os sintomas normalmente nao
séo perceptiveis até um estagio mais avancado do tumor, levando ao diagnostico tardio
(American Cancer Society 2017). O diagnostico tardio é diretamente associado a um
prognostico ruim devido ao rapido espalhamento do tumor para diferentes regides do
pulméo, limitando as possibilidades de tratamento (Flood et al. 2004). Hoje em dia o
sucesso do tratamento de pacientes com cancer de pulméo depende muito do estagio
em que a doenca € diagnosticada. Sendo assim, a avaliacdo de grupos de risco por
tomografia computadorizada e a busca por marcadores moleculares que indiquem
células precursoras tumorais sao, atualmente, 0s principais meios para que se possa
conseguir um diagnadstico precoce, diminuindo o risco de morte dos pacientes. Aliado a

isto, existe também uma alta necessidade de se expandir as opcles de tratamentos



eficazes em todos estagios da doenca, tornando os estudos sobre combinacdes de
estratégias envolvendo quimioterapicos de grande importancia (American Cancer

Society 2017) (Flood et al. 2004).

1.1.2) Classificagdes

Os tipos mais comuns de cancer de pulmédo sédo derivados de células do epitélio
respiratorio (Travis et al. 2015). Estes séo divididos em dois grupos principais: cancer
de pulméo de pequenas células (do inglés small cell lung cancer — SCLC) e cancer de
pulméo de ndo-pequenas células (do inglés non-small cell lung cancer — NSCLC) (Dela
Cruz, Tanoue, and Matthay 2011). SCLC corresponde a cerca de 13% dos casos de
cancer de pulmao (American Cancer Society 2017) e se origina na por¢cao meédia dos
bronquiolos a partir de células neuroenddcrinas (Sutherland and Berns 2010). O
NSCLC corresponde a 84% dos casos e € subdividido em trés tipos histolégicos
principais: carcinoma de células escamosas (do inglés squamos cell carcinoma — SCC)
correspondendo em média a 30% dos casos de cancer de pulméao; adenocarcinoma
(39%) e carcinoma de grandes células (15%) (American Cancer Society 2017). O SCC
tem sua origem no epitélio da tragueia e acredita-se ser proveniente de células basais
com alteracbes genéticas que levam a proliferacdo descontrolada (Sutherland and
Berns 2010). Junto com SCLC, este é o tipo mais comum em pacientes fumantes
(Herbst, Heymach, and Lippman 2009) ja que ocorrem na por¢do central do pulméo
onde se acumulam a maior parte das particulas provenientes do cigarro. Em
contrapartida, o adenocarcinoma € o tipo mais comum em pacientes ndo fumantes
(Herbst, Heymach, and Lippman 2009), pois este ocorre em regifes mais periféricas do

pulmdo sendo proveniente de células surfactantes presentes nos alvéolos,



denominadas de células alveolares do tipo Il (Sutherland and Berns 2010). Nos ultimos
anos houve uma diminuicdo na incidéncia de SCC e SCLC contraposta por um
aumento dos casos de adenocarcinoma. Acredita-se que esta alteracdo esta
relacionada com uma mudanca nos filtros contidos nos cigarros ao longo dos anos.
Com uma diminuicdo nos poros dos filtros as particulas absorvidas tornaram-se
menores e, portanto, deixaram de se acumular em regibes mais centrais da via
respiratoria (traqueia e bronquiolos) e passaram a se acumular nas regides mais
periféricas (alvéolos) (Flood et al. 2004), fazendo com que hoje o adenocarcinoma de

células ndao-pequenas seja o tipo mais comum de cancer de pulmao.

1.1.3) Tratamentos

A abordagem para tratar casos de cancer de pulmédo depende principalmente do
estagio da doenca e do tipo histolégico do tumor. Em pacientes com NSCLC localizado
e ndo associado a outras estruturas vitais do corpo (ex.: vertebras, coracdo, traqueia) a
cirurgia se torna o procedimento mais utilizado, podendo ser aliada a radioterapia ou
quimioterapia. Porém, em casos mais avancados onde o tumor j4 se encontra em
diversas localidades do pulmdo a abordagem principal passa a ser através de
quimioterapia sozinha, ou em conjunto com terapias alvo ou associada a
imunoterapias. Mesmo em casos onde seja possivel a remocao cirdrgica do tumor, o
tratamento com quimioterapicos antes ou apos o procedimento demonstra-se melhorar
a taxa de sobrevivéncia dos pacientes (Flood et al. 2004). Sendo assim, o tratamento
com farmacos ainda é o principal recurso para combater o cancer de pulmao. A partir
disso, um estudo de metandlise que reuniu diversos ensaios clinicos que utilizavam

trés grupos principais de quimioterapicos, apontou a cisplatina como tratamento de



maior eficiéncia em pacientes com a doenca, observando-se um aumento de 10% na
sobrevivéncia no periodo de um ano. Controversamente, agentes alquilantes se
mostraram prejudiciais diminuindo a taxa de sobrevivéncia (Stewart 1995)(Flood et al.
2004). Atualmente também se encontra em fase de estudos a utilizacdo de inibidores
de EGFR (epidermal growth factor receptor) como alternativa possivel no tratamento de
NSCLC, tendo apresentado resultados positivos em ensaios clinicos (Flood et al. 2004)

tanto sozinho quando em conjunto com outros quimioterapicos.

O uso da cisplatina ou dos seus derivados é classificado como “platin-based
terapies” justamente por estes possuirem um atomo central de platina na sua estrutura.
No meio intracelular, a cisplatina é hidrolisada e se torna um potente eletréfilo, reagindo
principalmente com grupos sulfidrilas em proteinas e com bases nitrogenadas nos
acidos nucleicos (Shaloam and Tchounwou 2014). A interagcdo da cisplatina com
moléculas de DNA é considerado o principal mecanismo de citotoxicidade da droga.
Essa se liga aos residuos de purinas da dupla-fita bloqueando a divisdo das células
tumorais e induzindo apoptose. Além do dano ao DNA, a cisplatina também é capaz de
induzir apoptose por estresse oxidativo dependendo da dose e tempo de exposicao.
Isto ocorre principalmente por ela levar a uma deplecdo de glutationa e por afetar o
funcionamento mitocondrial (Cho et al. 2008) (Shaloam and Tchounwou 2014). Pelo
fato de a cisplatina induzir a ativacédo de diversas vias de resposta a genotoxicidade e
estresse oxidativo, € comum que pacientes desenvolvam resisténcia a este tratamento
(Shaloam and Tchounwou 2014). Além do mais, os efeitos citotoxicos ndo se
restringem apenas ao tumor, fazendo com que existam diversos efeitos colaterais como

toxicidade renal, nausea e vomito. Portanto, na tentativa de circunvir estes problemas,



a combinacdo de outras drogas junto ao tratamento com cisplatina tem sido alvo de

inUmeros estudos e ensaios clinicos.

1.2 Acido retinéico

1.2.1) Origem e efeitos

O 4&cido retindico todo trans (AR) é a principal forma biologicamente ativa da
vitamina A sendo bem conhecido por suas propriedades morfégenas. Este deriva da
oxidacdo do retinol por desidrogenases intracelulares gerando primeiramente a
molécula de retinaldeido seguida pela de &cido retindico (Tang and Gudas 2011). A
nivel de organismo, o AR atua principalmente regulando processos de desenvolvimento
embriondrio como neurogénese (Maden 2002) e cardiogénese, entre outros tecidos
(Campo-Paysaa et al. 2008)(Duester 2008). Em individuos adultos, este € capaz de
atuar regulando o crescimento e remodelamento de tecidos (Noy 2010) além de,
também, interferir na transmissao sinaptica (Liou et al. 2005). A nivel celular ele age
principalmente causando uma parada no ciclo e alterando o padrdo de expressao
génica, tanto através de fatores de transcricdo quanto por alteracbes epigenéticas
(Connolly, Nguyen, and Sukumar 2013). Sendo assim, pode-se dizer que a principal

propriedade do AR € regular processos de proliferacdo/diferenciacdo celular.

1.2.2) Mecanismos de acao

Quando o retinol é liberado pelo figado na corrente sanguinea ele é captado por
células que expressam proteinas capazes de internalizar e metabolizar a vitamina A.
Estas transformam o retinol em AR, liberando-o para atuar como sinalizador nas

células ao redor (Duester 2008). Diferente de outros sinalizadores célula-célula, o AR
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nao se liga a receptores na parte externa das células-alvo, mas é internalizado e
transportado para o nucleo ligando-se a um grupo de receptores nucleares que atuam
como fatores de transcricdo (Duester 2008). A principal familia de receptores que
fazem a transducdo desse sinal € chamada de RAR (retinoic acid receptor) que é
subdividida em trés isoformas: RARa, RARB e RARA. Estes formam heterodimeros
com RXRs (retinoid X receptors) e ligam-se em regides promotoras do DNA reprimindo
ou ativando a transcricdo de diferentes genes, principalmente através de
acetilacao/desacetilagdo de histonas (Schenk, Stengel, and Zelent 2014). Em
contrapartida, existem trabalhos que mostram a presenca dos receptores RAR fora do
nacleo da célula, podendo se encontrar na membrana celular ou no citoplasma e
levando a ativacdo de outras cascatas de sinalizagdo nado-cldssicas do AR (revisado
em Tanoury et al. 2013). A ativacdo de proteinas cinases como ERK e PI3K (Zanotto-
Filho et al. 2008) (Masia et al. 2007) e a modulagdo de expressdo génica via estresse
oxidativo (Pasquali et al. 2008) sdo exemplos de mecanismos através dos quais o AR
pode modificar o fenotipo celular por vias chamadas de ndo-gendmicas. De fato, cada
vez mais se tem dado atencdo para acdes ndo-gendmicas do AR, ja que estas
contribuem significativamente para os efeitos desta molécula na resposta celular, o que

contribui para o aprimorar o seu uso farmacoldgico.
1.2.3) Acido retinoico e cancer

Por sua capacidade de inibir a proliferacdo celular e de induzir a expressédo de
diversos genes supressores tumorais (Nagpal 2004), o AR passou a ser investigado
como possivel agente na prevencdo e tratamento contra o cancer. Dentre tentativas

com diferentes tipos de céncer, pacientes com neuroblastoma de alto risco e leucemia

10



promieloide aguda foram os que demonstraram melhor resposta ao farmaco, sendo
ainda hoje tratados com este (Reynolds et al. 2003)(Ablain and De Thé 2014). Além
disso, atualmente o AR tem sido testado em conjunto com outros quimioterapicos ja
utilizados na clinica, buscando melhorar a eficiéncia destes e circunvir possiveis efeitos
colaterais (Arrieta et al. 2011) (Li et al. 2015)(Zhang et al. 2013). No caso do cancer de
pulmao, um estudo clinico de fase Il testou o sinergismo do AR com a administracdo de
cisplatina e paclitaxel, demonstrando uma melhora na resposta e sobrevivéncia dos
pacientes com NSCLC (Arrieta et al. 2010). Porém, ndo sdo todos 0s casos que
respondem de forma positiva ao tratamento com AR, e em alguns contextos celulares
este pode até levar a uma hiperproliferacdo e crescimento tumoral (revisado em Noy
2010). Isto indica que o efeito do AR em células tumorais ndo depende apenas de
quais vias moleculares este atua, mas também de como cada célula é capaz responder
a elas. Neste contexto, Tang and Gudas discutem como diversos tumores apresentam
as vias de sinalizacdo de retinoides comprometida, sugerindo que a diminuicdo da
resposta celular ao AR € necessaria para o desenvolvimento do tecido tumoral (Tang
and Gudas 2011). Em conjunto, um trabalho classico que visou investigar o papel
preventivo da vitamina A em grupos de alto risco de desenvolver cancer de pulmao
(fumantes intensivos e trabalhadores expostos a asbesto), teve seus estudos
interrompidos pois a suplementacdo com retinol e (3-caroteno mostrou aumentar a
incidéncia de tumores e mortalidade dos pacientes. Portanto, apesar de resultados
promissores em testes clinicos, € necesséario entender melhor os mecanismos
moleculares envolvidos na atividade do AR para podermos compreender em quais

contextos seu uso pode ser benéfico.
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1.3 Nuclear factor (erythroid-derived 2)-like 2 (NRF2)

1.3.1) Funcéo

Um dos principais grupos de moléculas indicadoras do metabolismo celular sdo os
radicais livres. Justamente por estes serem produtos secundarios dos processos dentro
da mitocondria eles podem atuar como sinalizadores, conectando o metabolismo
energético da célula com suas outras partes. Porém, os radicais livres e outras
espécies reativas (ER) tém a capacidade de oxidar biomoléculas, comprometendo suas
estruturas e fungbes. Sendo assim, a célula desenvolveu sistemas capazes de
controlar os niveis de ER na tentativa de manter um equilibrio entre o metabolismo
oxidativo e 0 dano gerado por seus proprios produtos. Nao coincidentemente, grande
parte deste sistema chamado de antioxidante se utiliza de moléculas reduzidas (ex.:
NADPH) provenientes do metabolismo energético para poder reverter o dano oxidativo
e neutralizar as ER (FIG 1). Com isso, fica explicito que é necessaria uma conversa
molecular entre metabolismo e sistema antioxidante dentro da célula. Cumprindo este
papel encontramos o fator de transcricdo Nuclear factor (erythroid-derived 2)-like 2
(NRF2) que em situacdes de estresse, onde os niveis de ER comecam a se elevar, se
torna um dos principais responsaveis pela adaptacdo celular, reprogramando o
metabolismo e induzindo a expressdo de enzimas antioxidantes (Hayes and Dinkova-

Kostova 2014).

Dentre a diversidade de genes que o NRF2 regula pode-se dizer que 0s principais
grupos funcionais séo: enzimas relacionadas com detoxificacdo de xenobidticos (ex.:
NAD(P)H:quinona oxiredutase 1 — NQOL1; glutationa S-transferase — GSTP1),

metabolismo antioxidantes de tibis (ex.: tioredoxina — TXN1; glutamato-cysteina ligase
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— GCLC e GCLM) e metabolismo de carboidratos/geracdo de NADPH (ex.: glicose-6-

fosfato 1-desidrogenase — G6PD; enzima malica — ME1).

Substratos Reduzidos Proteinas Reduzidas

Agentes redutores

y
T, [4]

Radicais Livres

METABOLISMO OXIDATIVO

SILNVAIXOLLNY SYN3LSIS

y

Moléculas Oxidadas Proteinas Oxidadas

Redirecionamento da glicose para via das pentoses Aumento de GSH e de GR para detoxificacao de espécies reativas

Aumento da sintese de NADPH E| Aumento da atividade de tioredoxinas

Figura 1. Conexao entre metabolismo oxidativo e sistemas antioxidantes. Nomeros em
vermelho representam regulagdes via ativacdo do NRF2.

O metabolismo de tidis € um dos principais mecanismos pelo qual o NRF2 regula o
ambiente redox celular. A molécula de glutationa (GSH) auxilia como tampado redox
dentro da célula doando seus elétrons para neutralizar ER diretamente ou através de
enzimas antioxidantes, como no caso da glutationa peroxidase (GPx) e da
peroxiredoxina (Shelly C. Lu 2014). Na presenca de ER, os grupos sulfidrilas das
proteinas podem ser rapidamente oxidados comprometendo a funcdo destas. Neste
contexto, a GSH também funciona como doadora de elétrons para tioredoxinas (TXN),

que por sua vez reduzem grupamentos sulfidrilas oxidados em proteinas, revertendo o
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dano oxidativo (Matsuzawa 2017). A reciclagem de GSH, de oxidada para reduzida, é
feita através da enzima glutationa redutase (GR) que retira elétrons do NADPH e passa
para a glutationa oxidada, permitindo que esta sirva novamente de substrato para
enzimas antioxidantes (Shelly C. Lu 2014). Desse modo, as enzimas responsaveis pela
sintese e regeneracdo de glutationa, junto com as tioredoxinas e tioredoxinas
redutases, e as enzimas de sintese de NADPH, possuem elementos de resposta ao
NRF2 na regido promotora dos seus respectivos genes (Hayes and Dinkova-Kostova

2014).

Além de regular o ambiente redox da célula e de atuar no reparo de danos
oxidativos, o NRF2 também esta envolvido na sintese de enzimas do metabolismo de
xenobidticos, auxiliando na detoxificacdo de drogas e de outros agentes externos.
Sendo assim, pode-se dizer que este fator de transcricdo € responsavel pelos
mecanismos de defesa celular frente a diferentes agentes estressores. Entretanto, o
estresse celular também pode surgir como uma resposta fisiologica frente a um
estimulo por fatores de crescimento ou influxo de nutrientes. Neste contexto, o NRF2 é
capaz de inibir a sintese de acidos graxos, favorecendo a B-oxidacdo e o aporte
energético para proliferacdo celular (Hayes and Dinkova-Kostova 2014). Em
concordancia, este também induz a expressdo de enzimas da via das pentoses,
redirecionando o metabolismo de carboidratos da glicélise para a biossintese de
purinas necessarias para sintese de acidos nucleicos. Consequentemente, 0s niveis de
NADPH sao aumentados, fornecendo substrato para rotas anabdlicas e para sistemas

de defesa antioxidantes (Mitsuishi et al. 2012)(Hayes and Ashford 2012).
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Por estar envolvido com metabolismo redox, metabolismo energético e
detoxificacdo de farmacos, muitos pesquisadores passaram a investigar o papel do
NRF2 em patologias como alvo farmacoldgico de prevencdo ou tratamento (Zenkov,
Menshchikova, and Tkachev 2013). A partir disso, diversos trabalhos surgiram
correlacionando sua atividade com diferentes processos celulares como proliferacéo
(Hayes and Ashford 2012), diferenciacéo (Zhao et al. 2009), resisténcia (Homma et al.
2009), autofagia (Pajares et al. 2016) e reparo de dano ao DNA (Jayakumar, Pal, and
Sandur 2015). Portanto, entender o funcionamento deste fator de transcricao frente ao
tratamento com diferentes farmacos € de grande auxilio na tentativa de compreender e

aprimorar as diferentes respostas a estes.

1.3.2) Regulacéo

Em estado basal, os niveis de NRF2 sdo mantidos constantes devido a um balanco
entre sua sintese e degradacdo proteossomal (Niture, Khatri, and Jaiswal 2014). O
rapido turnover da proteina auxilia uma resposta rapida da célula frente a algum
estresse. Dessa forma, a maior parte dos mecanismos de regulacdo do NRF2 s&o apés
sua transcricdo. Quando expresso, o NRF2 é capturado no citoplasma por duas
unidades da proteina kelch- like ECH associated protein 1 (Keapl) (Itoh et al. 1999), a
gual favorece sua ubiquitinagéo, direcionando-o para degradacao (Baird et al. 2013). A
maior parte dos ativadores de NRF2, endégenos e exdgenos, sdo moléculas eletréfilas
capazes de oxidar diferentes residuos de cisteina na estrutura da Keap1, levando a sua
inativacdo (Hayes and Dinkova-Kostova 2014). Dessa forma, novas molécula de NRF2
sintetizadas sdo capazes de translocar para o nucleo da célula e se ligar na fita de DNA

em regides promotoras chamadas de elementos responsivos antioxidantes (do inglés
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antioxidants responsive elements — ARE), promovendo a transcricdo génica.
Curiosamente, muitas moléculas descritas como antioxidantes (ex.: tocoferdis e alguns
fitoquimicos) séo, na verdade, fortes ativadores de NRF2, justamente por no seu
metabolismo gerarem espécies reativas, levando a uma inativagdo de Keapl (Niture,
Khatri, and Jaiswal 2014). Além da inativacdo por eletrofilos, outras proteinas
endoégenas podem interagir com a Keapl, impedindo-a de se ligar ao NRF2. Este
mecanismo de competicdo permite um crosstalk entre atividade de NRF2 e outras vias
de sinalizagcédo (revisado em Hayes & Dinkova-Kostova 2014). Em conjunto, muitas
cinases também influenciam na regulagdo do NRF2. Por exemplo, a PKC (Protein
kinase C) é capaz de fosforilar o NRF2 durante sua ativacdo, favorecendo sua
translocacao para o nucleo (Niture, Khatri, and Jaiswal 2014). A via da fosfatidilinositol
3-quinase/proteina cinase B (PI3K/Akt) também parece ser uma reguladora positiva da
ativacado de NRF2, por esta inibir a atividade da glicogénio sintase cinase 3 (GSK-3),
que, por sua vez, regula a fosforilacdo inibitéria de NRF2 diretamente ou através de

outros reguladores negativos (revisado por Hayes & Dinkova-Kostova 2014).

1.3.3) NRF2 e cancer

A visdo do papel do NRF2 na patologia do cancer ja passou por diferentes
abordagens na literatura cientifica (revisado por Lau et al. 2008). Na época em que se
comecgou a descobrir que diferentes xenobibticos eram eficazes contra a acdo de
agentes mutagénicos, muitos destes foram identificados como potentes ativadores de
NRF2. Sendo assim, esta via passou a ser estudada como alvo de acdo preventiva
contra o cancer. Pelo fato do NRF2 regular a detoxificagdo de agentes genotoxicos,

além de controlar os niveis de ER, as quais também podem promover mutagénese,
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este ganhou uma visdo positiva como agente citoprotetor. De fato, se sabe que a perda
da expressdo de NRF2 aumenta a sensibilidade da célula a agentes citotdxicos,
fazendo com que moléculas ativadores de NRF2 sejam estudadas no contexto de
muitas doencas associadas com estresse oxidativo (Zenkov, Menshchikova, and
Tkachev 2013). Porém, nos Ultimos anos comecgou-se a perceber que a alta atividade
deste fator de transcricdo em tecido tumoral esta associada a um pior prognéstico. De
fato, o efeito citoprotetor do NRF2 que, em células sadias, atua contra agentes
carcinogénicos, em tecido tumoral auxilia na proliferacédo celular e resisténcia do tumor
a quimioterapia (Homma et al. 2009). No desenvolvimento tumoral, o aumento da
proliferagcéo celular leva a uma maior atividade mitocondrial e, consequentemente, um
aumento na producao de ER. Desse modo, a alta atividade do NRF2 eleva as defesas
antioxidantes e favorece o crescimento do tumor. Em concordancia, Denicola et al.
2011 demonstrou que a expressado de diferentes oncogenes € capaz de induzir este
aumento na atividade de NRF2, criando um ambiente intracelular menos oxidativo e
promovendo a tumorigénese. Mais recentemente, Mitsuishi et al. 2012 provou que a
expressdo de NRF2 em células tumorais aliada a ativagdo da via PI3K/Akt, atua
redirecionando o metabolismo de glicose e glicina para vias anabdlicas, o que ajuda a
explicar a associacdo positiva entre sua atividade com fenétipos tumorais agressivos.
No caso de cancer de pulméo, a presenca de mutacdes somaticas ou perdas de alelos
gue levem a uma baixa atividade de Keapl é associada com incidéncia do tumor em
pacientes (revisado por Lau et al. 2008), acreditando-se que alta atividade deste fator
de transcricdo seja essencial para o inicio da doenca. Sendo assim, a via de

sinalizacdo do NRF2 hoje é correlacionada com o inicio, progresso e agressividade do
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cancer. Outra associacao existente € com a resisténcia tumoral. Devido a inducao de
enzimas de detoxificacdo, sabe-se que o aumento da atividade do NRF2 é um dos
mecanismos responsaveis pelo desenvolvimento de resisténcia a quimioterapias em
diversos tipos tumorais. Portanto, o paradoxo entre o papel preventivo e o papel
promotor do NRF2 no contexto do cancer faz com que cada vez mais seja hecessario
entender a diferenca entre 0s mecanismos associados a sua atividade, dando melhor

direcionamento ao tratamento de pacientes.

2. JUSTIFICATIVA

Tendo em vista que a quimioterapia ainda é um dos principais recursos para o
tratamento de pacientes com cancer de pulmdo, e que o uso do AR apresentou
resultados promissores em ensaios clinicos quando administrado em conjunto com
cisplatina, se torna necessario compreender melhor as vias de sinalizagdo que levam a
interacdo de ambos quimioterapicos. Especificamente, a ativacdo do NRF2 é um fator
determinante na resposta de células tumorais ao tratamento com farmacos, tornando-

se um importante alvo de investigagao.

3. OBJETIVOS

2.1 Objetivo geral

O objetivo geral desta dissertacdo foi investigar os efeitos do &cido retindico na
resposta celular ao tratamento com cisplatina na linhagem de adenocarcinoma

pulmonar humano, A549.
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2.2 Objetivos especificos

Investigar o efeito do AR sobre a atividade do fator de transcricdo NRF2.

e Investigar os efeitos do AR sozinho ou associado com cisplatina na proliferacéo
e morte celular.

e Investigar a participacdo de sistemas antioxidantes dependentes de tidis na
interacao entre AR e cisplatina.

e Investigar a participacdo da via de reparo de DNA por recombinacdo homoéloga
na interacao entre Ar e cisplatina.

e Gerar novas perspectivas para aprimoramento da terapia com AR associada a

cisplatina.
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4. ARTIGO CIENTIFICO

Esta secdo do trabalho sera apresentada na forma de artigo cientifico a ser
submetido a revista Biochemical Pharmacology. Normas de submisséo foram retiradas
do site: https://www.elsevier.com/journals/biochemical-pharmacology/0006-2952/guide-

for-authors.
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Abstract

Recent studies have investigated the use of retinoic acid (RA) molecule in combined
chemotherapies to cancer cells as an attempt to increase treatment efficiency and circumvent cell
resistance. Positive results were obtained in clinical trials from lung cancer patients treated with cisplatin.
Meanwhile, the signaling process that results from the interaction of both molecules remains unclear. One
of the pathways that RA is able to modulate is the activity of NRF2 transcription factor, which is highly
associated with tumor progression and resistance. Therefore, the aim of this work was to investigate
molecular mechanism of RA and cisplatin co-treatment in A549 cells, focusing in NRF2 pathway. To this
end, we investigated NRF2 and NRF2-target genes expression, cellular redox status, cisplatin-induced
apoptosis, autophagy and DNA repair through homologous recombination. RA demonstrated to have an
inhibitory effect over NRF2 activation, which regulates the expression of thiol antioxidants enzymes.
Moreover, RA increased reactive species production associated with increased oxidation of thiol groups
within the cells. DNA repair through homologous recombination was also suppressed by RA pre-
treatment. All combined, these effects created a more sensitive cellular environment to cisplatin
treatment, increasing apoptosis frequency. Interestingly, autophagy was also increased by combination
therapy, suggesting a resistance mechanism by A549 cells. In conclusion, these results provided new
information about molecular mechanisms of RA and cisplatin treatment contributing to chemotherapy

optimization.

Keywords

Retinoic acid, cisplatin, A549 cells, NRF2, antioxidants systems, homologous recombination.

1. Introduction

Physiologically, retinoic acid (RA) is a signaling molecule derived from Vitamin A which acts on
biological process such as early organogenesis and tissue remodeling [1]. Thus, because of its primary
ability to promote cell cycle arrest and trigger cell differentiation, RA has been considered an inducer of
tumor growth suppressors taking an important part in cancer treatment [2]. More recently, studies have

explored the efficiency of RA treatment in combination with other existent chemotherapies as an attempt
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to increase tumor response and circumvent resistance mechanisms in models of glioma [3],
hepatocellular carcinoma [4], and non-small cell lung cancer (NSCLC) [5]. More specifically, RA has been
tested in clinical trials combined with cisplatin and paclitaxel, demonstrating promising results in NSCLC
patients response [6][7]. Therefore, these results create an urgent necessity to better understand the
molecular pathways involved in cancer cell response to combination treatments. In this context, most of
RA effects are associated with the activation of subtypes of retinoic acid receptors (RARs), which are a
family of nuclear receptors that regulate gene expression [8]. Besides their transcription factor function,
these receptors are able to interact with different kinases outside cell nucleus and regulate several
signaling cascade in a very cell type specific manner [9]. These aforementioned mechanisms are part of
the non-genomic effects of RA, which are independent of gene expression modulation and have shown to

contribute significantly to cellular response.

NRF2 transcription factor regulates the expression of several enzymes related with antioxidants
defenses/glutathione metabolism, drug detoxification, and metabolic reprograming, which makes its
activation highly associated with cancer initiation, progression and resistance [10][11][12][13].
Additionally, increased evidences have been correlating NRF2 activation with cellular process that are
targets in cancer therapy, such as DNA repair [14] and autophagy [15]. Therefore, there is a necessity for
chemicals that can regulate its activation, suppressing its downstream effects. Normally, NRF2 protein is
constantly expressed within the cell and directed to degradation by its inhibitor kelch-like ECH-associated
protein 1 (Keapl). In the presence of nucleophile agents, Keapl activity is impaired and NRF2 is able to
translocate to cell nucleus [16]. Interestingly, RA was shown to modulate NRF2 pathway in some types of

cancer cells [17][18], but the molecular mechanisms underlying this effect are still poorly understood.

Taking it into account, the aim of this work was to investigate molecular mechanism by which RA
treatment can affect A549 lung cancer linage cell response to cisplatin chemotherapy, focusing mainly in
the activity of NRF2 transcription factor. Particularly, we provided information over RA effects on NRF2
and NRF2-target genes expression, cellular redox status, cisplatin-induced apoptosis and DNA repair
through homologous recombination. All together, these data indicate new insights on RA application to

cancer treatment, which can contribute to combination therapies optimization.
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2. Material and methods

2.1) Chemicals

All-trans retinoic acid (RA), n-acetyl-cystein (NAC), cisplatin, 2',7'- dichlorofluorescin (DCFH-DA),
3-(4,5-dimethyl)-2,5-diphenyl tetrazolium bromide (MTT), sulforhodamine B (SRB), propidium iodide (PI),
acridine orange (AO), anti-RAD51 (HPA039310) and 4',6-Diamidine-2'-phenylindole dihydrochloride
(DAPI) were purchased from Sigma-Aldrich®. Alexa Fluor® 555 rabbit secondary antibody (A21429), anti-
NQO1 primary antibody (M0716672) and MitoSOX™ Red were purchased from Thermo-Fisher Scientific,
USA. Electrophorese reagents were all purchased from Bio-Rad. Anti-NRF2 (M200-3) was purchased
from MBL. Anti-Transketolase (sc-390179) and anti-GSPD (sc-373886) primary antibodies were
purchased from Santa Cruz Biotechnology. Anti-B-actin (#3700) and anti-Histone H3 (#4499) were from

Cell Signaling Technology.

2.2) Cell culture and treatments

A549 cells (kindly donated by Prof. Claudia Simoes, Universidade Federal de Santa Catarina,
Brazil) were grow in culture flasks containing RPMI-1640 (Sigma-Aldrich®) medium supplemented with
10% fetal bovine serum (FBS) and 1x antibiotic/antimycotic (Gibco™). Flasks were maintained inside a
humidified incubator at 37°C with 5% CO: atmosphere. When confluence was reached, cells were
tripsinized and seeded at culture plates for further experiments. Treatments started 24 hours after
seeding. All chemicals were previously diluted in culture medium at higher concentrations before added to
each well reaching final concentration. Retinoic acid stock solution was dissolved in DMSO and stored at
-20°C protected from light for no longer than two weeks. RA concentration was determined by
spectrophotometry read at 351 nm immediately before treatments. N-acetyl-cysteine and cisplatin stock

solutions were dissolved in PBS and water, respectively, and stored at -20°C protected from light.

2.3) Intracellular Reactive Species Production (DCF Assay)
Intracellular ROS production was detected using the 2',7'- dichlorofluorescin (DCFH-DA, Sigma)
as described [19]. DCFH-DA stock solution was dissolved in DMSO stored at —20 °C protected from light.

Before cells were treated, DCFH-DA was diluted to 100 yM in 10 % FBS supplemented medium solution
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and added to culture plates. Cells were incubated at 37 °C, with 5% CO2, and protected from light
exposure for 1 hour. After DCFH internalization, the medium was replaced by fresh medium solution and
treatments were initiated. When internalized, RS cause DCFH oxidation and it becomes a fluorophore
(DCF), which was monitored using a SpectraMAX i3 (Molecular Devices) fluorescence plate reader
(EX'Em=485/532 nm). Results were expressed in relative fluorescence units (RFU). Reactive species

production rate was obtained by calculating the A of individual hours (RFUhour x — RFUhour x-1).

2.4) Mitochondrial superoxide indicator (MitoSOX™ Red)

To access mitochondrial superoxide production, live cells were stained with MitoSOX™ Red
probe. Stock solution was dissolved in 13 pL of DMSO reaching the concentration of 5 mM accordingly to
the manufacture. By the end of cells exposure to treatments, MitoSOX™ Red probe was diluted in fresh
culture medium at a concentration of 20 uM and then added to the wells reaching final concentration of 2
MM. The incubation proceeded for 30 minutes before culture medium was removed and cells were
washed with 1x PBS. At this point, cells were fixed for 10 minutes with 4% paraformaldehyde and washed
one more time with 1x PBS. Equal volumes of PBS were added to the cells and images were taken on

Microscopy EVOS® FL Auto Imaging System (AMAFD1000 - Thermo Fisher Scientific; MA, USA).

2.5) Sulfhydryl groups content

Total reduced thiol (SH) content was determined as an estimation of overall intracellular redox
status [20]. First, cells extracts were prepared in phosphate buffer and clarified by centrifugation. Protein
content was determined by Pierce™ BCA Protein Assay Kit (Thermo-Fisher) and all samples were diluted
to equal protein concentrations. Later, samples were mixed in a slightly alkaline buffer with 10 mM of 5,5-
dithiobis-2-nitrobenzoic acid (DTNB) dissolved in ethanol. System was incubated for 1 hour at room
temperature allowing DTNB to react with sulfhydryl groups generating a yellowish coloration. Therefore,

absorbance was determined at 412 nm and results were expressed as pmol SH/ mg of protein.

2.6) Sulforhodamine B Assay
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The percentage of viable cells was estimated by colorimetric quantification of sulforhodamine B
(SRB) stained cells [21]. After treatments, culture medium was removed, and adhered cells were fixated
with 10 % trichloroacetic acid (TCA) for 1 h at 4 °C. The precipitated proteins were then stained by 15 min
incubation with a 0.4 %(w/v) SRB solution dissolved in 1 % acetic acid. Excess unbound dye was
removed by washing with 1 % acetic acid (3-times); stained cells were solubilized in a 10 mM Tris base
solution (pH 10.5). Absorbance was quantified using SpectraMAX i3 (Molecular Devices)

spectrophotometer set at 515 nm.

2.7) LDH Activity Assay

The leakage of lactate dehydrogenase into culture medium was assessed as a measure of
detached cells and losses cell membrane integrity, typically of cultured dead cells. LDH activity was
determined by quantifying NADH decay through the conversion of pyruvate in lactate using a commercial
kit (Labtest® Brazil). NADH absorbance was obtained by SpectraMAX i3 (Molecular Devices)

spectrophotometer set at 340 nm.

2.8) Propidium lodide Uptake

After treatments, propidium iodide (PI) was added to culture medium at a final concentration of 6
UM followed by one-hour incubation. Since Pl is not able to internalize in viable cells, its uptake is an
indicative of non-viable cells. Images were taken on a Microscopy EVOS® FL Auto Imaging System

(AMAFD1000 - Thermo Fisher Scientific; MA, USA).

2.9) MTT assay

A549 cells viability was assessed by the MTT assay. This method is based on the ability of viable
cells to reduce MTT and form a purple formazan product. Immediately after treatments, MTT solution
prepared in culture medium was added to the cells at a final concentration of 0.5 mg/mL. The cells were
incubated for 45 min at 37 °C in a humidified 5% CO2 atmosphere. The medium was then removed and
200 pL of DMSO was added to each well of 96-well plate. Samples were homogenized by up-and-down

pipetting, and optical density of each well was measured at 560 nm (test) and 630 nm (reference).
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2.10) Annexin-V/PI staining

The FITC-Annexin V/PI Detection Kit | (BD Pharmingen™) was used to evaluate the percentage
of apoptotic/necrotic cells. After treatments, culture medium was removed, cells were tripsinized and then
washed with cold PBS. Next, cells were suspended in 100 puL of 1x Annexin Binding Buffer (ABB)
containing FITC-labeled Annexin and Propidium lodide (kit provided). After 15 minutes incubation, 400 pL
of ABB was added to each sample and analyzed by BD FACSCalibur™ cytometer at FL1-H (FITC) and
FL3-H (PI) channels. Proper staining controls were used to set the cytometer. Viable (annexin-/Pl-), early
apoptotic (annexin+/Pl-), late apoptotic (annexin+/Pl+) and necrotic (annexin-/Pl+) cells were assigned

and quantified using FLOWJO® software.

2.11) Acridine orange staining

To access the presence of autophagosomes acidification, cells were stained with acridine orange
(AO) which, at low pH environments, changes its fluorescence emission from green to red. After
treatments, culture medium was collected and cells tripsinized. At this point, cells were pelleted by
centrifugation and washed once with cold PBS to remove remaining culture medium. Cells were then
suspended in 300 pL of 1x PBS containing 1pg/mL of AO followed by 15 minutes incubation at room
temperature. Red/green (FL3-H/FL1-H) fluorescence was measured by BD FACSCalibur™ cytometer and

percentage of autophagy positive cells was calculated using FLOWJO® software.

2.12) RT-gPCR

Total RNA extracts were obtained by Trizol® reagent (Invitrogen, USA) isolation protocol.
Immediately after isolation, total RNA was quantified and used to cDNA synthesis accordingly to High-
Capacity cDNA Reverse Transcription Kit (Thermo-Fischer, USA). All reactions were performed by 7300
Real-Time PCR system (Applied Biosystem) and samples were amplified in duplicates using 10 ng of
cDNA. Power SYBR™ Green PCR Master Mix (Thermo-Fischer, USA) was used at a final reaction
volume of 20 puL per well and specific pair of primers concentration was determined by preceding

efficiency tests. All primers sequences had their specificity previously tested by Primer-BLAST tool and
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were synthetized by Sigma-Aldrich®, Brazil. Relative quantification was obtained by 2-AACT method

using GNB2L as housekeeping gene. Primers sequences are described in Table 1.

2.13) RAD51 Immunofluorescence

To evaluate homologous recombination response to DNA damage, RAD51 protein was labeled
by immunofluorescence indicating nuclear foci formation. First, culture medium from treated cells was
removed and 1x PBS was added three times to remove exceeding medium. Afterwards, cells were
incubated for 15 minutes with 4% paraformaldehyde followed by three more washes with 1x PBS. Fixed
cells were then permeabilized and blocked by adding pre-incubation solution (1x PBS, 0,15% Trion X-
100, 5% FBS) for 1 hour at room temperature. At this point, anti-RAD51 primary antibody solution (1x
PBS, 0,15% Triton X-100, 3% FBS, antibody 1:300) was added and incubated overnight at 4°C with mild
agitation. Next, four washes of 10 min shaking were performed with 1x PBS containing 0,1% Triton X-100
(wash solution). Fluorescent secondary antibody solution (1x PBS, 0,15% Triton X-100, 3% FBS, anti-
rabbit Alexa Fluor 555® 1:500) was added to the cells for 2 hours at room temperature with agitation
followed by four washes with wash solution. Finally, DAPI solution (1x PBS, 0,15% Triton X-100, 3% FBS,
DAPI 1:500) incubation occurred for 5 min with agitation. Three more washes were made before
fluorescence imaging medium was added to the wells. Images were taken on Microscopy EVOS® FL Auto

Imaging System (AMAFD1000 - Thermo Fisher Scientific; MA, USA).

2.14) Nuclear extraction
Nuclear protein extracts isolation was performed as previously described [22]. After isolation,
protein content was determined by Pierce™ BCA Protein Assay Kit (Thermo-Fisher) and samples were

prepared for western blot analyses.

2.15) Immunoblotting
A549 cells protein lysate was prepared in 2x Laemli-sample buffer containing 10% of 2-
mercaptoethanol. Equal amounts of protein were electrophoresed using self-prepared 10 % SDS-PAGE

and transferred onto nitrocellulose membranes (Hybond-ECL, GE Healthcare Lifesciences) using the
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Trans-blot® SD transfer cell (Bio-Rad). Membranes were then incubated in Tris-buffered saline Tween-20
[TBS-T; 20 mM Tris— HCI, pH 7.5, 137 mM NacCl, 0.05 % (v/v) Tween 20] containing 5 % (w/v) BSA for 1
hour at room temperature. Primary antibodies were diluted (1:1000) in TBS-T with 5% dissolved BSA and
incubated overnight at 4°C. Afterwards, membranes were washed and incubated for 2 hours at room
temperature with specie-specific HRP-conjugated secondary antibodies (1:3000 dilution in TBS-T). The
bands were detected using a CCD camera (GE ImageQuant LAS 4000) by adding SuperSignal® West

Pico chemiluminescent substrate (Thermo Scientific). Densitometry was quantified by ImageJ software.

2.16) Cell Cycle

First, cells were tripsinized, centrifuged and washed with 1x cold PBS. Then, cell pellet was
suspended in 500 pL of permeabilization buffer (10mM PBS, 0.1% v/v IGEPAL, 1 mg/mL spermine, 50
pg/mL RNAse, and 4 ug/mL PI, pH 7.4). Cells were incubated for 10 minutes before PI fluorescence was
determined by FACSCalibur™ cytometer. DNA content and cell cycle analyses were performed by

FLOWJO® software.

2.17) Statistical analysis

Statistical tests were undertaken using GraphPad Prism 7 software. student’s t test was applied
to compare two groups (one parameter). Two-way ANOVA followed by Sidak post hoc test was applied to
compare multiple groups (two parameters). P<0.05 was considered statistically significant. Results are
expressed by means + SEM. *=P<0.05; *=P<0.01; ***=P<0.001. All experiments were performed at least

tree individual times.

3. Results

3.1) Retinoic acid modulates NRF2 and NRF2-target genes expression in A549 cells.

At first, RA effects on A549 cells viability were tested in order to determine proper dosage and
exposure time. Therefore, cells were treated with 10, 20 or 40 puM of RA for 24, 48 or 72 hours before the
percentage of viable cells was quantified by SBR assay (FIG 1A). RA treatment was able to reduce the

percentage of viable cells in a dose and time dependent manner (Fig. 1A and Fig. 1B — phase contrast)
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when compared to DMSO-treated cells (vehicle control). In addition, no significant membrane disruption
was evident after 72 hours as shown by PI staining (Fig. 1B). Thus, the effect of RA on A549 cells
number (Fig. 1A) is probably due to an inhibition in cell proliferation rather than a result from cells death,
as previously published [5]. Between 48 and 72 hours, there was no significant change in relative cell
number (Fig 1A), suggesting that AR effects were more evident until 48 hours. Therefore, we excluded 72
hours time point from further experiments and opted to use an intermediary concentration (20 uM), since

it is well known that high RA concentrations can cause cytotoxic effects in vivo and in vitro [23][24].

To access the effects of RA on NRF2 activity, RT-gPCR was conducted for NRF2 target genes.
The expression of genes related with thiol antioxidant systems (GCLC, GCLM, TXNRD1), detoxification
enzymes (NQO1, GSTP1) and metabolic reprogramming/NADPH generation (GSPD, TALDO1, TKT,
ME1) was quantified after 24 and 48 hours of RA exposure. After 24 hours of treatment, three (NQO1,
GCLC and GCLM) of ten evaluated genes showed significant decreased expression in RA group
compared to DMSO group (Fig. 1C). Moreover, all analyzed genes, including NRF2 gene itself (NFE2L2),
showed significantly decreased expression after 48 hours (Fig. 1C), indicating an inhibitory effect of RA
over NRF2 activity in A549 cells. In order to confirm mRNA expression results significance, the
immunocontent of NRF2, NQO1, GSPD and Transketolase (TKT) proteins were measured by western
blot analyses. This treatment was conducted for 48 hours with 10 and 20 uM RA. Interestingly, 10 pM RA
showed no substantial effect on NQO1, TKT and NRF2 immunocontent, while decreasing G6PD protein
(Fig. 1D - 10 pM). In contrast, 20 uM RA reduced all four proteins immunocontent in comparison with
DMSO control (Fig. 1D — 20 pM), corroborating with RT-qPCR results. Last of all, the presence of NRF2
in cell nucleus was investigated as an indicative of its activity. As expected, RA treatment decreased
nuclear NRF2 protein in A549 cells after 48 hours (Fig. 1E). Taken together, these results demonstrate
that RA, at concentration of 20 uM, is able to inhibit NRF2 protein expression after 48 hours as well as

downregulate NRF2 target genes in A549 cells.

3.2) Retinoic acid alters cellular redox environment
Knowing that RA can promote intracellular reactive species (RS) production in different cell types

[23][22], and that NRF2 is a major regulator of cell’'s redox status [25], we decided to investigate RA
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effects on cellular redox environment. To this end, intracellular RS production was indirectly measured by
DCFH oxidation. In the first hour, RA treatment significantly increased reactive species production rate in
a dose dependent manner (Fig. 2A and 2B - 1 hour), which remained significant in the following hour (Fig
2B - 2 hours). For six hours of RA exposure, no significant change in the RS production rate was
observed compared to DMSO group (Fig. 2B - 6 hours). Next, we investigated mitochondrial superoxide
(O2-) generation. Cells treated with RA for 3 hours showed greater O»- production than cells treated with
DMSO (Fig. 2C — 3 hours). In contrast, when the end point was extended to 6 hours no significant
difference was observed between groups (Fig. 2C — 6 hours), corroborating with DCF assay results.
Thus, it is evident that RA treatment induced a peak of RS production at initial hours within the cells,

when it starts to decrease in the following hours, returning to control levels near 6 hours.

Considering RA-induced downregulation of thiol antioxidant enzymes expression (Fig. 1C) and
increased RS production (Fig 2A, B, C), we quantified total sulfhydryl groups (R-SH) in A549 cells treated
with RA for 24 and 48 hours. As result, we found lower concentration of reduced sulfhydryl groups in RA

tread cells compared to DMSO (Fig. 2D), indicating an oxidized cellular state.

3.3) Retinoic acid affects homologous recombination in cisplatin-induced DNA damage.

Considering previous results, A549 cells were pre-treated with RA (20 uM) for 48 hours before
cisplatin addition on further experiments. It has been reported that RA-induced downregulation of NRF2
activity compromises homologous recombination (HR) in A549 cells treated with radiation [14]. Therefore,
RAD51 (a HR signaling protein) foci formation was investigated in our model by immunofluorescence.
Initially, no difference was observed in RA-treated cells in comparison to DMSO (Fig. 3A — Control line).
Whereas, 24 hours cisplatin (10 pg/mL) treatment increased RAD51 foci number in the nucleus, although
this increase was less evident in RA pre-treated cells (Fig 3A — Cisplatin line). Next, the mRNA content of
RAD51 and one of its regulator proteins, BRCA2, was quantified. NQO1 expression was measured
simultaneously as an indication of NRF2 activity. RA was able to significantly reduce all three genes
expressions in control and cisplatin-treated cells (Fig 3B — Control and Cisplatin groups). These results

were also observed in proteins immunocontent as shown by western blot (Fig 3C).
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3.4) Retinoic acid pre-treatment changes cisplatin-induced cell cycle arrest.

To better understand the effects of RA on cisplatin-induced DNA repair we decided to investigate cell
cycle progression, since its influence on the choice of DNA-repair pathway is crucial [26]. RA alone
decreased the percentage of S-phase cells, although this change was not statistically significant (Fig 4).
Further, cisplatin treatment induced a major arrest of cell cycle in the S-phase, reducing the percentage of
cells in the GO/G1-phase (Fig 4). Curiously, when cells were pre-treated with RA, the percentage of
arrested cells in the S-phase was significantly lower than cisplatin alone, leading to an increase in the
GO0/G1-phase (Fig 4). Therefore, these results reveal that RA pre-treatment is able to regulate A549 cell

cycle progression of cisplatin-treated cells.

3.5) Retinoic affects cisplatin-induced apoptosis and cell autophagy

To evaluate the effects of RA-mediated downregulation of NRF2/thiol-defenses and homologous
recombination suppression on cell sensitivity to cisplatin, we performed the following experiments. First,
cell viability was accessed by MTT assay. Combined treatment of cisplatin and RA at increasing
concentrations reduced cells viability to a greater extent than treatments alone (Fig. 5A). It is worth noting
that no potentiation effects were observed in this assay. Regarding LDH activity assay, RA treated cells
showed no significant difference from DMSO group (Fig 5B — Control group), indicating no cytotoxic
effects at this concentration as previously observed (Fig 1B). Meanwhile, cisplatin treatment at 10 pg/mL
was able to increase LDH leakage within 48 hours. Importantly, this increase was significantly higher in
RA pre-treated cells than in DMSO pre-treatment (Fig. 5B — Cisplatin group). Considering that RA alone
had zero increase compared to DMSO, that cisplatin alone showed 100% increase and combination
(cisplatintRA) showed 200% increase, we postulated that RA potentiated cisplatin effect in the
percentage of cell death. To investigate the influence of thiol antioxidants, NAC (5 mM) was added to the
cells 30 minutes before cisplatin. Interestingly, NAC treatment at this concentration had no significant
effect on cisplatin-induced cell death (Fig. 5B — Cisplatin+NAC group — DMSO), but significantly protected

from RA pre-treatment (Fig. 3B — Cisplatin+NAC group — RA).

The frequency of apoptotic/necrotic cells was quantified by Annexin V/PI staining 24 hours after

cisplatin treatment. Representative populations are presented in Fig 5 C(Il) and total apoptosis
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(early+late) results are shown in graph C(I). RA alone did not induced apoptosis in A549 cells.
Meanwhile, when combined with cisplatin treatment, it elevated the percentage of apoptotic cells to about
20% in comparison to 15% of cisplatin treatment alone (Fig 5C). Also, NAC co-incubation with cisplatin
inhibited RA pre-incubation effect (Fig. 5C), suggesting that RA-induced sensitivity of A549 cells is in fact

correlated with thiol antioxidants systems.

Lastly, the induction of autophagy in A459 cells was evaluated in the presence of same
treatments. RA alone increased about 12% the frequency of autophagy-positive cells in comparison to
DMSO (Fig. 5D). As expected, cisplatin alone increased autophagic cells frequency in the population.
Also, RA pre-treated cells plus cisplatin showed higher frequency of autophagy when compared to
cisplatin alone for 24 hours (Fig. 5D — Cisplatin vs. Cisplatin+RA), but without potentiation effect.
Curiously, NAC co-incubation increased in about 10% the number of autophagic cells in both, cisplatin

and cisplatin + RA in comparison to the respective groups (Fig. 5D).

4. Discussion

In the present study, RA treatment at pharmacological concentrations presented inhibitory effects
over A549 cells proliferation, NRF2 expression and activity (Section 3.1), as well as downregulation of HR
signaling (Section 3.3 and 3.4). Moreover, this approach also led to increased RS production, in part
derived from mitochondrial superoxide generation, concomitant with increased thiol groups oxidation
(Section 3.2). All combined, these effects provided a more sensitive cellular environment towards cisplatin

treatment, increasing its efficacy in triggering cell apoptosis (Section 3.5).

The response to RA treatment can vary drastically depending on cells phenotype. For instance, a low
concentration of 0.5 puM can induce apoptosis in Sertoli [23] and MCF-7 [27] cells, whereas in other
tissues RA is able to increase cells proliferation and promote cell survival (revised by [28]). In this work,
A549 cells responded with a significant decreased proliferation and no lethal toxicity when exposed to
intermediary doses (10, 20 and 40 pM). Noteworthy, other authors calculated an ICso of ~200 pM to RA
effects on A549 cell proliferation [5], while our conditions had similar result with 40 uM. Not only cell

viability has a variable response, but also RA modulation of NRF2 pathway has been investigated in

34



different models demonstrating variable cell-to-cell outcome. While in mice and human hepatocytes [24],
as well as in some neuroblastoma linages [18][29] RA treatment alone upregulated NRF2-target genes,
an inhibitory effect is observed in glioma [3] and mammary carcinoma MCF-7 cells [17]. Our results
demonstrated that RA has an inhibitory effect over NRF2 pathway in A549 cells, agreeing with other
authors proposal [14]. After 48 hours, not only NRF2-target genes expressions were downregulated, but
also NRF2 mRNA and protein content. This is of great significance because the initiation and progression
of many lung cancers are associated with Keap-1 mutations [30] that allow NRF2 to translocate freely to
cell nucleus increasing its promoter activity. Thus, downregulation of its gene expression is an important
target for cancer prevention and therapy. Meanwhile, the fact that NQO1, GCLC and GCLM genes were
downregulated after 24 hours of RA treatment (Fig 1C), leads us to think that other mechanisms are
involved in NRF2 inhibition that not only through its gene expression regulation. In fact, the reduced
NRF2 content could be a consequence of a previous inhibition of NRF2 promoter activity inside cell’s
nucleus, since this transcription factor is able to autoregulate its expression [31]. In line with this thought,
it is known that RA can promote retinoic acid receptor alfa (RARa) interaction with NRF2 protein,
inhibiting its activation in MCF-7 cells [17]. Also, RXRa can act as NRF2 inhibitor through direct protein-
protein interaction in A549 cells even in the absence of ligands [32]. Therefore, more studies are

necessary to investigate the role of RXR and RAR receptors on RA modulation of NRF2 pathway.

The participation of RS on RA signaling has been little explored in scientific literature, especially in
the context of cancer treatment. In fact, most of the mechanism discussed are related to retinoid
receptors and epigenetic modulations (revised in [8]). On this bias, few research articles have
demonstrated the modulation of mitochondrial function as well as the involvement of RS on
neuroblastoma cells response to RA-mediated differentiation [33][34][29]. Also, it has been reported that
RA can induce oxidative damage and loss of mitochondrial membrane potential in hepatocytes,
particularly in siNRF2 transfected cells [24]. In line with these observations, we found that RA treatment
increased RS production in A549 cells (Fig. 2). This increase was correlated with generation of
mitochondrial superoxide which culminated in thiol groups oxidation. Furthermore, glutathione synthesis
and thioredoxin activity were likely compromised since the expression of glutamate cysteine ligase (GCL)

and thioredoxin reductase enzymes were decreased (Fig. 1C). Mitochondrial superoxide, when
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detoxified, is converted to hydrogen peroxide (H202) by superoxide dismutase (SOD) enzyme, and then
converted to oxygen and water mainly by glutathione peroxidase (GPx) activity, which depends on
reduced glutathione molecules (GSH) [35]. Thus, we may assume that an increase on superoxide
production associated with glutathione depletion, leads to an accumulation of H2O2 which is highly
reactive with protein thiol groups. In conclusion, RA treatment created a less protected cellular
environment against redox-acting agents by downregulating NRF2 activity and increasing mitochondrial

superoxide production.

Inter-strand DNA crosslink has a significant role in cisplatin cytotoxicity [36][37], which is opposed by
the cell through DNA repair pathways such as homologous recombination (HR). Here we have
demonstrated that RA pre-treatment downregulated RAD51 and BRCA2 expression in A549 cells,
simultaneously to suppressing RAD51 foci formation after cisplatin exposure (Fig. 4). Simultaneously, it
also decreased NQOL1 expression and protein content. NRF2 protein has been shown to promote the
expression of DNA repair related proteins including the expression of RAD51 in A549 cells exposed to
radiation [14][38]. Thus, it is proposable that suppressed HR is linked to NRF2 inhibition in RA pre-treated
cells. Further, HR is a processes virtually exclusively of cell cycle in the late S-phase and G2-phase due
to the necessity of sister chromatids to its correct function [38][26]. Thus, the effect of RA on decreasing
the percentage of S-phase cells after cisplatin treatment, probably contributed to HR suppression. Other
double-strand DNA repair pathways can be recruited in the GO/G1 phases like nonhomologous end
joining (NHEJ) process. Though, this mechanism is more likely to fail correct DNA repair than HR, which

can increase apoptotic fate.

In addition to DNA cross-link, oxidative stress is known to play an essential role in cisplatin
cytotoxicity, while glutathione antioxidant systems are the main cellular defense against it [36]. The fact
that NAC co-incubation was able to completely reverse RA pre-treatment sensitization to cisplatin (Fig 3B
and C), corroborates the idea that downregulation of thiol-dependent antioxidants defenses through
NRF2 inhibition is an essential mechanism by which RA may contribute to apoptotic effects of cisplatin. In
agreement, it has been demonstrated that NRF2 inhibition through siRNA potentiates cisplatin cytotoxicity

in A549 cells [10]. In contrast, oxidative stress can also trigger cytoprotective autophagic process,
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causing cancer resistance to apoptosis [39][40]. In line with this observation, autophagic cells population
was increased by cisplatin treatment alone. Also, RA alone increased AO red fluorescence (Fig. 3D),
suggesting autophagosome activation. This result agrees with other authors proposal that autophagy is a
required mechanisms to RA-mediated cell differentiation [41] and counteracts apoptosis in breast cancer
cells [42]. Therefore, separate treatments promoted autophagic response likely contributing to cell
survival. Furthermore, RA+Cisplatin group presented a higher percentage of autophagy than individual
groups, although this value (43%) was inferior to the sum of both individually (49%). As possible
explanation, RS-mediated protective autophagy in cancer cells has been associated with activation of p62
protein, which recruits oxidized proteins to autophagosomes for degradation. Additionally, NRF2 pathway
was shown to promote p62 expression, creating a crosstalk between antioxidants defenses and
protective autophagy, counteracting oxidative damage (revised by [43]). Thus, downregulation of
NRF2/antioxidants systems by RA could be suppressing autophagic response and simultaneously
leading to RS accumulation after cisplatin exposure, overcoming cell resistance and promoting apoptotic
pathways activation [43]. This observation agrees with the fact that NAC incubation suppressed apoptosis
and promoted autophagy, likely by regulating RS levels and compensating thiol antioxidants systems
downregulation. Taken together, these results are in line with other authors idea that RS, when at
controlled levels, can promote activation of resistance pathways and contribute to tumor progression.
Instead, when this level overcomes cells defenses, it can promote cell death [43]. Noteworthy, the use of
pharmacological inhibitor targeting autophagic pathways can be an alternative to overcome cancer

resistance and increase RA chemotherapy efficiency in this context.

5. Conclusion

In this study, we provide important mechanisms by which RA contributes to cisplatin cytotoxicity in
A549 cells, majorly through downregulation of NRF2/thiol-antioxidants systems and suppressing
homologous recombination signaling. NRF2 elevated activity is highly correlated with poor prognosis in
lung cancer, making RA an important effector in this context. Additionally, we demonstrated the redox
environment has an essential role on cell response to these chemotherapies, and further attention should

be given to this mechanism. In fact, Galadari, S. et al. recently discuss that combination of RS generating
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chemicals allied to antioxidants systems inhibitors might be a promising strategy in cancer treatment [43].

Lastly, the use of pharmacological inhibitor targeting autophagic pathways can be an alternative to

increase RA chemotherapy efficiency. In conclusion, this work agrees with scientific literature where RA

administration can ameliorate cisplatin chemotherapy in NSCLC patients and further mechanisms of this

effect should be investigated.
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Table 1. RT-gPCR human primers sequences.

Tables
Gene name Forward sequence (5°-3’) Reverse sequence (5°-3’)
NQO1 | CCTTGTGATATTCCAGTTCCCC AGGGTCCTTTGTCATACATGG
GCLC | AAAAGTCCGGTTGGTCCTG GTTTTCGCATGTTGGCCTC
GCLM | ACTAGAAGTGCAGTTGACATGG AGGCTGTAAATGCTCCAAGG
GSTP1 | TTGGGCTCTATGGGAAGGAC GGGAGATGTATTTGCAGCGGA
ME1 | TGCCTATTGTTTATACTCCCACTG TTCCATTACAGCCAAGGTCTC
NFE2L2 | ACATCCAGTCAGAAACCAGTG CCGGGAATATCAGGAACAAGTG
TXNRD1 | ATATGGCAAGAAGGTGATGGTCC GGGCTTGTCCTAACAAAGCTG
G6PD | TCTGCCCGAAAACACCTTC GCATTCATGTGGCTGTTGAG
TALDO1 | GCCGAGTATCCACAGAAGTAG GATCCCAGCTTCCTTGTAGAG
TKT | ATCGAGTGCTACATTGCTGAG CATGCGAATCTGGTCAAAGG
RAD51 | AGTGGCTGAGAGGTATGGTC TGTTCTGTAAAGGGCGGTG
BRCA2 | TTCATGGAGCAGAACTGGTG ATAAGGGCAGAGGAAAAGGTC
GNB2L | GAGTGTGGCCTTCTCCTCTG GCTTGCAGTTAGCCAGGTTC
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Figures captions

Fig. 1 Retinoic acid modulates NRF2 and NRF2-target genes expression in A549 cells. (A) Percentage of
A549 viable cells measured by sulforhodamine B Assay 24, 48 and 72 hours after retinoic acid (RA)
treatment (10, 20 and 40 uM). (B) Phase contrast and Pl uptake images of A549 cells treated with
increasing doses of RA after 72 hours. (C) mRNA levels of NRF2-target genes measured by RT-gPCR 24
and 48 hours after RA treatment (20 pM). (D) Immunocontent of NQO1, TKT, GSPD and NRF2 proteins
in A549 cells treated for 48 hours with RA (10 and 20 uM). Bands intensity relative to B-actin is expressed
as fold from DMSO group. (E) Nuclear NRF2 immunocontent relative to Histone H3 protein 48 hours after
RA treatment (20 uM). Graphs are shown by means + SEM. * means different from DMSO group (vehicle

control).

Fig. 2 Retinoic acid alters cellular redox environment. (A) Time curve of DCF fluorescence expressed in
relative fluorescence unit (RFU), indicating reactive species formation and (B) reactive species production
rate (RFUnour x — RFUnour x1) in A549 cells treated with increasing doses of retinoic acid (RA). (C)
Fluorescent images indicating superoxide generation assessed by MitoSOX™ Red probe after 3 and 6
hours of RA treatment. (D) Total sulthydryl groups content of A549 cells after 24 and 48 hours of
treatment (DMSO or RA 20 uM) expressed in umol of SH/ mg of protein. Graphs are shown by means +

SEM. * means different from DMSO group (vehicle control).

Fig. 3 Retinoic acid affects homologous recombination in cisplatin-induced DNA damage. A549 cells
were pre-treated for 48 hours with RA 20 uM or DMSO before cisplatin (10 pg/mL) addition for 24 hours.
(A) RAD51 foci formation accessed by immunofluorescence. Red fluorescence indicates RAD51 protein
and blue fluorescence indicates nuclear staining by DAPI (B) mRNA levels of RAD51, BRCA2 and NQO1
genes measured by RT-gPCR (C) Western blot representative image indicating proteins immunocontent.
Results are shown by means + SEM. * means different from DMSO group (vehicle control), when not

differently indicated.

Fig. 4 Retinoic acid pre-treatment changes cisplatin-induced cell cycle stops. A549 cells were pre-treated
for 48 hours with RA 20 pM or DMSO before cisplatin (10 pg/mL) addition for 24 hours. Cell cycle was
accessed by PI fluorescence measured by flow cytometry. Left image are representative images shown
cell number (y-axis) and PI fluorescence (x-axis). Right graph shows the relative percentage of cells in

each cell cycle phase. Graph is shown with means + SEM.

Fig. 5 Retinoic affects cisplatin-induced apoptosis and cell autophagy. A549 cells were pre-treated for 48
hours with RA 20 pM or DMSO before cisplatin addition. (A) Cell viability was measured by MTT assay

after exposure to increasing doses, together with (B) the percentage of cell death measured by LDH
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activity in culture medium (LDH leakage) after 10 pg/mL cisplatin exposure for 48 hours. (C) Frequency of
apoptotic cells measured by annexin V — FITC/ PI staining and (D) indicative of autophagic activity
measured by acridine orange red fluorescence after 24 hours of cisplatin (10 pg/mL) exposure in A549
cells pre-treated. C(l) graph indicates total apoptosis (early+late) and C(ll) figures are representative of
cells population. N-acetyl-cysteine (NAC) was used at final concentration of 5 mM. Results are shown by
means + SEM. * means different from DMSO group (vehicle control), when not differently indicated.
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Figure 2
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Figure 3
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5. DISCUSSAO

As maiores dificuldades de abordagens terapéuticas por farmacos sdo a
toxicidade sistémica ao paciente e a inducdo de resisténcia em células tumorais,
aumentando assim o risco de reincidéncia. Neste sentido, alguns estudos tém
apontado resultados positivos quanto ao uso do AR. Por exemplo, em modelos de
NSCLC o tratamento com AR diminuiu a incidéncia de células resistentes a cisplatina
em subpopulacdes de células iniciadoras tumorais (tumor initiating cells — TICs) (Moro
et al. 2015). Entretanto, como discutido na parte Il desta dissertacdo, o AR também
pode ser capaz de ativar vias que levam a mecanismos de resisténcia a morte celular.
No contexto de toxicidade, o tratamento com cisplatina e paclitaxel podem induzir
neuropatias periféricas prejudicando a qualidade de vida de pacientes com NSCLC e o
AR se mostrou eficaz em atenuar estes efeitos colaterais (Arrieta et al. 2011). Porém,
pela experiéncia do uso terapéutico, se sabe que o AR também pode promover
toxicidade sistémica, especialmente no figado. Curiosamente, Tan et al. 2008,
demonstraram que o fator de transcricdo NRF2 é ativado em células hepéticas apds a
administragcdo de AR em modelos in vitro e in vivo, sendo um fator determinante para
combater sua toxicidade. Em comparacdo dos estudos in vitro, as doses minimas
utilizadas pelos autores com efeitos citotoxicos aos hepatdcitos foram acima das doses
em que encontramos efeitos do AR nas células de NSCLC. Apesar das ressalvas, isto
€ um bom indicativo de que doses efetivas do AR contra o tecido tumoral podem néo
causar significante toxicidade a outros tecidos. De fato, a toxicidade observada nos
ensaios clinicos realizados foram consideradas aceitaveis (Arrieta et al. 2010). Dessa

forma, estudos in vivo com o uso conjunto do AR e cisplatina podem trazer
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perspectivas de doses e de possiveis toxicidades sistémicas, podendo contribuir para o

bem estar de pacientes nos casos clinicos.

Quanto aos mecanismos de sinalizacdo encontrados nesta dissertagao, ficou
evidente que o ambiente redox celular é um fator importante para a sensibilizacao
mediada pelo AR ao tratamento com cisplatina. Por terem uma taxa de proliferacéo
elevada normalmente células tumorais produzem mais ER e, consequentemente,
possuem um aumento nas defesas antioxidantes, podendo contrapor o efeito pro-
apoptoético de quimioterapicos (Galadari et al. 2017). Essa regulacdo entre sistemas
antioxidantes e proliferacdo possui como um dos mediadores o fator de transcricdo
NRF2. Portanto, o efeito inibitério do AR sobre esta via com certeza contribui para um
desequilibrio no ambiente redox celular, levando a uma sensibilizacdo a cisplatina. A
abordagem de induzir a producdo de ER como estratégia antitumoral vem sendo
amplamente discutida na literatura. Galadari et al. 2017 discute que pelo fato de células
tumorais possuirem um nivel basal de ER maior do que células saudaveis, estas
poderiam ultrapassar um limiar de resisténcia mais facilmente quando expostas a
agentes quimicos que elevem ainda mais os niveis de ER (ideia representada na figura
2). Assim a combinacdo de drogas que induzam producdo de ER, juntamente com
inibidores de sistemas antioxidantes € apontado como uma estratégia promissora no
combate a células tumorais (Galadari et al. 2017). Porém, é sabido que o efeito de ER
pode variar de acordo com o contexto, e saber qual o tipo e a fonte geradora de ER é
de grande significancia. Sendo assim, outro fator importante encontrado foi 0 aumento

na producéo de superoxido mitocondrial na presenca do AR, que parece ter contribuido

para um efeito oxidativo. De fato, pouco se sabe sobre os efeitos do AR sobre atividade
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e viabilidade mitocondrial em células tumorais. Por ter ocorrido jA nas primeiras horas
de exposicao, € bem provavel que o aumento de ER seja independente de vias de
expressao génicas, se encaixando nos efeitos ndo-gendmicos do AR. Portanto,
entender melhor estas vias de sinalizagdo pode contribuir significativamente para

melhorar a aplicabilidade desta molécula.

NORMAIL cleiLiL &
J

"
\+?

| |\‘\

J Basal ROS Drug-induced ROS B Death threshold

Figura 2. Retirada de “Reactive oxygen species and cancer paradox: To promote or to
suppress? Galadari et al. 2017”

A maior parte dos efeitos classicos do AR em células tumorais sdo descritos
como mediados pela ativagdo do receptor RARB, que é considerado um gene
supressor tumoral (Nagpal 2004). Porém, um estudo encontrou que 90% dos pacientes
de céncer de pulméo analisados nao apresentaram expressao de RAR-B2 no tecido
tumoral, enquanto todos apresentaram expressao no tecido sadio (Arrieta et al. 2010).
Em conjunto, a perda de expressdo dos RARs parece estar associada com o
desenvolvimento do tumor e piores desfechos da doenca em casos de NSCLC (Muiiiz-
Hernandez et al. 2016). Contudo, ndo se conseguiu uma associacao clara entre niveis
de expressdo de RAR-B2 e resposta ao tratamento por AR em pacientes com cancer

de pulméo (Arrieta et al. 2010), indicando que outras vias de sinalizacdo também
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podem estar mediando seus efeitos. Dessa forma, trabalhos que investiguem quais
respostas dependem ou néo da acdo dos receptores de retindides podem ajudar a

tracar um perfil de resposta individual para pacientes.

6. CONCLUSAO

Esta dissertacdo contribui com diversos trabalhos da literatura que procuram
entender os mecanismos e a variedade de efeitos que a molécula de AR pode ter em
células tumorais. Diferente de outros quimioterapicos, o AR ja € uma molécula com um
papel na fisiologia do corpo humano fazendo com que as respostas encontradas sejam
extremamente dependentes do contexto celular. Isto cria a necessidade de uma
discussdo mais detalhada para se entender estas diferencas na tentativa de poder
transpb-las para casos clinicos. No contexto de terapias para NSCLC, os resultados
aqui apresentados podem contribuir para que novos alvos moleculares sejam testados,
aprimorando assim a eficacia do uso conjunto do AR e cisplatina. Fica evidente que,
dentro da célula, a molécula de AR é capaz de atuar sobre diversas vias de
sinalizagdo. Aqui por exemplo ficou demonstrado efeitos sobre vias antioxidantes e de
reparo de DNA. Ambas vias sao de grande relevancia quando existe a associa¢cdo com
cisplatina. Porém, outras vias de atuacdo do AR, principalmente que interajam com
outros quimioterapicos, também devem ter suas regulacfes estudadas para que 0 uso

clinico destas moléculas tenha melhor direcionamento.

Em resposta aos objetivos especificos desta dissertacéao, o AR:
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Demonstrou um efeito inibitério sobre a expressdo e atividade do NRF2 nas
células A549.

Demonstrou um efeito inibitério sobre a proliferacéao celular.

Aumentou a producdo de ER, diminuiu a expressdo de enzimas de sistemas
antioxidantes, e aumentou a concentracdo de grupamentos tidis oxidados.
Pontencializou a morte celular por apoptose frente ao tratamento com cisplatina.
Demonstrou um efeito inibitério sobre ativacdo de vias de recombinacao

homologa frente ao dano a DNA mediado por cisplatina.

PERSPECTIVAS

Testar o uso de inibidores de autofagia em conjunto com os tratamentos
utilizados.

Aprofundar a investigacao da relacdo entre o ambiente redox e o reparo por
recombina¢do homologa.

Investigar o papel da mitocéndria no sinergismo entre o AR e cisplatina.
Investigar a participacdo dos receptores de retindides (RARs e RXRs) nos
efeitos encontrados.

Realizar estudos com modelos in vivo visando confirmar oS mecanismos
encontrados e investigar possiveis toxicidades em outros tecidos.

Analisar a resposta de diferentes subtipos de cancer de pulmao ao tratamento
com AR e cisplatina, visando encontrar possiveis marcadores moleculares

correlacionados com cada resposta.
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