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RESUMO

O céncer de pulmao é o tipo de cancer mais incidente e o lider em causas de morte em todo
o mundo. O tratamento padréo para pacientes com cancer de pulmao é a quimioterapia, sendo
a cisplatina (CDDP) uma das drogas mais utilizadas. Contudo, a resisténcia do cancer a CDDP
é frequente. A resisténcia 8 CDDP é um processo complexo e multifatorial. O fitness celular e
diferentes trade-offs bioenergéticos adotados pela célula sdo exemplos de fatores determinantes
na resisténcia. Estudos prévios do grupo de pesquisa identificaram potenciais alteracdes
bioenergéticas e estratégias de crescimento em células resistentes a CDDP. Portanto, o presente
estudo avaliou o perfil metabolico e a regulacéo de vias bioenergéticas de células sensiveis e
resistentes a CDDP. Para isso, células com resisténcia adquirida 8 CDDP (A549/CDDP) foram
desenvolvidas a partir da exposicao de células da linhagem parental A549 a concentracdes
crescentes da droga. Apds, analise da expressdo génica de genes relacionados ao metabolismo
foi realizada por RT-qPCR. A dependéncia por fontes energéticas e efeito de agentes anti- e
pré-oxidantes foram avaliados por ensaio de proliferacdo ou clonogénico. O efeito de inibidores
glicoliticos foi avaliado por ensaio de citotoxicidade. Pardmetros do consumo de O
mitocondrial foram avaliados por respirometria de alta resolucdo. A expressdo do fator de
iniciacdo eucaridtico elF2a e de 4E-BP1 e a fosforilacdo destes foram avaliadas por western
blot. Células A549/CDDP apresentaram regulacdo negativa de genes evolvidos com o
metabolismo de glicose e L-glutamina, além da regulacdo positiva do inibidor de glicolise
TIGAR (TP53-induced glycolysis and apoptosis regulator), indicando reducéo da atividade
destas vias metabolicas. Também, células resistentes 8 CDDP apresentaram maior dependéncia
a glicose e L-glutamina para a proliferacdo. O inibidor 2-DG apresentou maior citotoxicidade
em células resistentes, sendo uma consequéncia da reducao de enzimas glicoliticas. Além disso,
células A549/CDDP apresentaram respiracdo mitocondrial reduzida, caracterizando menor
atividade da mitocondria. As linhagens apresentaram semelhanca na resposta a agentes anti- e
pro-oxidantes, indicando possivel semelhanga quanto ao equilibrio redox. Por fim, 4E-BP1
apresentou uma reducdo na razéo da isoforma fosforilada 4E-BP1 (Thr37/46) por 4E-BP1
hipofosforilada em células A549/CDDP. Assim, uma possivel regulacdo global da tradugdo em
células A549/CDDP pode estar atuando como um mecanismo de resisténcia. Em conjunto, este
trabalho descreve uma reducao geral do metabolismo em células resistentes a CDDP, possivel
consequéncia de uma reducéo global da tradugdo. Com isso, 0 melhor entendimento destas vias
na resisténcia a CDDP podera proporcionar melhores progndsticos e tratamentos alternativos

para o cancer de pulméo.



ABSTRACT

Lung cancer is the most prevalent cancer and the leading cause of death worldwide. The
standard treatment of lung cancer is chemotherapy and cisplatin (CDDP) is one of the most
used drug. Although CDDP resistance is frequent in lung cancer therapy. CDDP resistance is a
complex and multifactorial event. Cell fitness and different bioenergetic trade-offs adopted by
cells are examples of determinant factors in cancer resistance. Previous studies of our group
identified possible bioenergetics alteration and change in cell growth strategies of CDDP-
resistant cells. Thus, the present study evaluated the metabolic profile and regulation of
bioenergetic pathways of CDDP-sensitive and -resistant cells. To that end, acquired CDDP-
resistant cells (A549/CDDP) were developed by the exposure to increasing drug concentration
of A549 parental cell line. Then, gene expression analysis of genes related to bioenergetic
metabolism was performed by RT-gPCR. Energy sources dependence and effect of anti- and
pro-oxidant agents were evaluated by proliferation or clonogenic assay. The effect of glycolytic
inhibitors was accessed by cytotoxicity assay. Parameters of mitochondrial O2 consumption
were evaluated by high-resolution respirometry. Expression of the initiation factor elF2a and
4E-BP1, and their phosphorylated isoforms were analyzed by western blot. A549/CDDP cells
showed a downregulation of genes involved in glucose and L-glutamine metabolism. Also, the
glycolysis inhibitor TIGAR (TP53-induced glycolysis and apoptosis regulator) was
upregulated in A549/CDDP cells. These results suggest a reduction of glucose and L-glutamine
metabolic pathways. Moreover, CDDP-resistant cells showed higher dependence of these
substrates for cell proliferation. The glycolysis inhibitor 2-DG showed higher cytotoxicity in
A549/CDDP cells, which may be a consequence of reduction in glycolytic enzymes.
Furthermore, A549/CDDP cells presented lower mitochondrial respiration featuring decreased
mitochondria activity. CDDP-sensitive and -resistant cells showed similar response to anti- and
pro-oxidant agents, indicating a possible similarity in redox balance. Lastly, 4E-BP1 showed a
reduction in the ratio of phosphorylated isoform 4E-BP1 (Thr37/46) to hypophosphorylated
4E-BP1 in A549/CDDRP cells. Thereby, a possible global translation regulation in A549/CDDP
cells may be acting as a CDDP-resistance mechanism. Together, this work describes a general
reduction in metabolism in CDDP-resistant cells which may be a possible consequence of
global translation reduction. Thus, A better understanding of these pathways in CDDP

resistance may provide better prognosis and alternative treatments for lung cancer.



LISTA DE ABREVIATURAS

ATP: adenosina trifosfato

BSO: buthionine sulfoximine

CDDP: cisplatina ou cis-diaminodicloroplatina (1)

DEM: diethyl maleate

DNA: acido desoxirribonucleico

FDA: Food and Drug Administration

GSH: glutationa reduzida

MMR: reparo do pareamento erréneo de DNA (do inglés mismatch repair)
mtDNA: acido desoxirribonucleico mitocondrial

NER: reparo por excisdo de nucleotideo (do inglés nucleotide excision repair),
NSCLC: cancer de pulméo de células ndo pequenas (do inglés non-small cell lung cancer)
OXPHOQOS: fosforilacdo oxidativa

PET-CT: Positron Emission Tomography—Computed Tomography

RNA: &cido ribonucleico

ROS: espécies reativas de oxigénio

ROX: consumo de oxigénio residual

RT-gPCR: transcricdo reversa seguida de reacdo em cadeia da polimerase
SCLC: cancer de células pequenas (do inglés small cell lung cancer)
UCPs: proteinas de desacoplamento (do inglés uncoupling proteins)
2-DG: 2-Deoxi-d-glucose

3-BrP: 3-bromopyruvate



1. INTRODUCAO

1.1. O cancer

O céncer ¢ definido como uma doenga complexa, onde células de um determinado tecido
deixam de responder sinais responsaveis pela regulacdo da diferenciacdo, sobrevivéncia,
proliferacdo e morte celular. Como consequéncia, estas células se acumulam no tecido
formando o tumor, causando um dano local (NATURE, 2020). As células de cancer nédo se
limitam apenas ao tumor, frequentemente migrando para diferentes tecidos e levando a
formacdo de multiplos tumores no organismo da pessoa acometida pela doenga. Este evento,
nomeado metastase, é responsavel por 90% das mortes relacionadas ao cancer (ZEESHAN;
MUTAHIR, 2017).

O céancer é uma doenga mundialmente conhecida e amplamente estudada. Hanahan &
Weinberg (2011) descrevem dez capacidades essenciais adquiridas pelas células no processo
de tumorigénese (Fig. 1). Dentre elas, podem ser destacadas: capacidade de imortalidade
replicativa, resisténcia a morte celular, mutacdes e instabilidade do genoma, indugdo de
angiogénese e desregulacdo energética celular. Estas caracteristicas reforcam a complexidade
da formacao do tumor, além das caracteristicas intrinsecas variadas de cada subtipo celular que
constituem essa massa tumoral. Levando em consideracdo estes fatores, € nitida a dificuldade
na obtencdo de um tratamento universal e eficaz contra o cancer. O melhor entendimento destes

mecanismos pode levar a proposi¢do de novas terapias mais eficientes.

A dificuldade no tratamento do cancer leva a uma alta mortalidade relacionada a doenca.
No ultimo levantamento feito pela Agéncia Internacional de Pesquisa em Cancer (IARC, do
inglés International Agency for Research on Cancer) foram estimados 18 milhGes de novos
casos e 9,5 milhdes de mortes relacionadas ao cancer apenas em 2018. O cancer pode ser
classificado pelo local primério de desenvolvimento do tumor, destacando-se 0s canceres de
estdmago, proéstata, colorretal, mama e pulméo por serem 0s mais incidentes no mundo em
numeros absolutos. Aleém disso, dentre estes tipos de tumores, apenas o cancer de prostata ndo

esta entre os cinco com maior mortalidade (Fig. 2) (IARC, 2018).
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Figura 1: As caracteristicas (hallmarks) do cancer. Figura ilustrativa de caracteristicas adquiridas durante a
tumorigénese e tratamentos alternativos propostos para a inibigdo destes processos. EGFR, do inglés epidermal
growth factor receptor; CTLA4, Proteina T-Linfdcito-Associada citotdxico 4; mAb, anticorpo monoclonal; BH3,
B cell lymphoma 2 (BCL2) homology domain 3; PARP, Poly (ADP-ribose) polymerase; VEGF, do inglés vascular
endothelial growth factor; HGF, Hepatocyte Growth Factor; c-Met, tyrosine-protein kinase Met. Adaptada de
Hanahan & Weinberg (2011).

1.1.1. O céncer de pulmao

O céncer de pulmao € o tipo de tumor mais incidente em todo o mundo (Fig. 2), sendo
o lider na causa de mortes relacionadas ao cancer entre homens e o segundo entre as mulheres.
Sédo estimados 1,8 milhdes de novos casos de cancer de pulmao por ano em todo o mundo e 1,6
milhdes de mortes relacionadas a esta doenca (TORRE et al., 2015). Ademais, estes nimeros
sdo crescentes devido ao aumento da populacdo mundial e da estimativa de vida, além da
influéncia de habitos, como o tabagismo, na satde dos individuos (RAHIB et al., 2014). Além
do tabagismo, outros fatores de risco também podem ser determinantes para 0s ndmeros de
casos e mortes relacionadas ao cancer de pulmao, como a poluicao do ar, o contato com radénio,
heranca genetica, radiacdo, dieta, entre outros (MAO et al., 2016). No Brasil, o cenario é
similar, sendo o cancer de pulmao o tipo mais incidente. Apenas para o ano de 2020, € estimado

que existam 30,2 mil casos da doenca no pais (INCA, 2019).
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A alta taxa de mortalidade relacionada ao cancer de pulmao é consequéncia de diversos
fatores relacionados tanto ao diagndstico quanto ao tratamento. As manifestacdes clinicas da
doenca incluem dispneia, embolia pulmonar, pneumotdrax, tosses crénicas e dores no peito.
Contudo, estas manifestacfes ndo estdo presentes em estagios iniciais do tumor, além de nao
serem especificas de cancer (NASIM; SABATH; EAPEN, 2019). Com isso, o diagndéstico do
cancer de pulmao é feito, frequentemente, em estagios avancados da doenca, o que dificulta o
sucesso do tratamento (Fig. 3). O diagnostico do cancer e a classificacdo histoldgica do tumor
s80 passos essenciais para a definicdo de uma intervencdo medica. Entre os principais exames
para o diagnostico do cancer de pulmdo devem ser destacados: os exames de tomografia,
principalmente o PET-CT (do inglés Positron Emission Tomography—Computed Tomography)
que permite a identificacdo da localizacdo do tumor e possiveis tumores em locais secundarios,
e a bidpsia deste tumor (JACOBSEN et al., 2017).

Numero estimado da incidéncia e de mortes pelo mundo, ambos os sexos, todas as idades
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Fonte: Globocan 2018

Figura 2: Numeros de incidéncia e mortes relacionadas ao cAncer no mundo. Numeros de casos estimados
para o ano de 2018 em ambos 0s sexos e todas as idades (IARC, 2018).

As células de cancer de pulmdo podem ser divididas em dois principais grupos
histologicos, sendo classificado como cancer de células pequenas (SCLC, do inglés small cell
lung cancer) e cancer de pulméo de células ndo pequenas (NSCLC, do inglés non-small cell
lung cancer), sendo este Ultimo responsavel por 85% dos casos (SIEGEL; MILLER; JEMAL,
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2016). O NSCLC pode ser classificado em trés diferentes subtipos: carcinoma de pulmé&o de
celulas grandes, carcinoma de células escamosas e adenocarcinoma, tendo estes uma frequéncia
de 5-10%, 25-30% e 40%, respectivamente (DENISENKO; BUDKEVICH; ZHIVOTOVSKY,

2018).
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Figura 3: Linha do tempo dos sintomas ao tratamento do cancer de pulmao. Estimativa de tempo relativo dos
passos necessarios desde 0 momento dos sintomas ao tratamento do cancer de pulmao. Tons das barras indicam o
namero de estudos reportando o intervalo de tempo. Adaptado de Jacobsen et al. (2017).

1.2. Tratamento do cancer de pulmé&o, quimioterapia e cisplatina

A escolha da abordagem utilizada no tratamento do cancer de pulmdo esta diretamente
relacionada ao estagio do tumor no momento do diagnéstico. Em estagios iniciais da doenca,
estagios | e Il, a cirurgia e a radioterapia sdo estratégias efetivas, devido ao tumor estar
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localizado. Com a progressao da doenca, células tumorais podem migrar do pulméo criando
tumores secundarios que inviabilizam um tratamento localizado. Como discutido
anteriormente, a maioria dos pacientes encontra-se em estagios avancados da doenca (estagio
I11) no momento do diagndstico, o que faz da quimioterapia o tratamento de escolha para esses
pacientes (LEMJABBAR-ALAOUI et al., 2015). Drogas quimioterapicas possuem
mecanismos diversos que interferem na divisdo celular levando a morte da célula. Um dos
principais grupos de quimioterapicos utilizados no tratamento do cancer de pulméo possui
como modo de acdo a ligacdo direta com 0 DNA. Neste grupo estdo moléculas alquilantes
derivadas de platina, como a cisplatina e a carboplatina, consideradas tratamento padrdo de
primeira linha contra 0 NSCLC (WAKELEE; KELLY; EDELMAN, 2014).

Aduto Aduto Aduto entre
intracadeia intercadeia Monooaduto proteina e DNA
de DNA de DNA (~2%) (<1%)
(96%) (1%)

Figura 4: Principais interacdes da CDDP com o DNA. Diferentes adutos formados pela interacdo CDDP-
DNA e suas frequéncias de ocorréncia.

A cisplatina (CDDP) ou cis-diaminodicloroplatina (I1) é uma droga amplamente
conhecida e estudada por sua capacidade de interferir na replicacdo celular, o que permitiu a
utilizacdo deste farmaco no tratamento contra o cancer. Os efeitos bioldgicos da CDDP vem
sendo descritos hd mais de 60 anos, quando foi observada a sua capacidade de inibir o
crescimento celular em Escherichia coli (ROSENBERG; VANCAMP; KRIGAS, 1965). A
partir da constatacdo de sua capacidade de inibi¢do replicativa em bactérias, o potencial
antitumoral do farmaco foi avaliado (ROSENBERG et al., 1969). Assim, a CDDP foi o primeiro
composto derivado de platina aprovado para o tratamento contra o cancer pela agéncia
americana FDA (do inglés Food and Drug Administration) em 1978 (KELLAND, 2007).

Atualmente, este farmaco € utilizado para o tratamento de diferentes tipos de cancer, incluindo
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de bexiga, cabeca e pescoco, ovario, testiculo e pulmédo (SOCINSKI, 2004). O principal modo
de acdo da CDDP consiste na ligacdo direta com atomos N7 de bases purinas do DNA formando
adutos. Estas interacdes preferencialmente sao feitas nos sulcos maiores da fita dupla de DNA,
onde existe uma maior acessibilidade ao sitio de ligacdo. A maioria das interacdes CDDP-DNA
resulta em crosslinks intracadeia em sitios ApG e GpG, contabilizando 85-90% das interagdes
(Fig. 4). Além disso, podem ser encontrados crosslinks intercadeia resultantes da interagdo com
bases de fitas opostas, monoadutos e interacdo proteina-CDDP-DNA. Contudo, estas formas de

interacdo sdo menos frequentes (SIDDIK, 2003).

A interacdo da CDDP com o DNA é o principal modo de acdo da droga, contudo, outros
mecanismos fazem parte do resultado de sua citotoxicidade. A interacdo do farmaco com a
célula gera um aumento de espécies reativas de oxigénio (ROS) pelo estresse causado, além da
interacdo desse farmaco com moléculas responsaveis pela manutengdo do equilibrio redox,
como a glutationa reduzida (GSH) (DASARI; TCHOUNWOU, 2014). Estes mecanismos de
citotoxicidade causam a ativacdo de vias de sinalizacdo apoptdtica ou, até mesmo, a necrose
das células tumorais (Fig. 5). Contudo, as células tumorais podem utilizar mecanismos de
resisténcia a droga para sobreviver ao tratamento e a alta incidéncia de resisténcia a CDDP

limita o sucesso do tratamento quimioterapico.

1.3.Resisténcia tumoral a CDDP

O tumor é constituido de diferentes populacdes de células que podem possuir fenotipo
e gendtipo muito distintos entre si (MCGRANAHAN; SWANTON, 2017), o que constitui a
heterogeneidade intra-tumoral. Como discutido anteriormente (Subtdépico 1.1), essa
heterogeneidade pode dificultar o sucesso do tratamento, uma vez que algumas células
presentes no tumor podem desenvolver mecanismos relacionados com a resisténcia ao
quimioterapico. A resisténcia a8 CDDP é algo relevante na busca do sucesso no tratamento do
cancer de pulmdo. Durante o tratamento, determinadas populacdes podem utilizar vias e
mecanismos de resisténcia ja ativos para sobreviver ao tratamento, sendo estas consideradas
células com resisténcia intrinseca a droga. Além disso, durante a exposi¢do a CDDP, as células
podem ativar mecanismos e alterar vias metabolicas e/ou de sinalizagéo celular que interfiram
no efeito bioldgico do composto, sendo estas consideradas células com resisténcia adquirida a
CDDP. A resisténcia a CDDP é um processo complexo e multifatorial. Galluzzi et al. (2012)
descreve 0s mecanismos de resisténcia a droga classificando-os como pre-target, on-target,

post-target e off-target (Fig. 6).
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Figura 5: Mecanismos celulares ativados em resposta a CDDP. Representacdo dos principais mecanismos
celulares ativados em resposta a CDDP, podendo resultar na sobrevivéncia ou apoptose da célula. Dasari et al.
(2014).

1.3.1. Mecanismos de resisténcia pre-target

Os mecanismos pre-target estdo envolvidos em processos anteriores a interacdo da
CDDP com seus alvos. Estes mecanismos de resisténcia incluem a reducdo do acumulo
intracelular da droga pelo aumento do seu efluxo e diminuicdo do seu influxo celular. Membros
da familia de transportadores ABC, como os genes ABCC2 (ATP Binding Cassette Subfamily
C Member 2) e ABCC3 (ATP Binding Cassette Subfamily C Member 3), séo exemplos deste
mecanismo de resisténcia a CDDP, uma vez que possuem a capacidade de transportar a droga
para fora da célula (WAKAI, 2010; ZELCER et al., 2001). O sequestro da CDDP e,
consequentemente, a inativacao da droga € também um mecanismo de resisténcia pre-target. A
principal molécula conhecida envolvida no sequestro de CDDP é a GSH. Este composto faz
parte do grupo de moléculas alquilantes que contém o grupamento tiol e estdo envolvidas com
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0 balan¢o do equilibrio redox da célula, interagindo com moléculas oxidantes, como H20..
Além disso, este grupamento apresenta afinidade pela CDDP e, assim, pode atuar capturando
estas moléculas (PATHAK; DHAR, 2016).
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Figura 6: Classificacdo de mecanismos de resisténcia & CDDP. Principais mecanismos de resisténcia 8 CDDP
classificados em pre-target, on-target, post-target e off-target. Adaptado de Galluzzi et al. (2014)

1.3.2. Mecanismos de resisténcia on-target

Os principais mecanismos deste grupo incluem a capacidade de reparo de danos causado
pela CDDP no DNA e o aumento da tolerancia aos danos. A formacdo dos adutos de CDDP
levam a excisdo de nucleotideos, resultando em mutacgdes, inativacdo de genes essenciais para
a sobrevivéncia, alteragdo na transcricéo e replicacdo do DNA, além da ativacdo de genes que
respondem a danos e desencadeiam o inicio do processo de apoptose (HU et al., 2016;
MAKOVEC, 2019). Sistemas ativos e eficientes de reparo ao dano no DNA, tais como o reparo
por excisdo de nucleotideo (NER, do inglés nucleotide excision repair), reparo do pareamento
erroneo de DNA (MMR, do inglés mismatch repair) e reparo por recombinacdo homdloga sdo
determinantes no resultado desencadeado pela exposicdo a CDDP (WEEDEN; ASSELIN-
LABAT, 2018). O sistema de NER é conhecido como o principal mecanismo de reparo a danos

causados pela CDDP (FURUTA et al., 2002; SHUCK; SHORT; TURCHI, 2008). Como
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exemplo, as proteinas ERCC1 (DNA excision repair protein ERCC-1) e ERCC2 (General
transcription and DNA repair factor 11H helicase subunit XPD) fazem parte desta via de reparo

e estdo diretamente associadas a resisténcia ao farmaco.

A resisténcia a CDDP associada a ERCC1 é consequéncia do papel essencial desta
proteina na via de NER. Durante o reconhecimento do dano no DNA, ERCC1 reconhece a
juncéo ss/dsDNA, interagindo com XPA (DNA repair protein complementing XP-A cells)
presente no local do dano. A interacéo fisica de ERCC1 e XPA € essencial para o recrutamento
de XPF (DNA repair endonuclease XPF), enzima responsavel pela excisdo a fita danificada
(DUAN et al., 2020). Maior expressdo de ERCC1 foi relacionada com a mé resposta a terapia
utilizando CDDP em diferentes tumores (DU et al., 2016; JUN et al., 2008; OLAUSSEN et al.,
2006). Também, a inibicdo da expressdo do gene codificador para esta proteina induz a
sensibilidade a CDDP em NSCLC (GUO et al., 2018a).

ERCC2, ou XPD, € outro componente essencial para o sistema NER e frequentemente
associado a resposta do tratamento com CDDP. XPD é conhecida pela participacdo na abertura
da hélice de DNA em torno do dano, permitindo o recrutamento de XPA e XPF-ERCC1
(PAJUELO-LOZANO et al., 2018). A maior expressdo de XPD também foi relacionada a
maiores niveis de resisténcia em células de glioma (ALOYZ et al., 2002). Ademais, variantes
genéticas em ERCC2 foi associado com o resultado do tratamento com CDDP em pacientes
acometidos por osteosarcoma (CARONIA et al., 2009). Ainda, o silenciamento génico de
ERCC2 em ceélulas humanas de cancer de ovario inibe a resisténcia 8 CDDP (ZHAO et al.,
2016).

1.3.3. Mecanismos de resisténcia post-target

Mecanismos post-targuet sdo, principalmente, processos envolvidos com vias de
transducdo de sinal ativadas por CDDP, os quais desencadeiam o processo de apoptose e
disfuncdo na maquinaria de morte celular. Estes eventos estdo presentes em células tumorais,
Vvisto que s&o caracteristicas consideradas hallmarks do cancer, como discutido anteriormente.
A maior parte de genes e proteinas pertencentes a este grupo de mecanismos de resisténcia
estdo, também, indubitavelmente relacionados com a carcinogénese. As proteinas da familia
BCL-2 sdo exemplos de proteinas envolvidas nestes mecanismos. Estas podem ser classificadas
em pro-apoptadticas, como exemplo Bax (BCL2 Associated X), ou anti-apoptoticas, como Bcl-
XL (BCL2 Like 1). Assim, o equilibrio entre os diferentes membros desta familia é determinante

para a decisdo entre vida e morte da célula (KNIGHT et al., 2019).
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Ap0s a ativagdo da apoptose pela via intrinseca, onde diversas proteinas da familia BCL-
2 estdo atuando, Bax é ativada oligomerizando com BAK (Bcl-2 homologous antagonist/killer),
0 que resulta na formacdo de poros na membrana mitocondrial. Este processo resulta na
liberacdo de fatores apoptogénicos no citoplasma (SINGH; LETAI; SAROSIEK, 2019). Sendo
assim, Bax é um componente essencial para o desencadeamento desta via apoptotica. A baixa
expressdo desta proteina ja foi relacionada com a maior capacidade de invasdo do cancer
(PRYCZYNICZ et al.,, 2014). Também, a auséncia de Bax esta fortemente relacionada a
quimioresisténcia, visto que este fator € determinante para a morte celular via apoptose
intrinseca (GUO et al., 2018b). Por sua vez, Bcl-xL exerce um papel anti-apoptético, sendo
necessaria a sua neutralizacdo para que este evento ocorra (DANIAL; KORSMEYER, 2004).
O aumento da expressdo de Bcl-xL foi relacionado a resisténciaa CDDP em NSCLC (ZHANG
etal., 2016).

1.3.4. Mecanismos de resisténcia off-target

O fenotipo de resisténcia pode ser suportado por vias de sinalizacdo ndo diretamente
ligadas ao efeito da CDDP. A regulacédo do crescimento, proliferacdo e autofagia, alteracdes de
trade-offs energéticos, fitness celular e manutencdo do equilibrio redox sdo fendtipos que
sustentam a resisténcia a CDDP (CASTRACANI et al., 2020; HOSSEINI et al., 2019; REN et
al., 2010). A proliferacdo celular reduzida € uma caracteristica de células resistentes a CDDP,
uma vez que o DNA destas células € menos disponivel para a interacdo com a droga devido a
baixa proliferacdo e, consequentemente, menor taxa de replicagdo. Também, a replicacdo lenta
permite um maior controle de checkpoints do ciclo celular podendo ser determinantes em uma
divisdo celular errbnea, evitando catastrofes mitéticas (SARIN et al., 2017). O equilibrio redox
da célula é outro mecanismo classificado neste grupo, e uma das estratégias selecionadas na
celula é a alteragdo na atividade mitocondrial, visto que a mitocdndria é um dos principais
produtores de ROS na célula (ZOROV; JUHASZOVA,; SOLLOTT, 2014). Além disso, a
presenca de moléculas com potencial antioxidante, como GSH, atuam na manutencdo do

equilibrio redox da célula sendo fundamental para a sobrevivéncia (LAN et al., 2018).

1.4. Metabolismo e necessidades bioenergéticas de células resistentes a CDDP

Células tumorais apresentam alta taxa de proliferacdo e, consequentemente, maior
demanda de energia para os processos celulares. Nos anos 1920, Otto Warburg descreveu o
padrdo de metabolismo alterado em células tumorais (WARBURG, 1925). Ele reportou que,

mesmo em presenca de O, existe a producédo de acido latico por estas células. Este fendmeno
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ficou conhecido como efeito Warburg (KOPPENOL et al., 2011; RACKER, 1972). O efeito
ndo estd usualmente relacionado com uma disfungdo mitocondrial, sendo este apresentado
como uma consequéncia da reprogramacdo metabdlica das células tumorais, onde existe o
aumento de expressdo de genes relacionados a via glicolitica, transportadores de glicose e
fatores reguladores destas vias, como HIF1A (Hypoxia Inducible Factor 1 Subunit Alpha)
(VAUPEL et al., 2019). Além disso, a mudanca do metabolismo oxidativo para o redutor pode
ser vantajosa para a manutencdo do equilibrio redox intracelular. A reducdo na atividade
mitocondrial limita a producdo de ROS, mantendo concentracBes de ROS ndo toxicas e letais
para a célula. Assim, sustentando processos essenciais para a sobrevivéncia do tumor como
estabilidade gendmica, crescimento celular e angiogénese (ICARD et al., 2018). Também,
acredita-se que o efeito Warburg é mais vantajoso pela maior facilidade em captar e obter
nutriente para a biomassa celular requerida para a geracdo de uma nova célula (HEIDEN et al.,
2009). Com a constatacdo de Warburg e 0 avango de técnicas “-6micas”, COmo a protedmica e
a metaboldémica, foi possivel um melhor entendimento da reprogramacéo metabdlica tumoral e
a correlacdo deste fenbmeno com o fenotipos de resisténcia quimioterapica (CHO, 2017,
WANG et al., 2018).

Determinadas vias metabdlicas, como a glicélise, sdo essenciais para a progressado e a
malignidade de células tumorais (VAUPEL; SCHMIDBERGER; MAYER, 2019). Além de
conferir estas caracteristicas, a reprogramacdo metabolica e a alteracdo de necessidades
bioenergéticas também estdo relacionados com a resisténcia tumoral. AlteracBes do perfil
metabdlico podem definir a capacidade da célula em sobreviver e proliferar em diferentes
ambientes, e esta caracteristica sdo consideradas o fitness celular. O fitness celular € a aptiddo
da célula em prosperar em um determinado ambiente, resultado de diferentes parametros,
incluindo a taxa proliferativa, vias de sinalizacdo ativas, taxa metabolica e regulacdo
transcricional (DI GREGORIO; BOWLING; RODRIGUEZ, 2016). Como exemplo, uma das
vantagens ou estratégias selecionadas de células tumorais resistentes a CDDP € a capacidade
proliferativa reduzida e, consequentemente, uma menor exposicdo do DNA & droga durante a
divisdo celular (AKTIPIS et al., 2013; DUAN et al., 2017). A reducdo na capacidade
proliferativa € normalmente acompanhada de uma maior especializacdo em mecanismos de

sobrevivéncia.
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Figura 7: Efeito do tratamento quimioterdpico nas estratégias de crescimento de células tumorais.
Representacdo do efeito de tratamentos quimioterapicos longos nas estratégias de crescimento celular. A) células
especializadas em maxima proliferagdo e méaxima sobrevivéncia, antes, durante e ap6s o tratamento. B)
plasticidade em estratégias de crescimento e selecdo de trade-offs relacionados a sobrevivéncia em células
tumorais durante e ap0s o tratamento quimioterapico.

Subpopulagbes clonais de um mesmo tumor podem apresentar diferencas no fitness
celular. Entre as diferentes caracteristicas relacionadas esté a alocacao de energia, tendo como
consequéncia a selecdo de diferentes estratégias celulares, visto que as fontes sdo finitas (RAFF,
1992). Estas diferentes estratégias celulares selecionadas em decorréncia de caracteristicas do
microambiente tumoral sdo definidas como trade-offs. O fitness celular e trade-offs
selecionados néo séo definitivos, podendo ser alterados em decorréncia de mudancas ecoldgicas
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no microambiente tumoral (BODDY; HUANG; AKTIPIS, 2018). Com isso, a capacidade de
adaptacdo no meio torna-se essencial para determinar a sobrevivéncia celular em ambientes
adversos. Neste contexto, Aktipis et al. (2013) descreve as duas principais estratégias de
crescimento encontradas em células tumorais, associando a diferentes trade-offs e relaciona
estas com a capacidade de sobreviver a ambientes adversos, como a quimioterapia. As
principais estratégias de crescimento selecionadas definem as células como especializadas em
méaxima proliferacdo ou especializadas em maxima sobrevivéncia. Células especializadas em
proliferacdo apresentam maior taxa de crescimento, enquanto células especializadas em
sobrevivéncia exibem um crescimento mais lento, contudo, conferindo vantagem para
sobreviver a ambientes hostis. Com isso, ao longo do tratamento quimioterapico, as células
tendem a adquirir trade-offs bioenergéeticos para estratégias de sobrevivéncia e estas sdo

selecionadas ap0s o contato com a droga (Fig. 7).

A selecdo de diferentes trade-offs inclui, também, a mudanca no perfil metabdlico e
bioenergético da célula. Como discutido anteriormente, estas alteracbes podem ser
determinantes no resultado da exposicdo da célula a determinado quimioterapico como
mecanismos post- e off-target. A mudanca do metabolismo celular como possivel mecanismo
de resisténcia & CDDP estd descrito na literatura, mas ainda € pouco compreendido. A
comparacdo entre linhagens isogénicas de cancer de ovario sensiveis e resistentes a CDDP
indicou a maior atividade da via glicolitica e vias canbnicas a glicélise (via das pentoses), em
detrimento da fosforilagdo oxidativa (OXPHOS), como sendo um mecanismo essencial para a
resisténcia tumoral, e um fator determinante para a resisténcia ao estresse oxidativo (Al et al.,
2016; XU et al., 2018). Por outro lado, diversos estudos também demonstram a maior atividade
do metabolismo oxidativo mitocondrial como uma caracteristica de células resistentes 8 CDDP
em comparacgdo com suas respectivas linhagens sensiveis (MATASSA et al., 2016; VAZQUEZ
etal., 2013; WANGPAICHITR et al., 2012). Também, o0 aumento da massa mitocondrial ja foi
relacionado com a resisténciaa CDDO em NSCLC (GAO et al., 2019). Outras vias de obtencdo
de energia sdo também exploradas para o melhor entendimento da resisténcia tumoral e a busca
de intervengdes terapéuticas, como a glutaminolise. Glicose e glutamina usualmente constituem
as principais fontes de obtencdo de energia pelas células tumorais (CANTOR; SABATINI,
2012). O metabolismo de glicose ¢ a fonte usual de obtencdo de energia celular e fornecimento
de substrato para o ciclo do TCA. Contudo, a utilizacdo de moléculas alternativas como fonte
de energia vem sendo amplamente descrita, como o metabolismo de glutamina (CORBET;

FERON, 2017). Glutamina é o aminoacido mais abundante circulante no plasma
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(BERGSTROM et al., 1974) e sua composicdo possibilita a doagdo de carbono e nitrogénio
para vias bioenergéticas e biossintese de componentes celulares, incluindo acidos nucleicos. No
cancer, a utilizacdo de glutamina pode estar envolvida em diferentes aspectos relacionados a
malignidade, como manutencéo da proliferacdo, imortalidade replicativa, resisténcia a morte
celular, invasdo e metastase (HENSLEY et al., 2013). Diferentes fatores sdo determinantes para
a mudanca no perfil metabdlico e necessidades bioenergéticas das células tumorais, como
alteragdes de disponibilidade de nutrientes e O, no microambiente (OCANA et al., 2019), e
mutacdes no MtDNA e genes relacionados ao metabolismo (FERRER et al., 2018; WANG et
al., 2016b). Com isso, a compreensdo da essencialidade destas alteracfes na progresséo e

resisténcia tumoral permite a busca de intervencdes no tratamento do cancer.

1.5.Modelos celulares para o estudo da resisténcia tumoral

Ensaios in vitro sdo essenciais e amplamente aplicados no estudo da biologia do cancer
(BENAM et al., 2015; NIU; WANG, 2015). Entre as diferentes técnicas esta o cultivo celular
de células tumorais, o qual vem se mostrado uma 6tima ferramenta para a prospeccao de novos
farmacos quimioterapicos e para o melhor entendimento de mecanismos de quimioresisténcia
no intuito de contornar este fendmeno (BUTLER et al., 2017; DING et al., 2018; YONESAKA
etal., 2019). Neste contexto, o estabelecimento de linhagens celulares de cancer como modelos
de estudo representa uma ferramenta valiosa. Os modelos celulares fornecem maior facilidade
em questdes praticas e éticas, quando comparadas com modelos in vivo e ex vivo, além de
representarem uma fonte ilimitada de material biol6gico com o proposito de pesquisa (NEVE
et al., 2006). Entre os modelos celulares de cancer de pulméo, a linhagem de células humanas
de adenocarcinoma de pulmao A549 tornou-se uma referéncia para estudos de NSCLC (SUN
etal., 2017; YU et al., 2018). Além da utilizacdo desta linhagem para o melhor entendimento
da progressdo do céncer de pulmdo, células A549 sdo amplamente utilizadas para o
entendimento de mecanismos de resisténcia a CDDP (HORIBE et al., 2018; YU et al., 2017).
Apesar de limitacbes dos diferentes modelos celulares, estes estudos sé&o de extrema
importancia pois fornecem o conhecimento de potenciais eventos celulares e moleculares

presentes em situagdes clinicas.

O desenvolvimento de sublinhagens com resisténcia a quimioterapicos a partir de
linhagens de células tumorais ja estabelecidas vem se tornando uma ferramenta muito poderosa

no entendimento de mecanismos envolvidos na quimiorresisténcia. As estratégias mais comuns
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para o desenvolvimento de sublinhagens resistentes tem como base a geracdo de pares de
células isogénicas, sendo a célula parental sensivel e a sublinhagem derivada resistente a droga.
Células da linhagem sensivel sdo expostas a concentracfes crescentes da droga por tempos
determinados, permitindo a selecdo de células com boa proliferacdo e tolerancia a presenca da
droga (GARRAWAY; JANNE, 2012). Assim, estas linhagens contém o mesmo background
genético, diferenciando-se nos mecanismos de resisténcia adquiridos para o farmaco especifico
(XAVIER et al., 2016). Ainda, a exposicdo a CDDP acarreta na acumulacdo de mutacgdes
diferenciando o genotipo das linhagens ap6s um maior periodo de tratamento (SKOWRON et
al., 2019). Muitas destas estratégias utilizam a exposicao a altas concentragdes da droga por
longos tempos de incubacdo, gerando linhagens com niveis de resisténcia até 30 vezes maiores
gue o encontrado na linhagem parental. Contudo, estes niveis de resisténcia ndo sdo usualmente
encontrados em pacientes. Modelos celulares utilizando a exposi¢éo a concentracdes menores
do quimioterapico por curtos periodos de tempo geram niveis de resisténcia menores e sdo
considerados modelos clinicamente relevantes por apresentarem niveis de resisténcia
semelhantes aos encontrados em pacientes (MCDERMOTT et al., 2014).

1.6.Justificativa

O cancer de pulmdo é um problema de saide publica global. Este é o tipo de cancer
mais incidente no mundo e o lider nas causas de morte relacionadas a esta doenca. O diagndstico
deste tipo de céancer € realizado em estagios avancados da doenca, o que limita as opcdes
terapéuticas a quimioterapia. Contudo, a resisténcia tumoral a quimioterapia é frequente,
reduzindo o sucesso do tratamento. A CDDP é a droga utilizada no tratamento de primeira linha
contra o cancer de pulmé&o. Apesar da sua ampla utilizacéo e do conhecimento de mecanismos
envolvidos na resisténcia tumoral a CDDP, tratamentos alternativos para inibir a resisténcia ao
farmaco ainda ndo foram desenvolvidos. O metabolismo de células tumorais com resisténcia
adquirida a CDDP é alterado, sendo uma consequéncia da necessidade de adaptacdo ao
ambiente citotoxico causado pela droga. Assim, estas alteracdes podem fornecer a estas células
vantagem na capacidade de sobrevivéncia. Embora estejam disponiveis na literatura estudos
comparativos do metabolismo de células sensiveis e resistentes a CDDP, a regulacdo do
metabolismo bioenergético e o papel deste na resisténcia tumoral ainda nédo esta claro. Nesse
contexto, estudos sobre vias metabdlicas ativas, a regulacdo destas e as necessidades
bioenergéticas de linhagens celulares com niveis de resisténcia a CDDP clinicamente relevantes
podem contribuir para o melhor entendimento de mecanismos de resisténcia tumoral

relacionados ao metabolismo bioenergético. Além disso, a investigacdo do metabolismo de
23



células resistentes @ CDDP permite a identificacdo de trade-offs e fitness celular adotados ou
selecionados durante o tratamento determinantes para a quimioresisténcia. Assim, a
caracterizacdo de trade-offs bioenergéticos associados a resisténcia a CDDP pode gerar
conhecimento para a proposicdo de um tratamento alternativo contornando este fator limitante
no sucesso do tratamento do cancer de pulmao.
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2. OBJETIVOS

2.1.0bjetivo geral
Analise comparativa do perfil metabdlico e necessidades bioenergéticas de células

humanas de adenocarcinoma de pulmao sensiveis e resistentes a CDDP

2.2.0bjetivos especificos
i.  Desenvolvimento de células A549 com niveis de resisténcia &8 CDDP clinicamente
relevantes;
ii.  Andlise de expressao de genes envolvidos com o metabolismo bioenergético em
células A549 sensiveis e resistentes a CDDP;
iii.  Avaliacdo do efeito de glicose e L-glutamina na proliferacdo celular das linhagens

estudadas;

iv.  Avaliacdo do perfil de respira¢do mitocondrial das células A549 sensiveis e resistentes

a CDDP;

v.  Comparacéo da citotoxicidade de inibidores da via glicolitica nas células A549
sensiveis e resistentes a CDDP.

vi.  Comparacdo da expressdo dos fator de iniciacao eucariotico eIF2a e do regulador de

iniciagdo da tradugdo 4E-BP1, e suas isoformas fosforiladas entre as linhagens.
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3. MANUSCRITO

Neste capitulo é apresentado o manuscrito intitulado “Reduced metabolic activity of
cisplatin-resistant A549 non-small cell lung cancer cells”, resultado do trabalho desenvolvido
durante o curso de mestrado. A formatacdo segue o exigido pela revista Journal of Cellular

Biochemistry (https://onlinelibrary.wiley.com/journal/10974644), para a qual sera submetido o

trabalho. O desenho experimental foi realizado por NAC, CLM, CSD e KMM. Os experimentos
de protedmica incluidos no manuscrito foram realizados previamente a este trabalho de
mestrado por CLM, CSD, BVM, NAC e KMM. O desenvolvimento e avaliacéo das linhagens
foram realizados por CLM, CSD e NAC. Os ensaios de respirometria de alta resolugdo foram
planejados e realizados por NAC, CKD, BM e FK. Demais ensaios foram realizados por NAC.
As andlises de dados foram realizadas por NAC, CLM, CSD, BVM e KMM. A contribuicéo de
materiais, reagentes e equipamentos foi realizada por FK, HBF, AZ e KMM. A redacao
cientifica foi realizada por NAC e KMM.
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ABSTRACT

Lung cancer is the most frequent tumor and the leading cause cancer-related deaths
worldwide. The main treatment is chemotherapy utilizing platinum-based drugs such as
cisplatin (CDDP). However, CDDP resistance is a relevant issue in cancer treatment. Among
CDDP resistance mechanisms, cell fitness and bioenergetic trade-offs are strongly related to
cell survival. In this work, A549 cells and its CDDP-resistant counterparts A549/CDDP were
compared regarding bioenergetic metabolism and cell growth. A downregulation of
bioenergetic pathways related to glucose metabolism was observed in A549/CDDP cells by
proteomics and RT-qPCR. Also, TP53-induced glycolysis and apoptosis regulator TIGAR was
upregulated in CDDP-resistant cells. These cells showed higher dependence of glucose and L-
glutamine, and increased vulnerability to 2-DG. Decreased mitochondrial O2 consumption was
observed by high-resolution respirometry in A549/CDDP cells. Proteomics analysis and the
reduction of different pathways suggested a global translation inhibition. In addition, western
blot analyses showed increased 4E-BP1 presence and reduced rate of phosphorylated isoform.
Thus, our evidences suggest a participation of 4E-BP1 in gene expression regulation of CDDP-
resistant cells, resulting a global translation reduction. Further investigation of these molecular

mechanism in CDDP resistance may lead to a better prognostic and alternative treatments.

Keywords: lung cancer, cisplatin, drug resistance, metabolic reprogramming, proteomics.
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1. INTRODUCTION

Lung cancer is the most frequent tumor and the leading cause of cancer-related deaths
worldwide (Ferlay et al., 2019). There are two main histological classification of lung cancer:
non-small cell lung cancer (NSCLC) and small cell lung cancer. NSCLC is responsible for 85%
of all lung cancer cases (Duma, Santana-Davila, & Molina, 2019). In the majority of cases, lung
cancer is diagnosed in advanced stages of the disease requiring chemotherapy besides surgery
to treatment (Siegel, Miller, & Jemal, 2019). The standard first-line treatment for these patients
is chemotherapy with platinum-based drugs such as cisplatin (Hirsch et al., 2017). Cis-
diamminedichloroplatinum (I1) or cisplatin (CDDP) is a well-known chemotherapy compound
and the most employed platinum-based drug in cancer therapy. It was the first approved by
FDA (Food and Drug Administration) in 1978 for the treatment of testicular and ovarian cancer
(Kelland, 2007), and since then has been widely applied in cancer treatment. The main cytotoxic
effect of CDDP is the result of its covalent binding to DNA and adducts formation (Fichtinger-
Schepman, Lohman, van der Veer, den Hartog, & Reedijk, 1985; Jamieson & Lippard, 1999),
leading to inhibition of DNA synthesis, DNA transcription and RNA translation. Nevertheless,
CDDP can also bind to proteins, RNA, membrane phospholipids, microfilaments, and thiol-
containing molecules altering many biological processes including biosynthesis of cellular

compounds and metabolism of bioenergetic sources (MARTINHO et al., 2018).

CDDP resistance is a relevant issue in cancer treatment. Tumor cells may present
acquired or intrinsic CDDP resistance. In the former case, cancer cells may shift the expression
levels of a broad range of genes leading to the activation of different signaling pathways during
drug exposure, which ultimately results in tumor chemoresistance (Siddik, 2003). Subclones
can be selected due to the advantage conferred by the activation or silencing of specific
signaling pathways that improve survival rate during drug exposure such as Darwinian

evolutionary system (Greaves & Maley, 2012). Therefore, tumor heterogeneity is a determining
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factor to chemoresistance development during treatment (Bozic et al., 2013) since cell diversity

and adaptive capacity are relevant issues for selection of survival strategies.

CDDP resistance is a complex and multifactorial molecular process. The known cellular
mechanisms of CDDP resistance include reduced intracellular drug accumulation, increased
drug inactivation by thiol-containing molecules, increased DNA damage repair and redox
balance (Siddik, 2003). Furthermore, cell fitness and trade-offs can confer adaptive advantage
to cell survival in different environments, which can be related to cancer development, progress
and chemoresistance (Salgia & Kulkarni, 2018). Several studies have been reporting metabolic
alteration and proteins associated to bioenergetic metabolism involved in CDDP resistance (Ai,
Lu, Qiu, & Fan, 2016; Roh, Park, Kim, Jang, & Kwon, 2016; Wang et al., 2016). However,
metabolic regulation and alterations of CDDP-resistant cells are still poorly understood (Cruz-
Bermudez et al., 2019; D’Alessandro et al., 2019). Studies using in vitro cellular models of
CDDP resistance and -omics approaches followed by functional studies may be an eminent
workflow to a better understanding of cell metabolism and bioenergetics associated with CDDP

resistance.

In the present study, a CDDP-resistant NSCLC cell subline with clinical levels of CDDP
resistance was developed and characterized. Comparative proteomic and functional annotation
analyses of CDDP-sensitive NSCLC cells and its resistant counterpart were performed to
identify molecular events potentially involved in CDDP resistance. RT-gPCR analysis
confirmed an alteration in glycolysis and L-glutamine metabolism pathways in CDDP-resistant
cells. Also, CDDP-resistant cells showed higher dependence of energy sources and
vulnerability to metabolic inhibitors in cell survival. Mitochondrial respiration and proton leak
were decreased in CDDP-resistant cells. A global translational regulation was proposed and

elF2a, elF4E-binding protein 1 (4E-BP1) and phosphorylated isoforms were evaluated. 4E-
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BP1 showed a possible involvement in gene expression alteration of A549/CDDP cells. Our
results suggest a decreased metabolic activity and global translation inhibition in CDDP-

resistant cells, which may be related to CDDP resistance mechanisms.
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2. MATERIALS AND METHODS

1. Cell culture and development of CDDP-resistant cells

Human NSCLC A549 cells (ATCC) were maintained in RPMI-1640 medium (Gibco)
supplemented with 10% fetal bovine serum (FBS) in the presence of penicillin (100 U/mL) and
streptomycin (100 pg/mL) at 37 °C in a humidified atmosphere of 5% CO,. CDDP-resistant
subline A549 (A549/CDDP cells) was developed from A549 cells using a stepwise drug
treatment. For that, A549 cells (5 x10°) were continuously exposed to increasing concentration
of cisplatin (0.1, 0.2, 0.3, 0.4 and 0.5 pM) for 72 h each. Cisplatin-resistant cells were
maintained in culture medium containing 0.5 uM of CDDP until 3 days before the experiments
to ensure maintenance of the resistance phenotype. A549/CDDP cells were independently
generated three times, which were considered biological replicates in all experiments
performed. For A549 cells, the experiments were performed three times considering each a

biological replicate. All experiments were performed using technical replicates.

2. Cytotoxicity assay

Cisplatin and glycolysis inhibitors 2-deoxy-D-glucose (2-DG) and 3-bromopyruvate (3-
BrP) cytotoxicity were determined by sulforhodamine B (SRB) assay, as described by Vichai
& Kirtikara (2006), using from 0.25 to 64 uM of cisplatin (CDDP), from 0.33 to 17.7 mM of
2-DG, and from 4 to 96 pM of 3-BrP. The Glso (50% of maximal inhibition of growth) value
was calculated using a dose (log) vs. normalized response curve with non-linear regression in

GraphPad Prism 6.0 software. The assay was performed in triplicate.
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3. Population doubling time

Cells were seeded in 24-well plate at 5 x 10° cells/well. The cells were collected by
trypsinization at 24, 48, 72, 96, 120 and 144 h after plating and counted using Guava easyCyte
flow cytometer (Merck Millipore). Population doubling times were calculated considering all
time points using the Cell calculator++ mode of Doubling Time Online Calculator Calculator

(http://www.doubling-time.com/compute.php).

4. Clonogenic assay

Cells were plated at 500 cells/well in 6-well plate and cultured overnight to adhesion.
To evaluate CDDP impact in clonogenic capacity cells were treated with 0, 0.2, 0.3, 0.4, 0.5 or
1.0 uM of CDDP for 72 h and cultured in drug-free medium for further 10 days. To evaluate
the effect of reduced glutathione (GSH) on clonogenic capacity, cells were incubated with 4
mM of GSH for 14 days. To evaluate pro-oxidant agents effect, cells were treated with 50 uM
of (BSO) or 100 uM of diethyl maleate (DEM) for 24 h and cultured in drug-free medium for
further 14 days. Colonies were washed once with PBS 1x, fixed and stained with 6%
glutaraldehyde and 0.5% crystal violet solution for at least 30 min, as described by Franken et
al. (2006). The wells were washed with water by immersion and dried at room temperature.
Colonies were counted using ImageJ (Schneider, Rasband, & Eliceiri, 2012). All images were
subjected to visual inspection and manual correction. Plating efficiency (PE) was calculated as
the number of colonies formed divided by the number of cells seeded. Surviving fraction (SF)
was calculated as the number of colonies formed after treatment divided by the number of cells

seeded and multiplied by PE.

5. Protein extraction and sample preparation for mass spectrometry analysis
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Cell lysis and protein digestion was performed as described by Pirmoradian et al.
(2013), with some modifications. A549 and A549/CDDP cells from confluent culture flasks (~
2x10° cells) were trypsinized and washed with PBS. Aqueous ammonium bicarbonate (50 mM,
pH 8.0) was mixed with acetonitrile at a ratio of 9:1 (v:v) to prepare lysis solution containing
0.1% (w/v) Rapigest Surfactant (Waters). Cell pellets were resuspended with lysis solution and
samples were incubated with vigorous vortexing for 10 min. The cell lysate was incubated at
95 °C for 5 min and then subjected to 1 h in an ultrasonic bath to improve protein solubility.
Samples were centrifuged at 14,000 rpm over 7 min at room temperature and the supernatants
were subjected to protein quantitation and digestion. Proteins were quantified using Micro BCA
Protein Assay Kit (Thermo Fisher Scientific). Proteins were reduced and alkylated by
incubation with 10 mM DTT for 30 min at 60 °C, following addition of 10 mM iodoacetamide
for 30 min. Trypsin was added at a ratio of 1:40 (w/w) and samples were incubated at 37 °C for
18 h. Digested protein samples were acidified with 0.5% (v/v) TFA to hydrolyze Rapigest.
Samples were incubated at 37 °C for 30 min and centrifuged at 13,000 rpm for 10 minutes.
Peptide-containing supernatants were further clean-up with Oasis HLB Extraction Cartridge

(Waters).

6. Mass spectrometry analysis

Peptides were analyzed by liquid chromatography-tandem mass spectrometry (LC-
MS/MS) using a nanoACQUITY UPLC system coupled to a Xevo G2-XS Q-Tof mass
spectrometer (Waters) with a low-flow probe at the source. The peptides were separated by
analytical chromatography (Acquity UPLC BEH C18, 1.7 um, 2.1 x 50 mm, Waters), at a flow
rate of 8 pul/min, using a 7-85% water/ACN 0.1% formic acid linear gradient over 90 min. The
MS survey scan was set to 0.5 s and recorded from 50 to 2000 m/z. MS/MS scans were acquired

from 50 to 2000 m/z, and scan time was set to 1 s. Data were collected in data-independent MSE
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mode of acquisition. Experiment performed in triplicate for each cell line considering each

biological replicate as a replica.

7. Data processing and protein identification

LC-MSE data were processed and searched using ProteinLynx Global Server version
3.0.3 (PLGS 3.0.3, Waters Corporation). The searches were conducted against Homo sapiens
canonical protein sequences retrieved from the UniProtKB/Swiss-Prot database, with trypsin
as enzyme, maximum of one missed cleavage, fixed carbamidomethyl modification for cysteine
residues, and oxidation of methionine as variable modification. Peptides and protein tolerance
were set as automatic, minimum fragment ion per peptide as 2, minimum fragment ion per
protein as 5, minimum peptide matches per proteins as 1 and the false discovery rate (FDR) as
4%. Stringent criteria were used for protein identification and validation, considering only
proteins identified in at least two out of three biological replicates were considered for
qualitative and quantitative analysis in order to improve confidence. Label-free guantitation
analysis was performed from peak intensity measurements (Hi3 method) (Silva et al., 2005)
using PGLS Expressiont algorithm. Data sets were normalized using the 60S acidic ribosomal
protein P1 (RPLP1, P05386) as reference (housekeeping protein), as this protein was detected
in all samples and biological replicates with the lower variance coefficient (<10%). Proteins
were taken as differentially expressed between samples if regulation probability (P) was below

0.05 or higher than 0.95.

8. Functional annotation and enrichment analysis

The list of proteins differentially expressed between A549 and A549/CDDRP cells was

uploaded in DAVID 6.8 (http://david.abcc.ncifcrf.gov/) (Huang, Sherman, & Lempicki, 2009)

for functional annotation, considering the following databases: COG_ONTOLOGY,
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UP_KEYWORDS, UP_SEQ_FEATURE, GOTERM_BP_DIRECT,
GOTERM_CC_DIRECT, GOTERM_MF_DIRECT, BBID, BIOCARTA,
KEGG_PATHWAY, INTERPRO, PIR_SUPERFAMILY, and SMART. Homo sapiens was set
as background for the enrichment analysis and functional annotation clustering was performed
with classification stringency set to medium, similarity threshold of 0.5, multiple linkage
threshold of 0.5, and an EASE enrichment threshold of 1.0. The P-value and the Benjamini-
Hochberg FDR were used to determine significance of enrichment or overrepresentation of

terms for each annotation.

9. RNA extraction and RT-gPCR

A549 and A549/CDDP cells were cultured in T25 culture flask until approximately 90%
confluent (2 x 108 cells), then total RNA was extracted using the Trizol reagent (Thermo Fisher
Scientific) following manufacturer’s protocol. Extracted RNA was treated with DNase I
(Thermo Fisher Scientific) for 15 min at room temperature to remove DNA contamination. The
concentration of total RNA was determined using Qubit Quantitation Fluorometer and Qubit
RNA HS Assay Kit reagents (Thermo Fisher Scientific). cDNA was synthesized from 5 ug of
total RNA using M-MLV reverse transcriptase (Thermo Fisher Scientific) and random hexamer
primes (Thermo Fisher Scientific) as recommended by the supplier. RNaseOUT Recombinant
Ribonuclease Inhibitor (Thermo Fisher Scientific) was used as recommended by the supplier.
The reverse transcription reaction mixture was incubated at 37 °C for 50 min followed by 70
°C for 15 min to inactivate the reaction. The final cDNA product was diluted 100-fold with

nuclease-free water prior to use in gPCR analysis.

Fifteen genes related to glucose and L-glutamine (GLN) metabolism were analyzed by
RT-gPCR. Ribosomal 18S RNA and beta actin (ACTB) were used as reference genes. Gene-

specific primers were designed using PrimerBlast (Ye et al., 2012) (Table 1). Each gPCR
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reaction consisted of 10 pul of SYBR Select Master Mix (Applied Biosystems), 0.5 ul of each
forward and reverse 10 uM primer solution, and 9 pl of diluted cDNA. The analyses were
performed in Applied Biosystems 7500 Fast Real-Time PCR System (Applied Biosystems).
Statistical analysis was performed by t-test comparing the abundance of transcripts for each

gene in A549 and A549/CDDP.

10.  Cell proliferation assay

Cells were plated in 24-well plates at densities of 2,000 cells/well. After 24 h of culture
in complete culture medium, cells were maintained in GLN- or glucose-free medium
supplemented with 10% ultrafiltered FBS (Amicon ultra 3 K, Merk) for 7 days. Medium was
not changed throughout the course of the experiment and each day was considered a time point.
Complete RPMI medium supplemented with 10% ultrafiltered FBS was considered as positive
control. At each time point, cells were fixed in 10% formalin for 1 h and stained with 0.1%
crystal violet for 30 min. Plate was washed by dH>O immersion. Dye was extracted with 200
pl of 10% acetic acid and the relative proliferation was determined by absorbance at 595 nm in
96-well plate (Son et al., 2013). Relative growth was determined by the absorbance value of
the indicated condition divided by the positive control. Statistical analysis was performed by

multiple t-test comparing A549 and A549/CDDP in each time point.

11. High-performance respirometry

The Oxygraph-2k (02k, OROBOROS Instruments, Innsbruck) was used for
measurements of respiration (Makrecka-Kuka, Krumschnabel, & Gnaiger, 2015). 1 x 10° cells
were placed into a pre-calibrated chamber in 2 ml of RPMI-1640 media without FBS at 37° C
in continuous shaking. First, ROUTINE respiration was determined during oxygen

consumption stabilization in normal condition. After stabilization of ROUTINE respiration, the
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ATP-synthase inhibitor oligomycin (2 pg/mL) was added to obtain a measure of LEAK
respiration. Difference between ROUTINE and LEAK respiration was defined as ATP-linked
respiration since oligomycin inhibits this respiration. The experiment was followed by titration
of mitochondrial uncoupler FCCP to maximum oxygen flux at optimum uncoupler
concentration defined as maximum respiratory capacity. Reserve respiratory capacity was
defined by the subtraction of maximum respiratory capacity from the ROUTINE respiration
(Desler etal., 2012). Finally, rotenone (0.5 uM) and antimycin A (2.5 uM) were added to obtain
residual oxygen consumption (ROX). ROX was discounted to determinate all respiration
parameters. Statistical analysis was performed by t-test comparing A549 and A549/CDDRP in
each parameter. The experiment was accomplished by five independent analyzes, the O>
consumption of A549 and A549 cells was measured simultaneously in each analysis, and cell

lines were alternated between chambers.

12.  Western blot analysis

A549 and A549/CDDP cells were cultured in T25 culture flask until approximately 90%
confluent (2 x 10° cells). Cells were trypsinized and the pellet was resuspended in 300 pL of
lysis buffer (40 mM Tris—HCI; 0.1% SDS) containing 2 x Halt Protease and Phosphatase
Inhibitor (Thermo Fischer Scientific). Cells were lysed by sonication and soluble proteins were
separated by centrifugation. Quantification was performed using a Qubit™ 2.0 quantitation
fluorometer (Invitrogen). Samples containing 60 pg of total protein were resolved by sodium
dodecyl sulphate-12% polyacrylamide gel electrophoresis (SDS-PAGE) and transferred onto a
PVDF membrane for 2 h at 70 V. The membranes were blocked in TBS containing 0.1% Tween
20 and 5% milk powder (blocking solution (BS)) for 1 h. The membrane was incubated with
each primary antibody in BS overnight at 4 °C. Dilution of 1:1000 were utilized for elF2a

Rabbit pAb, Phospho-elF2a-S51 Rabbit pAb, [KO Validated] EIFAEBP1, and Phospho-
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EIFAEBP1-T37/46 Rabbit pAb (ABclonal). Dilution of 1:8000 was utilized for Actin
Monoclonal Antibody (Thermo Fischer Scientific). After incubation, membrane was washed 3
times for 10 min with TBS and secondary antibody was incubated in BS for 1 h. The dilution
utilized was 1:10000 to alkaline phosphatase-conjugated anti-rabbit 19G (Thermo Fischer
Scientific) or anti-mouse IgG (Invitrogen). The result was revealed using BCIP/NBT Color

Development Substrate (Promega).
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3. RESULTS

3.1. Generation and characterization of CDDP-resistant A549 cells

A stepwise protocol of CDDP exposure of A549 cells was elaborated aiming to develop
acquired CDDP-resistant cells (A549/CDDP cells). After drug exposure, cytotoxicity assay was
performed and A549/CDDP (Glso = 8.793 puM) cells showed a 3.3-fold increase of Glso value
in comparison to A549 (Glsg = 2.656 puM) cells (Fig. 1A). A significant decrease in
A549/CDDP cell proliferation was observed in 96, 120 and 144 h in comparison to A549 cells
(Fig. 1B). Also, the doubling time of A549/CDDP subline was significantly higher than that of
A549 cells (27.43 and 36.61 h, respectively). Moreover, clonogenicity of A549/CDDP cells in
the absence of CDDP was significantly reduced compared to A549 cells (Fig. 1C). However,
in the presence of CDDP, A549/CDDP showed higher surviving fraction (SF) in all drug
concentrations tested in comparison to A549 cells (Fig. 1D). Clonogenic cell survival data

further confirmed the cisplatin-resistant phenotype of A549/CDDRP cells.

3.2.  Different proteomic profile of CDDP-sensitive and -resistant cells

A comparative proteomic profiling of A549 and A549/CDDP cells was performed
aiming to identify alterations in protein expression that may be involved in CDDP resistance.
Stringent criteria for protein identification and validation were chosen to increase the chance of
identifying proteins and molecular mechanisms consistently involved in drug resistance. LC-
MS/MS analysis allowed the identification of a total of 274 proteins, being 203 and 224 proteins
identified in A549 and A549/CDDP cells, respectively. Among these proteins, 50 and 71 were
exclusively found in A549 and A549/CDDRP cells, respectively (Supplementary Figure 1). The
153 proteins shared between cell lines were submitted to quantitative analyses in order to
identify expression differences between samples. Quantitative expression analyses performed

in PGLS were based on MS precursor intensity values (Hi3 method) and resulted in the
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probability of protein regulation (P). Proteins exclusively found in each sample were considered
to be upregulated in that sample. Totals of 74 and 196 proteins were identified as up- or

downregulated in A549/CDDRP cells, respectively (Supplementary Table 1).

Functional annotation and enrichment analysis were performed for proteins found up-
and downregulated in A549/CDDP cells. Among upregulated proteins, enriched annotation
terms include ‘cell-cell adhesion’, ‘mRNA splicing, via spliceosome’, ‘TRNA processing’,
‘MAPK cascade’, ‘Wnt signaling pathway, planar cell polarity pathway’, ‘regulation of mRNA
stability’, ‘gluconeogenesis’, ‘translational’ and ‘protein polyubiquitination’(Supplementary
table 2A). Annotation terms enriched among proteins downregulated in A549/CDDP cells
include ‘oxidation-reduction process’, ‘cell redox homeostasis’, ‘response to reactive oxygen
species’, ‘translational’, ‘tricarboxylic acid cycle’, ‘mitochondrial ATP synthesis coupled
proton transport’, ‘ATP biosynthetic process’, ‘mitochondrial matrix’, ‘fatty acid beta-
oxidation’, ‘cellular protein metabolic process’, ‘glycolytic process’ and ‘regulation of cellular
amino acid metabolic process’ (Supplementary Table 2B). Some GO biological processes and
KEGG pathway terms were found in both A549/CDDP up- and downregulated proteins. Thus,
enrichment functional analysis parameters of number of genes, fold enrichment, and false
discovery rate (FDR) were considered to the comparison of up- and downregulated proteins.
Consequently, GO biological processes involving bioenergetic metabolism and RNA
translation stood out among A549/CDDP downregulated proteins considering these parameters
(Fig. 2A). Also, KEGG pathways showed a relevant downregulation in bioenergetic processes
as glycolysis and TCA cycle in A549/CDDP cells (Fig. 2B). These results were intriguing and

were explored for further investigation of CDDP-resistant cells metabolism.
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3.3.  Alteration in the expression of genes related to bioenergetic metabolism

The expression of genes encoding key enzymes and regulators of glucose and GLN
metabolism was evaluated by RT-qPCR in order to confirm the results obtained in our
proteomic analysis and to better understanding the metabolic reprogramming associated with
CDDP resistance (Fig. 3). The expression of glycolytic enzymes hexokinase-2 (HK2) and L-
lactate dehydrogenase A chain (LDHA) was found downregulated in A549/CDDP cells, as well
as the expression of pentose-phosphate pathway (PPP) enzyme glucose-6-phosphate 1-
dehydrogenase (G6PD). These results indicated a downregulation on glucose metabolism,
confirming our data from proteomic analysis. Furthermore, negative regulator of glycolysis
TIGAR (TP53-inducible glycolysis and apoptosis regulator) was found upregulated in
A549/CDDP cells. Enzymes of GLN metabolism aspartate aminotransferase (GOT1) and
glutamate dehydrogenase 1 (GLUD1) were found downregulated in A549/CDDP cells. Glucose
transporter member 1 (GLUT1), GTPase KRas (KRAS), aspartate aminotransferase (GOT2)
enzymes, and bioenergetic regulatory protein SCO2 homolog (SCO2) showed a decreased
expression but not statistically significant in A549/CDDP cells. Overall, RNA expression
analysis showed a general downregulation of genes related to bioenergetic metabolism in

A549/CDDP cells, as observed in proteomic analysis.

3.4. Dependence of GLN and glucose on A549/CDDP cell proliferation

A549/CDDP cells showed higher dependence of GLN and glucose for cellular
proliferation in comparison to A549 cells in all time-points of the experiment (Fig. 4A and B).
Moreover, A549/CDDP cells were more affected by the glycolysis inhibitor 2-DG.
A549/CDDP cells showed reduced Glso (~2.7 mM) for 2-DG compared to A549 cells (~5.7
mM), indicating low tolerance to this glucose analogue (Fig. 4C). No statistically significant

differences between A549 and A549/CDDP cells were observed for 3-BrP inhibitor (Fig. 4D).
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These results suggest A549/CDDP is more dependent of traditional energy sources and does

not show a metabolic plasticity when exposed to limited resources environment.

3.5.  Evaluation of redox homeostasis alteration in the clonogenic capacity of

A549 and A549/CDDP cells

A549 and A549/CDDP clonogenic capacity were evaluated using SF value after
exposure to anti- and pro-oxidant agents. Both cell lines were not affected by GSH presence
(Fig. 5A), which suggests that reactive oxygen species (ROS) are not a determinant factor in
the reduced clonogenic capacity observed for A549/CDDP cells (Fig. 1B). Also, pro-oxidant
drugs BSO and DEM showed the same effect in CDDP-sensitive and -resistant cells, suggesting

a similar capacity of detoxification mediated by GSH (Fig. 5B and C).

3.6.  Reduced O2 consumption and ATP-linked respiration in A549/CDDP cells

High-resolution respirometry was performed to investigate O> consumption and
mitochondrial activity in A549 and A549/CDDP cells. ROUTINE and ATP-linked respiration
were found reduced in A549/CDDP cells in comparison to A549 cells (Fig. 6). These results
indicate a decreased mitochondrial activity in CDDP-resistant cells. Furthermore, LEAK was
found reduced in A549/CDDP cells, which could indicate that a decreased mitochondrial
activity is not a consequence of mitochondrial disfunction. Maximum respiratory capacity was
not altered in A549/CDDP cells. Also, reserve respiratory capacity and residual oxygen
consumption (ROX) did not show differences between cell lines. These results indicate the
mitochondrial capacity remains unaltered in A549/CDDP cells, although, there is a

downregulation in mitochondrial activity.
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3.7.  Evaluation of translation regulation in A549/CDDP cells

Based on the downregulation of various proteins and cellular processes observed in
A549/CDDP cells, we investigated determinant factors involved in the regulation of global
translation (Fig. 7A). Similar amounts of the initiation factor elF2a were found in A549 and
A549/CDDP cells (Fig. 7B). Furthermore, the phosphorylation of elF2a (Ser51) was similarly
found in A549 and A549/CDDP cells (Fig. 7C), indicating no differences in its regulation
between A549 and A549/CDDP. The hypophosphorylated isoform of 4E-BP1 showed 2-fold
higher expression in A549/CDDP compared to A549 cells (Fig. 7B). However, the difference
was not statistically significant. The ratio of phosphorylated isoform phospho-4E-BP1
(Thr37/46) to hypophosphorylated 4E-BP1 was found significatively reduced in A549/CDDP
cells (Fig. 7D). These results suggest a higher presence of non-phosphorylated isoform 4E-BP1

in A549/CDDP, which may be regulating a global translation reduction.
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4. DISCUSSION

Chemotherapy utilizing CDDP is the first-line treatment of advanced-stage lung cancer.
However, during drug exposure, tumor cells can acquire CDDP resistance by altering gene
expression, which can confer a survival advantage in the cytotoxic environment. Development
of CDDP-resistant cells from a parental cell line has been a powerful tool for the study of
molecular mechanisms associated to drug resistance in different cancer types, such as cervical,
gastric, ovarian, breast, and lung cancer (Bednarska-Szczepaniak, Krzyzanowski, Klink, &
Nowak, 2019; Duan et al., 2018; Qin et al., 2017; B. Wang et al., 2019). In this work, A549
cells with acquired resistance to CDDP (A549/CDDP cells) were developed from A549 parental
cells using a stepwise drug treatment, using low drug concentration and short exposure time.
Protocols using long periods of treatments and high drug concentrations could lead to resistance
rates 10-fold higher when compared to the parental cell line, which may not simulate drug-
resistant tumors in patients. Sublines showing 2 to 5-fold resistance higher than their
counterparts are considered clinically relevant (McDermott et al., 2014). Thus, the protocol
developed in this study generated clinically relevant CDDP-resistant cells compared to those
using higher CDDP concentration exposure. Furthermore, A549/CDDP cells showed reduced
doubling time and clonogenic capacity compared to A549 parental cells, which are phenotypes
frequently associated with CDDP resistance (Annovazzi, Mellai, & Schiffer, 2017; Izumi et al.,
2011). Moreover, A549/CDDP cells showed an advantage in clonogenic capacity when
exposed to CDDP compared to A549 cells. These results support the CDDP resistant phenotype

of the developed subline A549/CDDP.

Proteomics is a powerful tool to monitor protein abundance in distinct samples, offering
ultimate information for molecular interactions, signaling pathways, and gene expression
alterations in human disease research (Cifani & Kentsis, 2017). Our proteomic analysis showed

a marked downregulation of proteins related to cell bioenergetic metabolism in A549/CDDP
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cells. Alterations in mitochondrial activity and glycolysis have already been reported as
involved in CDDP resistance (Ai, Lu, Qiu, & Fan, 2016; Roh, Park, Kim, Jang, & Kwon, 2016;
Wang et al., 2016). Proteins considered key enzymes in the glycolytic pathway were found
downregulated in A549/CDDP cells, including GPI, TPI1, GAPDH, PGAML1, PGM1, PGK1,
ENOL1, PKM, LDHA, and LDHB, which suggests that glucose metabolism is decreased in these
cells. G6PD, a key enzyme in the pentose phosphate pathway (PPP), was found downregulated
in A549/CDDRP cells as well. Furthermore, downregulation of enzymes involved in glycolysis
and PPP was confirmed by RNA expression analysis. Relative gene expression performed by
RT-gPCR showed a significant decrease of HK2, LDHA, and G6PD RNA levels in
A549/CDDP cells. Moreover, TIGAR, a well-known glycolytic repressor, was found
upregulated in A549/CDDP cells by RNA expression analysis. TIGAR reduces fructose-2,6-
bisphosphate levels in cells, which may lead to downregulation of glycolytic enzymes and a
shift from glycolysis to gluconeogenesis through PFK-2/FBPase-2 complex phosphorylation
(Bensaad et al., 2006; Okar et al., 2001). Also, TIGAR is associated to increased resistance to
cell death. The upregulation of its regulator is related to increment of NADPH intracellular
levels and ROS reduction, which may lead to an advantage during drug exposure (Maurer,
Heller, Wanka, Rieger, & Steinbach, 2019; Xie et al., 2014). Thus, TIGAR may be involved in

glycolysis inhibition and CDDP-resistant cells survival.

Annotation terms related to ‘biosynthesis of amino acids’ and ‘regulation of cellular
amino acid metabolic process’ were found among proteins down- and upregulated in
A549/CDDP cells. Our proteomics and RT-gPCR analyses showed discordant results related to
the regulation of GLN metabolism. RT-gPCR analysis found GOT1 and GLUD1
downregulated in A549/CDDP cells. However, GOT1 and GOT2 were found upregulated in
A549/CDDP cells by proteomic analysis. The inverse correlation of RNA and protein amount

occurs due to the complexity of mechanism of gene expression regulation. Molecular events
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such as protein ubiquitination and deubiquitination, regulation of proteasome subunits
abundance, macromolecular crowding, and protein localization can determine intracellular
protein stability (Cai, Culley, Zhao, & Zhao, 2018; Guzman, Gelman, Tai, & Gruebele, 2014;

Lin et al., 2010; Rousseau & Bertolotti, 2018).

Higher glucose and GLN dependence, and the negative impact of 2-DG on cell survival
of A549/CDDP compared to A549 suggest a lack of plasticity due to reduced metabolic activity
in CDDP-resistant cells. Proliferative cells must be able to adapt their metabolism to use
different resources to continuous proliferation (Lehtede, Dupuy, Rabinovitch, Jones, & Siegel,
2016). A549/CDDP cells did not show the capability of using alternative sources. This
phenotype can be assumed as a consequence of A549/CDDP trade-offs. Also, higher
cytotoxicity of 2-DG in CDDP-resistant cells have been reported and it was associated with
lower HK expression, since 2-DG is a competitive inhibitor of glucose for the catalytic sites in

HK (Sullivan, Kurtoglu, Brenneman, Liu, & Lampidis, 2014).

Cancer cells can adapt their metabolism to deal with different environmental conditions
such as chemotherapy. Some of the major strategies displayed by the cells to deal with CDDP
toxic environment include reduction of oxidative stress and alteration of apoptotic pathways
(Siddik, 2003), which are mechanisms strongly related to mitochondrial function. Proteomic
analysis and high-resolution respirometry indicated a reduced mitochondrial activity in
A549/CDDP cells. Proteomic results revealed a downregulation of proteins related to
mitochondria activity in A549/CDDP cells, including mitochondrial ATP synthase subunits
ATP5AL, ATP5B, and ATP5H as well as mitochondrial cytochrome C oxidase subunit COX5A
and cytochrome c1 CYCL. Furthermore, enzymes related to TCA cycle as ACO2, ACO1, CS,
IDH1, MDH2 were also found downregulated in A549/CDDP cellular proteome. Biological

processes ‘ATP biosynthetic process’, ‘mitochondrial ATP synthesis coupled proton transport’,
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‘tricarboxylic acid cycle’, and KEGG pathways ‘oxidative phosphorylation’, ‘citrate cycle’
were found enriched in A549/CDDP downregulated proteins. These results strongly suggest a
downregulation in mitochondrial activity of CDDP-resistant cells. Moreover, A549/CDDP cells
showed decreased ROUTINE and ATP-linked respiration in high-resolution respirometry
analysis, demonstrating a reduced mitochondrial activity in comparison to A549 cells. LEAK
was also found reduced in CDDP-resistant cells. LEAK is strongly associated to mitochondrial
integrity and a higher rate may be associated to mitochondrial dysfunction (Baffy, 2017). Thus,
our results suggest that ROUTINE and ATP-linked respiration is not a consequence of
mitochondrial dysfunction. Furthermore, we did not observe an increase in maximum and
reserve respiratory capacity of A549/CDDP cells, which indicate a similar energetic demand
on mitochondria. Considering mitochondria as the major producers of ROS (Zorov, Juhaszova,
& Sollott, 2014), a reduction of mitochondrial activity may also reduce mitochondrial ROS

(mtROS), which could be a mechanism of CDDP resistance in lung cancer cells.

The selection of different bioenergetic trade-offs in cancer cells may determinate
different growth strategies. Cells can be classified as proliferation specialist or survival
specialist according to the growth strategy adopted (Aktipis et al., 2013). During increasing
drug exposure, survival specialist A549 cells may be selected, and the reduced glycolysis and
mitochondrial metabolism may be related to A549/CDDP trade-offs (Gao et al., 2019). Reduced
metabolism could be related to the reduced growth rate observed for A549/CDDP cells.
Although the reduced clonogenic capacity of CDDP-resistant cells has been reported as a
consequence of higher ROS concentration (Duan et al., 2017), we did not observe an increment
in clonogenic capacity of A549/CDDP cells treated with GSH. Also, ROX did not show a
difference between cell lines, and its parameter is strongly related with ROS presence (Wagner,
Venkataraman, & Buettner, 2011). The results did not correlate ROS presence with the reduced

growth of A549/CDDP. Thus, the hypothesis of stress-inducing the reduced cell growth may
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be discarded, reinforcing the idea of a selected phenotype as a growth strategy (Boddy; Huang
& Aktipis, 2018). For sustaining cell growth, signaling pathways that stimulate cell
proliferation must also participate in the reorganization of metabolic activity that allows
quiescent cells to begin to proliferate (DeBerardinis, Lum, Hatzivassiliou, & Thompson, 2008).
PIBK/Akt/mTOR pathway is an example of signal transduction pathway responsible for
inducing cell growth and metabolic activity to support cellular biosynthesis (Ersahin, Tuncbag,
& Cetin-Atalay, 2015). ERK-MAPK signaling pathway is also associated with cell
proliferation induction, and its activation results in an upregulation of positive regulator of
glycolysis (Papa, Choy, & Bubici, 2019). Considering this scenario, it is possible that reduced
bioenergetic metabolism and cell growth may be regulated by mechanisms in common. Also, a
reduced metabolic rate could be advantageous to A549/CDDP cells. A decreased metabolic rate
is a characteristic of quiescent cells and the quiescence have been associated as an innate drug

resistance mechanism in solid cancers (Brown et al., 2017).

The number of proteins and biological processes found downregulated in A549/CDDP
cells suggested a possible global translation inhibition. Translation can be regulated globally or
at a transcript-specific level. Ribosomal profile and alteration of translational initiation factors
expression and phosphorylation may be determinant to regulate translational in a global
perspective (Hershey, Sonenberg, & Mathews, 2012; Marcon et al., 2017). Thus, to access a
possible alteration in RNA translation between A549 and A549/CDDP cells, eukaryotic
initiation factor e[F2a and elF4E-binding protein 1 (4E-BP1) as well as their phosphorylated
isoforms were compared between cell lines. The initiation factor elF2a transfers methionyl-
initiator tRNA (Met) to the small ribosomal subunit and its phosphorylation (Ser51) prevents
the elF2 complex recycling, thus limiting translation initiation (Krishnamoorthy, Pavitt, Zhang,
Dever, & Hinnebusch, 2001). 4E-BP1 is one of the main regulators responsible for global

translation inhibition. The protein directly interacts with elF4E, which is a limiting component
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of the complex that recruits 40S ribosomal subunits (Qin, Jiang, & Zhang, 2016). However, 4E-
BP1 phosphorylation may alter the affinity to elF4E avoiding the interaction of these proteins.
Then, increasing elF4E availability for its interacting partner EIFAG, which is involved in
MRNA recruitment to the ribosomes for protein translation (Sonenberg & Hinnebusch, 2009).
elF2a and phospho-elF2a (Ser51) did not show differences between A549 and A549/CDDP
cells, suggesting a similarity in regulation activity of its initiation factor in global translation.
However, 4E-BP1 was found 2-fold higher in A549/CDDP compared to A549 cells. The
difference of 4E-BP1 was not significant and it was a consequence of variance between
A549/CDDP biological replicates. Furthermore, the ratio of phospho-4E-BP1 (Thr37/46) to 4E-
BP1 was significantly decreased in A549/CDDP. These findings strongly suggest an alteration
in 4E-BP1 regulation and phosphorylation, which may be inhibiting global translation and

leading to a reduced metabolic activity of A549/CDDP.

In conclusion, A549/CDDP cells largely differed from A549 cells regarding
metabolism. Glycolysis, the major use of glucose for energy obtaining was found
downregulated in A549/CDDP cells. In addition, mitochondrial activity was also found
downregulated in A549/CDDP cells. Our results indicated that CDPP-resistant cells have a
higher dependence on common energy sources glucose and GLN due to a lack of plasticity of
their reduced metabolism. The decreased metabolic rate observed for A549/CDDP cells may
result in reduced cell growth and ROS production, which could represent a mechanism of
CDDRP resistance in these cells. Finally, we observed higher levels of 4E-BP1 and decreased
ratio of phospho-4E-BP1 to 4E-BP1 suggesting a reduction of global translation in

A549/CDDP.
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Figure 1: Comparison of CDDP cytotoxicity, proliferative and clonogenic capacities of A549 and

Ab549/CDDP cells. A) Cytotoxicity assay showing CDDP concentration vs. cell inhibition growth of
A549 and A549/CDDP cells after 72 h. The concentration that results in inhibiting cell growth by 50%
(Glsp) was calculated and used to compare cisplatin resistance of each cell line. A549 Glso = 2.656 UM;
Ab549/CDDP Glso = 8.793 uM. B) Cell proliferation and C) colony formation in the absence of CDDP.
D) Surviving fraction (SF) of A549 and A549/CDDP cells upon CDDP exposure. Number of cells (B)
and SF (D) were compared by multiple t test one per row, corrected for multiple comparisons using the
Holm-Sidak method. Cell colonies (C) were compared using t test. * p < 0.05, ** p < 0.01, *** p <

0.001, **** p < 0.0001.
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Figure 2: GO biological processes and KEGG pathways enriched in functional annotation analysis
of proteins found up- and downregulated in A549/CDDP cells. Main terms enriched in proteins up-
and downregulated in A549/CDDP cells. Terms are sorted by fold enrichment, whose significance is
indicated by the dot color (-log10 ( False Discovery Rate (FDR) - corrected p-values)). The dot size
indicates the number of proteins associated with each process. The vertical grey dashed line represents

a fold enrichment of 1.
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Figure 3: Relative gene expression of A549/CDDP cells in compared to A549 cells. Relative gene

expression analysis by RT-gPCR from total RNA of A549 and A549/CDDP cells. Data shown are the

means = SD of triplicate analyses. Statistical significance was determined by Mann-Whitney test. * p <

0.05, ** p<0.01, **** p < 0.0001.
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Figure 4: Effects of GIn, glucose and glycolysis inhibitors on the proliferation of A549 and
A549/CDDP cells. Relative growth of A549 and A549/CDDP cells in the presence and in the absence
of A) glucose and B) GLN. Time points were compared were compared by multiple t test one per row,
corrected for multiple comparisons using the Holm-Sidak method. Cytotoxicity assay of A549 and
A549/CDDP cells exposed to glycolysis inhibitors C) 2-DG and D) 3-BrP. Mean and standard deviation

from a representative experiment. * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001.
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BSO (50 uM), C) DEM (100 puM). Data shown are the means + SD of triplicate analyses. Statistical

significance was determined by t test.
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Figure 6: High-performance respirometry analysis comparing A549 and A549/CDDP cells.

Oxygen consumption rate (OCR) expressed as pmol O,/s x 10° cells, mean + SD of N = 5 independent

cultures. Statistical significance was determined by t test. * p < 0.05, ** p < 0.01.
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Figure 7: Analysis of elF2a and 4E-BP1 expression and phosphorylation in A549 and A549/CDDP
cells. A) Western blot analysis of A549 and AS549/CDDP replicates. Arrow represents
hypophosphorylated isoform of 4E-BP1. B) quantification of elF2a, phospho-elF2a (Ser51), 4E-BP1,
phospho-4E-BP1 (Thr37/46) relative to actin intensity. C) ratio of phospho-elF2a: eIF2a intensity. D)
ratio of phospho-4E-BP1 (Thr37/46): 4E-BP1. Statistical significance was determined by multiple t test,

corrected for multiple comparisons using the Holm-Sidak method. ** p < 0.01.
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TABLES

Table 1: Primers sequences utilized for RT-gPCR

Gene

Primers Sequence (5 — 3°)

SLC2A1
(GLUTY)

F: GAACTCTTCAGCCAGGGTCC
R: ACCACACAGTTGCTCCACAT

HK2

F: CCCCTGCCACCAGACTAAAC
R: CAAAGTCCCCTCTCCTCTGG

PKM2

F: ATCGGTCCTCACCAAGTCTGG
R: GAAGATGCCACGGTACAGGT

G6PD

F: ACGACGAAGCGCAGACAG
R: TCCGACTGATGGAAGGCATC

LDHA

F: AGCTGTTCCACTTAAGGCCC
R: TGGAACCAAAAGGAATCGGGA

HIF1A

F: GACCGATTCACCATGGAGGG
R: GTGGCAACTGATGAGCAAGC

C-MYC

F: GGACCCGCTTCTCTGAAAGG
R: TAACGTTGAGGGGCATCGTC

TIGAR

F: CTCTGACTGTTGTCCGGCAT
R: TGCATGGTCTGCTTTGTCCT

SLC16A4
(MCT4)

F: ACAGCCTGGATCTCCTCCAT
R: ATGATGCTCCGGCAAAAGGA

PFKM

F: TGGGACTAAAAGGACTCTACCC
R: CCCTGTGTAAGCCTCAAAGC

SCO2

F: TGGACCACTCCATTGCCATC
R: AGACAGGACACTGCGGAAAG

GOT1

F: CTCTCGATATGGCACCTCCG
R: AAAACCCAGGGATGGCAGTC

GOT2

F: CATGGCTGACCGCATCATTG
R: AGAACTCCTTGATCAGCCGC

GLUD1

F: GACATCGTGCACTCTGGCT
R: AGGTCACACCAGCTTCATTGT

KRAS

F: GCCTTGACGATACAGCTAAT
R: TGACCTGCTGTGTCGAGAAT

ACTB

F: CCTGGCACCCAGCACAAT
R: GACTCGTCATACTCCTGCTTG

18S

F: TCGGAACTGAGGCCATGATT
R: CCTCCGACTTTCGTTCTTGATT
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SUPPLEMENTARY MATERIALS

Supplementary Figure 1: Overview of the proteins identified from A549 and A549/CDDRP cells.
Venn diagrams of proteins identified by LC-MS/MS analysis. Diagrams revealed total, exclusive, and

shared proteins identified in A549 and A54/CDDP.

Supplementary Table 1: Quantitative protein expression analysis between A549 and

A549/CDDRP cells.

Supplementary Table 2: Functional annotation clustering and gene-term enrichment analysis for
proteins found A) upregulated and B) downregulated in A549/CDDP cells in comparison to A549

cells.
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A549 A549/CDDP
274

SUPPLEMENTARY FIGURE 1: Overview of the proteins identified from A549 and A549/CDDP cells.
Venn diagrams of proteins identified by LC-MS/MS analysis. Diagrams revealed total, exclusive, and shared
proteins identified in A549 and A54/CDDP.
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SUPPLEMENTARY TABLE 1: Quantitative protein expression analysis between A549 and A549/CDDP

cells.
Aeen A549:A549/CDDP
Protein name Gene name No Score | Ratio | Probabilit | Overexpres
y sion
10 kDa heat shock HSPE1 P61604 5455.63 = 5.36 1.00 A549
protein_ mitochondrial
14-3-3 protein epsilon YWHAE P62258 1015.06 - - A549
14-3-3 protein gamma YWHAG P61981 754514  4.66 1.00 A549
14-3-3 protein sigma SFN P31947 2146.96 - - A549/CDDP
14-3-3 protein theta YWHAQ P27348 1817.00 = 2.61 1.00 A549
14-3-3 protein zeta/delta  ~ YWHAZ P63104 5249.27  2.27 1.00 A549
26S protease regulatory PSMC3 R4AGNH3 995.51 - - A549/CDDP
subunit 6A
26S protease regulatory PSMC4 P43686 1906.86 - - A549
subunit 6B
3-hydroxyacyl-CoA HSD17B10 Q99714 2197.71  3.03 1.00 Ab549
dehydrogenase type-2
3-hydroxyisobutyrate HIBADH P31937 2002.81  3.60 1.00 A549
dehydrogenase
mitochondrial
40S ribosomal protein RPS13 JAKMX5 884.71 - - A549/CDDP
S13
40S ribosomal protein RPS15 K7ELC2 4797.85 - - A549
S15
40S ribosomal protein RPS17 P08708 8189.89  1.55 1.00 Ab549
S17
40S ribosomal protein RPS28 P62857 2730.54 - - A549/CDDP
S28
40S ribosomal protein RPS4X P62701 2537.10  1.97 1.00 A549
S4_ Xisoform
40S ribosomal protein RPS7 P62081 5197.85 @ 1.08 0.96 A549
S7
40S ribosomal protein RPSA C9J9K3 4825.64 = 1.30 1.00 A549
SA (Fragment)
4F2 cell-surface antigen SLC3A2 P08195 2618.66 - - A549
heavy chain
6-phosphogluconate PGD P52209 18383.40 2.20 1.00 A549
dehydrogenase
decarboxylating
6- PGLS 095336 1219.28 - - A549/CDDP
phosphogluconolactona
se
60 kDa heat shock HSPD1 P10809 12125.92  5.05 1.00 A549
protein_ mitochondrial
60S acidic ribosomal RPLPO P05388 3429.00 @ 5.10 1.00 A549
protein PO
60S acidic ribosomal RPLP1 P05386 51512.98 Normalizing protein
protein P1
60S acidic ribosomal RPLP2 P05387 8938.10 - - A549
protein P2
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60S ribosomal protein
L11

60S ribosomal protein
L22

60S ribosomal protein
L24

60S ribosomal protein
L4

60S ribosomal protein

L8 (Fragment)

78 kDa glucose-
regulated protein
Acetyl-CoA
acetyltransferase
mitochondrial
Aconitate hydratase_
mitochondrial
Actin_ alpha cardiac
muscle 1
Actin_ cytoplasmic 1
Actin_ cytoplasmic 2
Actin-related protein 3

Adenylyl cyclase-
associated protein 1
ADP-ribosylation factor
3
ADP-ribosylation factor
4
ADP/ATP translocase 1

Alanine--tRNA ligase
cytoplasmic
Aldehyde
dehydrogenase_ dimeric
NADP-preferring
Aldehyde
dehydrogenase_
mitochondrial
Aldo-keto reductase
family 1 member B10
Aldo-keto reductase
family 1 member C1
Aldo-keto reductase
family 1 member C2
Aldo-keto reductase
family 1 member C3

Aldose reductase
Alpha-actinin-4
Alpha-enolase
Annexin Al
Annexin A2
Annexin A4

RPL11

RPL22

RPL24

RPL4

RPL8

HSPA5

ACAT1

ACO2

ACTC1

ACTB
ACTG1
ACTR3

CAP1

ARF3

ARF4

SLC25A4
AARS

ALDH3A1

ALDH?2

AKR1B10

AKR1C1

AKR1C2

AKR1C3

AKR1B1
ACTN4
ENO1
ANXA1
ANXA2
ANXA4

P62913
P35268
C9JXB8
P36578
E9PKZ0
P11021

P24752

Q99798
P68032

P60709
P63261
P61158
Q01518

P61204
P18085

P12235
P49588

P30838

P05091

060218
Q04828
P52895

AOAOAOMS
S8
P15121

043707
P06733
P04083
P0O7355
P09525

3202.81

4910.75

1210.21

1136.77

1267.90

5102.34

2412.25

1153.82

918.27

30879.36
31803.16
1688.38
1365.23

5358.78

3140.52

4210.19
1769.41

13070.40

1849.62

18093.57

20069.67

911.52

16352.93

2937.44
8139.03
14101.80
19702.07
8074.46
5638.42

3.29

2.27

4.62

2.58

1.90

8.33

3.19

4.57

2.64

6.17

9.78

2.61
2.01
2.14
2.83
7.17
7.32

1.00

1.00

1.00

1.00

1.00

1.00

1.00

1.00

1.00

1.00

1.00

1.00
1.00
1.00
1.00
1.00
1.00

A549/CDDP

A549

A549/CDDP

A549

A549/CDDP

A549

A549

A549

A549/CDDP

A549/CDDP
A549
A549
A549

A549/CDDP

A549

A549/CDDP
A549

A549

A549

A549

A549

A549

A549

A549
A549
A549
A549
A549
A549
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Annexin A5

Anterior gradient
protein 2 homolog
AP-2 complex subunit
beta
Aspartate
aminotransferase_
cytoplasmic
Aspartate
aminotransferase_
mitochondrial
ATP synthase subunit
alpha_ mitochondrial
ATP synthase subunit
beta_ mitochondrial
ATP synthase subunit
d_ mitochondrial
ATP synthase subunit
O_ mitochondrial
ATP-citrate synthase

BAG family molecular
chaperone regulator 3
Barrier-to-
autointegration factor
Calcium-binding
mitochondrial carrier
protein Aralar2
Calmodulin

Calnexin
Calpastatin

Calreticulin
Carbonic anhydrase 12

Carbonyl reductase
[NADPH] 1
Chloride intracellular
channel protein 1
Citrate synthase

Clathrin heavy chain

Cleavage and
polyadenylation
specificity factor

subunit 5

Coatomer subunit alpha

Cofilin-1

Complement component

1 Q subcomponent-
binding protein_
mitochondrial

ANXAS5
AGR2

AP2B1

GOT1

GOT2

ATP5A1
ATP5B
ATP5H
ATP50

ACLY
BAG3

BANF1

SLC25A13

CALM1
CANX
CAST

CALR
CA12
CBR1

CLIC1

CS
CLTC

NUDT21

COPA
CFL1
C1QBP

P08758
095994

P63010
P17174

P0O0505

P25705
P06576
075947
P48047

P53396
095817

075531

Q9UJSO

P62158
P27824

AOAO0C4DG
B5
P27797

043570
P16152

000299

B4DJV2
AOA087WV

Q6
043809

P53621
E9PK25
Q07021

1957.23
4034.07

997.48

1177.14

3530.26

5307.70

10118.14

4942.79

1350.35

1449.09
1499.14

22563.58

1201.75

8614.13
1768.14
861.61

2827.32
4085.37
2540.17

2659.74

1161.70
1002.98

2785.87

893.07
14408.48
1780.33

7.24
37,71

3.82

3.19

2.01

1.17

3.42

2.86

2.05

6.42

2.29

1.75
1.58

1.00
1.00

1.00

1.00

1.00

1.00

1.00

1.00

1.00

1.00

1.00

1.00
1.00

A549
A549

A549

A549/CDDP

A549/CDDP

A549

A549

A549

A549/CDDP

A549/CDDP
A549/CDDP

A549

A549

A549/CDDP
A549
A549/CDDP

A549
A549/CDDP
A549

A549/CDDP

A549
A549/CDDP

A549

A549/CDDP
A549
A549
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Cystatin-B
Cytochrome b-cl
complex subunit

Rieske_ mitochondrial
Cytochrome c oxidase
subunit 5A
mitochondrial
Cytochrome c1_ heme
protein_ mitochondrial
Cytoplasmic aconitate
hydratase
Dihydropyrimidinase-
related protein 2
DNA-(apurinic or
apyrimidinic site) lyase
Dolichyl-
diphosphooligosacchari
de--protein
glycosyltransferase
subunit 2
Electron transfer
flavoprotein subunit
alpha_ mitochondrial
Elongation factor 1-
alpha 2
Elongation factor 1-beta

Elongation factor 2

Elongation factor Tu_
mitochondrial
Endoplasmic reticulum
resident protein 29
Endoplasmin

Enoyl-CoA hydratase_
mitochondrial
Epoxide hydrolase 1

Erythrocyte band 7
integral membrane
protein
Eukaryatic initiation
factor 4A-11
Eukaryotic translation
initiation factor 5A-1
Eukaryotic translation
initiation factor 6
Far upstream element-
binding protein 2

Filamin-A
Flavin reductase
(NADPH)

Fructose-bisphosphate
aldolase A

CSTB
UQCRFS1

COX5A

CyC1
ACO1

DPYSL2

APEX1

RPN2

ETFA

EEF1A2

EEF1B2
EEF2
TUFM

ERP29

HSP90B1
ECHS1

EPHX1
STOM

EIF4A2
EIF5A
EIF6

KHSRP

FLNA
BLVRB

ALDOA

P04080
P47985

H3BNX8

P08574
P21399

AOALCT7CY
X9
P27695

P04844

P13804

Q05639

P24534
P13639
P49411

P30040

P14625
P30084

P0O7099
P27105

Q14240
13L504
P56537

AOAO087TWT
P3
P21333

P30043

P04075

2003.60
2570.11

1299.02

1029.55

5708.51

1757.27

1251.79

1039.72

6095.82

3475.46

2157.17
5972.93
3268.56

2337.15

5351.34
1514.01

1510.14
2011.27

1486.17

1873.92

1682.25

1026.40

2844.22
2100.98

9896.66

1.52

1.07

1.92

1.26

2.39
2.05
2.97

4.18
4.71

4.57
2.92

3.60

1.93

1.38

1.54

1.00

0.96

1.00

1.00

1.00
1.00
1.00

1.00
1.00

1.00
1.00

1.00

1.00

1.00

1.00

A549
A549

A549

A549

A549

A549

A549

A549/CDDP

A549

A549

A549
A549
A549

A549

A549
A549

A549
A549

A549

A549

A549

A549/CDDP

A549
A549/CDDP

A549/CDDP
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Galectin-1

Glucose-6-phosphate 1-
dehydrogenase
Glucose-6-phosphate
isomerase (Fragment)

Glutathione S-
transferase P
Glyceraldehyde-3-
phosphate
dehydrogenase
Glyoxylate
reductase/hydroxypyruv
ate reductase
GTP-binding nuclear
protein Ran
GTP-binding protein
SARla
Heat shock 70 kDa
protein 1B

Heat shock 70 kDa
protein 4
Heat shock cognate 71
kDa protein
Heat shock protein beta-
1
Heat shock protein HSP
90-alpha
Heat shock protein HSP
90-beta
Heterogeneous nuclear
ribonucleoprotein F
Heterogeneous nuclear
ribonucleoprotein K
Heterogeneous nuclear
ribonucleoprotein Q
Heterogeneous nuclear
ribonucleoprotein U
Heterogeneous nuclear
ribonucleoproteins
A2/B1
Histidine triad
nucleotide-binding
protein 1
Histone H1.4

Histone H2A

Histone H2A.Z
Histone H2AX
Histone H2B

Histone H3 (Fragment)

LGALS1
G6PD

GPI

GSTP1

GAPDH

GRHPR

RAN

SARIA

HSPA1B

HSPA4

HSPAS

HSPB1

HSP90AA1L

HSP90AB1

HNRNPF

HNRNPK

SYNCRIP

HNRNPU

HNRNPA2
Bl

HINT1

HIST1H1E
N/A

H2AFZ
H2AFX

HIST1H2B
N
H3F3B

P09382 897.23
P11413 5453.06
AOAOAOMT  11408.26
S2
P09211 39906.52
P04406 28056.91
QouUBQ7 2488.14
B5MDF5 1000.37
QINR31 1890.22
AOQA0G2JI | 18344.75
W1
P34932 3229.50
P11142 15891.42
P04792 12113.59
P07900 14893.04
P08238 4996.02
P52597 1135.86
P61978 14853.93
060506 791.14
Q00839 1657.69
P22626 1161.72
P49773 3074.67
P10412 2912.70
AOAOU1RR  10970.97
H7
POCOS5 2070.54
P16104 8775.58
U3KQKO 16811.61
K7EKO07 2307.70

3.32
3.82

3.71

2.25

3.16

3.42

1.05

3.39

151

2.58

2.72

2.18

241

0.79

1.51
1.30

2.27

1.00
1.00

1.00

1.00

1.00

1.00

0.94

1.00

1.00

1.00

1.00

1.00

1.00

0.00

0.80
1.00

1.00

A549
A549

A549

A549

A549

A549

A549

A549

A549

A549

A549

A549

A549

A549

A549

A549/CDDP

A549/CDDP

A549

A549

A549
A549/CDDP

A549

A549

A549
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Histone H3.2
Histone H4

Hsc70-interacting
protein (Fragment)
Hydroxyacyl-coenzyme
A dehydrogenase_
mitochondrial
Inorganic
pyrophosphatase
Integrin beta-1

Isochorismatase
domain-containing
protein 2 (Fragment)
Isocitrate
dehydrogenase [NADP]
cytoplasmic
Keratin_ type |
cytoskeletal 18
Keratin_ type Il
cytoskeletal 7
Keratin_ type Il
cytoskeletal 8
Kynureninase

L-lactate dehydrogenase
A chain
L-lactate dehydrogenase
B chain
Lactoylglutathione lyase

Lamina-associated
polypeptide 2_ isoform
alpha
Macrophage migration
inhibitory factor
Major vault protein

Malate dehydrogenase_
cytoplasmic
Malate dehydrogenase
mitochondrial
Microsomal glutathione
S-transferase 1
Moesin
Myosin light
polypeptide 6
Myosin-9
NADPH--cytochrome
P450 reductase
NADPH:adrenodoxin
oxidoreductase_
mitochondrial
Neutral alpha-
glucosidase AB

HIST2H3A
HIST1H4A
ST13

HADH

PPA1l

ITGB1
ISOC2

IDH1

KRT18

KRT7

KRT8

KYNU
LDHA

LDHB

GLO1
TMPO

MIF

MVP
MDH1

MDH2

MGST1

MSN
MYLG6

MYH9
POR

FDXR

GANAB

Q71DI3
P62805
F6VDH7

AOAOAOMS
E2

Q15181

P05556
K7EKW4

075874

P05783
P08729
P05787

Q16719
P00338

P07195

Q04760
P42166

P14174

Q14764
P40925

P40926
P10620

P26038
G8JLA2

P35579
P16435

P22570

F5H6X6

8863.72
20088.14
1103.01

1189.04

1514.83

1652.34
13089.19

1692.17

26195.07

5916.27

44708.18

1026.88
20600.90

20919.42

1428.86
1638.84

25074.88

1132.12
1735.06

16495.98

2141.82

1321.98
1865.80

777.51
870.10

1296.29

862.83

2.36
3.25

2.01

2.64

1.11

2.20

1.82
1.20

1.72

4.22

2.34

3.22

2.56

0.95

1.00
1.00

1.00

1.00

1.00

1.00

1.00
1.00

1.00

1.00

1.00

1.00

1.00

0.43

A549
A549
A549/CDDP

A549/CDDP

A549

A549
A549

A549

A549

A549

A549

A549
A549

A549

A549
A549/CDDP

A549

A549
A549/CDDP

A549

A549

A549/CDDP
A549

A549/CDDP
A549

A549

70




Nicotinamide N-
methyltransferase
Nicotinamide
phosphoribosyltransfera
se
Nuclear factor of-
activated T-cells 5
Nuclease-sensitive
element-binding protein
1 (Fragment)
Nucleolar and coiled-
body phosphoprotein 1
Nucleolin

Nucleophosmin

Nucleoside diphosphate
kinase
Ornithine
aminotransferase_
mitochondrial
PDZ and LIM domain
protein 1
Peptidyl-prolyl cis-trans
isomerase A
Peptidyl-prolyl cis-trans
isomerase B
Peptidyl-prolyl cis-trans
isomerase FKBP1A
Peptidyl-prolyl cis-trans
isomerase FKBP4
Perilipin-3
Peroxiredoxin-1
Peroxiredoxin-4

Peroxiredoxin-5_
mitochondrial
Peroxiredoxin-6

Peroxisomal
multifunctional enzyme
type 2
Phosphatidylethanolami
ne-binding protein 1
Phosphoglucomutase-1

Phosphoglycerate
Kinase 1
Phosphoglycerate
mutase 1
Plastin-3
Plectin
Polypyrimidine tract-
binding protein 1

Polypyrimidine tract-
binding protein 3

NNMT

NAMPT

NFAT5

YBX1

NOLC1

NCL
NPM1
NME1-

NME2

OAT

PDLIM1

PPIA

PPIB

FKBP1A

FKBP4

PLIN3
PRDX1
PRDX4
PRDX5

PRDX6
HSD17B4

PEBP1

PGM1
PGK1

PGAM1

PLS3
PLEC
PTBP1

PTBP3

P40261

P43490

H3BP21

HOY449

S4R341

P19338
P06748

Q32012
P04181

000151
P62937
P23284
P62942
Q02790

060664
Q06830
Q13162
P30044

P30041
P51659

P30086

P36871
P00558

P18669

P13797
Q15149
P26599

095758

4745.17

4020.73

2385.66

1367.58

2320.54

1387.59
8147.96
2781.09

1109.45

1660.00

32242.34

3398.99

1003.11

1332.70

1197.33
10369.73
1513.33
5435.41

1892.71
1524.74

2015.04

2100.78
6612.81

12065.18

2472.04
937.47
17974.43

1759.77

3.52

1.26

0.95
3.13

1.79

3.35

2.53

2.92

4.53

3.03

2.77
2.86

2.64

2.27

1.31

1.00

1.00

0.00
1.00

1.00

1.00

1.00

1.00

1.00

1.00

1.00
1.00

1.00

1.00

1.00

A549

A549

A549/CDDP

A549/CDDP

A549/CDDP

A549/CDDP
A549/CDDP
A549

A549

A549

A549

A549

A549/CDDP

A549/CDDP

A549/CDDP
A549
A549/CDDP
A549

A549
A549

A549

A549
A549

A549

A549
A549/CDDP
A549

A549/CDDP
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Polyubiquitin-C
(Fragment)
Pre-mRNA-processing
factor 19
Profilin-1
Prohibitin
Proliferating cell
nuclear antigen
Prosaposin

Prostaglandin E
synthase 3

Prostaglandin reductase
1
Proteasome activator
complex subunit 2
Proteasome subunit
alpha type
Proteasome subunit beta
type (Fragment)
Proteasome subunit beta
type-1
Protein deglycase DJ-1
Protein disulfide-
isomerase
Protein disulfide-
isomerase A3
Protein disulfide-
isomerase A4
Protein disulfide-
isomerase A6
Protein preY _
mitochondrial
Protein S100
(Fragment)
Protein S100-A10

Protein S100-A11

Protein-glutamine
gamma-
glutamyltransferase 2
Protein-L-
isoaspartate(D-
aspartate) O-
methyltransferase
Putative elongation
factor 1-alpha-like 3
Pyridoxal kinase

Pyruvate kinase PKM
Quinone oxidoreductase

Rab GDP dissociation
inhibitor beta

uBC

PRPF19

PFN1
PHB
PCNA

PSAP
PTGES3

PTGR1

PSME2

PSMAZ2

PSMA4

PSMB1

PARK?
PAHB

PDIA3

PDIA4

PDIAG

PYURF

S100A6

S100A10
S100A11
TGM2

PCMT1

EEF1A1P5

PDXK
PKM
CRYZ
GDI2

F5H6Q2
Q9IUMS4

PO7737
P35232
P12004

P07602

AOA087TWY

T3
Q14914

HOYM70

AOA024RA

52
HOYKTS8

P20618

Q99497
P07237

P30101
P13667
Q15084
Q96123

RAGN98

P60903
P31949
P21980

F6S8NG

Q5VTED

000764
P14618
Q08257
P50395

9778.59

1329.80

15102.87
3510.62
12391.33

3524.15
2946.83

3206.07

2543.65

1143.41

1489.17

1858.38

7490.02
12779.17

4763.27

1430.53

8144.39

2303.76

1285.13

2320.70
19396.29
7127.53

1191.09

23071.31

3261.09
29069.33
3662.09
5975.07

1.14
1.92
1.17

2.58
2.48

4.22

2.80

3.42

6.36
3.71
1.72

1.04

3.19

4.01

1.00
1.00
1.00

1.00
1.00

1.00

1.00

1.00

1.00
1.00
1.00

1.00

1.00

1.00

A549/CDDP

A549/CDDP

A549
A549
A549

A549/CDDP
A549/CDDP

A549

A549/CDDP

A549

A549/CDDP

A549

A549
A549

A549

A549

A549

A549/CDDP

A549/CDDP

A549
A549
A549

A549

A549

A549/CDDP
A549
A549
A549
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Radixin
Ras GTPase-activating-
like protein IQGAP1
Receptor of-activated
protein C kinase 1
Reticulon-4

Retinal dehydrogenase
1

Rho GDP-dissociation
inhibitor 1

Ribonuclease inhibitor

S-formylglutathione

hydrolase

Sepiapterin reductase

Serine/threonine-protein
phosphatase 2A
activator (Fragment)
Serpin H1

Serum albumin
(Fragment)
Sideroflexin-1

Small nuclear
ribonucleoprotein E
Small nuclear
ribonucleoprotein Sm
D1
Spliceosome RNA
helicase DDX39B
Splicing factor U2AF
65 kDa subunit
Splicing factor_ proline-
and glutamine-rich
Stomatin-like protein 2_
mitochondrial
Stress-70 protein_
mitochondrial
Stress-induced-
phosphoprotein 1
SUMO-activating
enzyme subunit 1
Superoxide dismutase
[Cu-Zn]
T-complex protein 1
subunit alpha
T-complex protein 1
subunit beta
T-complex protein 1
subunit delta
T-complex protein 1
subunit epsilon
T-complex protein 1
subunit gamma

RDX
IQGAP1

RACK1

RTN4
ALDH1A1

ARHGDIA

RNH1
ESD

SPR
PTPA

SERPINH1
ALB

SFXN1
SNRPE

SNRPD1

DDX39B
U2AF2
SFPQ
STOML2
HSPA9
STIP1
SAE1
soD1
TCP1
CCT2
CCT4
CCT5

CCT3

P35241
P46940

J3KPE3

QINQC3
P00352

J300X2

P13489
X6RA14

P35270
Q5T948

P50454
HOYAS5

Q9HIB4
P62304

J3QLI9

Q13838
P26368
P23246

QoUJZ1
P38646
P31948

QYUBED
P00441
P17987
P78371
P50991
P48643

P49368

1273.63
1850.76

788.18

776.60
35496.59

2320.40

3143.41
1589.46

1733.86
2629.19

3894.59
792.88

6017.82
1714.72

13351.88

948.77

4859.77

1251.97

9450.80

5041.43

1089.04

2106.56

8846.47

1241.71

2390.36

7327.31

2615.86

1705.68

1.84

521

2.51

2.12

4.30

3.39

1.77

0.44

2.44

1.95

2.01

2.14

3.67

1.00

1.00

1.00

1.00

1.00

1.00

1.00

0.00

1.00

1.00

1.00

1.00

1.00

A549
A549

A549/CDDP

A549/CDDP
A549

A549

A549
A549

A549
A549/CDDP

A549
A549/CDDP

A549
A549/CDDP

A549

A549/CDDP

A549/CDDP

A549/CDDP

A549

A549

A549/CDDP

A549/CDDP

A549

A549

A549

A549

A549

A549
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Talin-1
Thioredoxin

Thioredoxin reductase
1 cytoplasmic
Thioredoxin-dependent
peroxide reductase_
mitochondrial
Transaldolase

Transcription factor
BTF3
Transgelin-2

Transitional
endoplasmic reticulum
ATPase
Transketolase

Transmembrane emp24
domain-containing
protein 9
Trifunctional enzyme
subunit alpha_
mitochondrial
Triosephosphate
isomerase
Tubulin alpha-1B chain
Tubulin beta chain
Tubulin beta-3 chain
Tubulin beta-4B chain
Ubiquilin-1
Ubiquitin carboxyl-
terminal hydrolase
isozyme L1
Ubiquitin-40S
ribosomal protein S27a
Ubiquitin-conjugating
enzyme E2 N
Ubiquitin-like modifier-
activating enzyme 1
UDP-glucose 6-
dehydrogenase
Uncharacterized protein

UV excision repair
protein RAD23
homolog A
Very-long-chain 3-
oxoacyl-CoA reductase
Vesicle-associated
membrane protein-
associated protein A
Vimentin

TLN1
TXN
TXNRD1

PRDX3

TALDO1
BTF3

TAGLN2
VCP

TKT
TMEDS9

HADHA

TPI1

TUBALB
TUBB
TUBB3
TUBB4B
UBQLN1
UCHL1

RPS27A
UBE2N
UBA1
UGDH

N/A

RAD23A

HSD17B12

VAPA

VIM

QY490
P10599

AOA087WS

W9
P30048

F27Z393
P20290

P37802
P55072

P29401
Q9BVKSG

P40939

P60174

P68363
P07437
Q13509
P68371

QIUMXO0
P09936

P62979
P61088
P22314

060701

AOA1BOGU

92
P54725

Q53GQO0

QIPOLO

P08670

2047.29
2030.48
5958.18

5899.13

2915.81
4082.76

15695.73
3902.94

23749.47
2582.50

1159.91

29488.05

12114.35
32065.27
1110.24
372457
2064.87
5440.01

11788.96

4614.44

3376.13

6934.43

2389.41

2542.46

1360.96

1401.82

1418.23

1.58
2.14
2.46

3.78

2.53

2.48

4.10

2.14

1.86
1.86
1.84
3.78

1.75

1.93

2.80

2.10

1.00
1.00
1.00

1.00

1.00

1.00

1.00

1.00

1.00
1.00
1.00
1.00

1.00

1.00

1.00

1.00

A549
A549
A549

A549

A549/CDDP
A549

A549/CDDP
A549

A549
A549/CDDP

A549

A549

A549
A549
A549
A549
A549/CDDP
A549

A549

A549/CDDP

A549

A549

A549

A549/CDDP

A549

A549/CDDP

A549
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Vinculin

Voltage-dependent
anion-selective channel
protein 1
X-ray repair Ccross-
complementing protein
5
X-ray repair cross-
complementing protein

Zinc finger protein 331
(Fragment)
Zinc finger protein 90

VCL
VDAC1

XRCC5

XRCC6

ZNF331

ZNF90

P18206
P21796

P13010

P12956

D6RH27

AOA087WZ
27

1009.60
1866.67

3189.08

2360.83

4422.31

1705.61

2.22
2.36

2.34

1.00
1.00

1.00

A549
A549

A549

A549

A549

A549/CDDP

N/A, not applicable

Supplementary Table 2: Functional annotation clustering and gene-term enrichment analysis for

proteins found A) upregulated and B) downregulated in A549/CDDP cells in comparison to A549

cells.
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4. DISCUSSAO GERAL

O cancer de pulmdo € o mais incidente no mundo, sendo o lider em causa de mortes
relacionada a essa patologia. Na maioria dos casos, o seu diagndstico € realizado em estagios
avancados da doenca, 0 que gera a necessidade da utilizacdo de agentes quimioterapicos no
tratamento. A CDDP ¢é um farmaco utilizado para diferentes tipos de cancer, incluindo o de
pulmao, mas apesar de sua eficécia, a resisténcia tumoral a CDDP ¢ frequente, sendo um fator
relevante que limita o sucesso do tratamento. Os diferentes mecanismos de resisténcia incluem
reparo ao dano no DNA, alteracdo de vias de sinalizacdo apoptotica, detoxificacdo por
moléculas redutoras e alteracfes no metabolismo bioenergético. Vias metabolicas e processos
relacionados a bioenergética ja foram descritos como potenciais eventos moleculares
relacionados a resisténcia tumoral. Contudo, os diferentes trade-offs bioenergéticos e a

regulacdo do metabolismo em células resistentes a CDDP ainda é pouco compreendido.

O presente estudo teve como objetivo o melhor entendimento do metabolismo e
necessidades bioenergéticas de células NSCLC com resisténcia adquirida & CDDP, assim,
caracterizando potenciais trade-offs envolvidos com a resisténcia a droga. Para isso, células da
linhagem de adenocarcinoma de pulméo humano A549 foram expostas a concentracfes baixas
e crescentes de CDDP com o intuito de desenvolver sublinhagens com resisténcia adquirida a
droga. Desse modo, considerando o interesse em identificar mecanismos frequentemente
envolvidos com a resisténcia tumoral a CDDP, estas linhagens foram desenvolvidas em
triplicata, sendo consideradas replicatas bioldgicas em todos os experimentos. Além disso, 0s
niveis de resisténcia obtidos para a sublinhagem A549/CDDP foram considerados clinicamente
relevantes, visto que na clinica os tumores resistentes apresentam niveis de resisténcia de 2 a 5

vezes maiores apds o tratamento quimioterapico (MCDERMOTT et al., 2014).

Estudos protebmicos prévios do nosso grupo, utilizando o mesmo modelo de
sublinhagens resistentes, identificaram um grande numero de proteinas reguladas
negativamente nas células A549/CDDP. Entre elas, estdo proteinas relacionadas a diversas vias
de obtencdo de energia. Com o propoésito do melhor entendimento da regulacdo destas vias,
foram realizados ensaios de RT-gPCR, comparando a expressao génica relativa entre as células
A549 e A549/CDDP. Por essa razéo, os genes escolhidos para estas analises incluiram enzimas

de diferentes vias bioenergéticas e reguladores da expressao génica.
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Os ensaios de RT-gPCR revelaram uma reducéo significativa na expressao das enzimas
HK2 e LDHA em células A549/CDDP em comparagdo com a linhagem sensivel A549. Apds a
entrada da molécula de glicose na célula, HK2 é responsavel por sua fosforilacdo, sendo
considerado este 0 primeiro passo da glicolise (KOCH et al., 2020). Com isso, a manutengéo
da via glicolitica esté diretamente relacionada a HK2. Enzimas homdlogas a HK2, como HK1,
HK3 e HK4, podem estar envolvidas nesta etapa suprindo a falta de HK2. Contudo, estas
enzimas apresentam menor eficiéncia comparadas a HK2 por exibirem menor afinidade ao
substrato ou conterem menos subunidades cataliticas. Da mesma forma, HK2 é usualmente
relacionada com a regulacgéo da via glicolitica por reguladores metaboélicos em comparagdo com
as enzimas homologas (KRASNOV et al., 2013). A expressdo de HK2 também esta fortemente
relacionada com o crescimento tumoral (WANG et al., 2016a), desse modo, sua regulacéo
negativa em células A549/CDDP pode ser responsavel pela reduzida taxa proliferativa e
capacidade clonogénica dessa linhagem em comparagdo com a linhagem parental A549. A
atividade de LDHA também esta relacionada com a progressao e capacidade de invasdo do
cancer (CAI et al., 2019), e sua expressdo reduzida na sublinhagem resistente pode estar
relacionada com sua capacidade de proliferacdo reduzida. LDHA é responsavel pela conversao
de piruvato a lactato, acoplado com a oxidacdo de NADH para NAD+, sendo a Ultima etapa da
glicolise. Este processo reduz a dependéncia por O, regula a via glicolitica e esta relacionado
com a resposta a diferentes situacdes fisiolégicas como injuria em tecidos, necrose, hipdxia,
hemolise e infarto do miocardio (MIAO et al., 2013). Além da regulacdo negativa destas
enzimas, o transportador de glicose GLUTL1 apresentou expressao reduzida em células
A549/CDDP, todavia, ndo apresentou diferenca estatistica devido a variacdo na expressao entre
as réplicas bioldgicas das sublinhagens resistentes. Ainda, as enzimas da via glicolitica GPI,
TPI1, GAPDH, PGAML1, PGM1, PGK1, ENO1, PKM, LDHA e LDHB, foram identificadas
reguladas negativamente em células A549/CDDP nas analises protedmicas. A reducdo da
expressdo constatada pelas anélises de expressdo génica por RT-qPCR e protedmica geral nas
células A549/CDDP confirma a regulagé@o negativa da via glicolitica e, consequentemente, uma

possivel redugdo na atividade desta via em células A549/CDDP.

Entre os reguladores avaliados, o regulador negativo da glicolise Fructose-2,6-
bisphosphatase TIGAR (TIGAR) foi encontrado regulado positivamente na linhagem
A549/CDDP, indicando uma possivel participacdo deste repressor da via glicolitica na
regulacdo do metabolismo das células resistentes. A expressdo do gene TIGAR pode estar

associado com a resisténcia a morte celular, visto que seu silenciamento em celulas tumorais ja
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foi associado a maior susceptibilidade a estresses como hipdxia, irradiagdo e ao quimioterapico
temozolomida (MAURER et al., 2019). Um dos fatores determinantes do efeito de TIGAR na
resisténcia a morte celular é a diminuicdo de ROS associada a expressao deste gene. A maior
expressao de TIGAR gera o aumento de NADPH intracelular, molécula que participa da reagédo
de reducdo de glutationa, consequentemente aumentando a concentracdo de GSH na célula
(BENSAAD et al., 2006). Este processo também foi relacionado com a resposta de células
tumorais a epirrubicina, agente anticancer intercalante de DNA. Ensaios in vitro e in vivo
revelaram a maior citotoxicidade desta droga apos o silenciamento génico de TIGAR, levando
a diminuicdo de NADPH, aumento de ROS e apoptose (XIE et al., 2014). Visto o importante
papel deste regulador na resposta a quimioterapicos, a maior expressao de TIGAR em células
A549/CDDP pode estar relacionada a resisténcia desta linhagem. Outros reguladores do
metabolismo bioenergético também foram avaliados, mas ndo apresentaram diferenca entre
celulas A549 e A549/CDDP. Entre eles esta o fator de transcrigdo HIF-1 (hypoxia inducible
factor 1), que apresenta um papel fundamental na regulacédo da glicélise (MASOUD; LI, 2015);
o fator de transcricdo mestre Myc proto-oncogene protein (c-Myc), o qual esta relacionado com
a regulacdo positiva da glicdlise, incluindo situacGes de normdxia, e glutamindlise (QU et al.,
2018); e o fator de montagem do citocromo c oxidase (COX), synthesis of cytochrome C oxidase
2 (SCO2), um dos principais reguladores positivos da obtencdo de energia pela cadeia
transportadora de elétrons (MADAN et al., 2011).

A ampla utilizacdo de glutamina em diferentes processos bioldgicos e a alteracdo de
enzimas relacionadas ao metabolismo deste aminoacido constatada pela analise proteémica
gerou a necessidade de um melhor entendimento da expressdo destes genes em células
A549/CDDP. Foram avaliadas as expressdes das enzimas Aspartate aminotransferase,
cytoplasmic (GOT1), Aspartate aminotransferase, mitochondrial (GOT2) e Glutamate
dehydrogenase 1, mitochondrial (GLUDL), e a proteina de ligacdo ao nucleotideo guanina
GTPase KRas (KRAS) a nivel de RNA. Os genes codificadores destas proteinas apresentaram
uma reducdo na expressdo relativa em células A549/CDDP. No entanto, apenas GOT1 e
GLUDL1 apresentaram diferenca significativa nas suas expressdes. A utilizagdo da glutamina
como fonte de energia consiste na internalizagdo do aminoacido na mitocondria e a conversao
em glutamato, podendo este ser convertido em a-cetoglutarato (a-KG) pela enzima GLUTL,
liberando uma molécula de amonia e prontamente incorporado a-KG no ciclo do TCA.
Aminotransferases sdo enzimas capazes de converter glutamato em a-KG sem a producdo de
amonia, entre estas enzimas entdo as transaminases glutdmico-oxaloacéticas (GOT), também
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conhecidas como aspartato aminotransferases, que transferem o nitrogénio proveniente do
glutamato para oxaloacetato (OAA) produzindo a-KG e aspartato (ALTMAN et al., 2016).

Apesar da diminuigdo na expressdo de enzimas relacionadas ao metabolismo de
glutamina a nivel de RNA nas células resistentes a CDDP, os dados protedmicos foram
discordantes, indicando um aumento das enzimas GOT1 e GOT2. Tendo em vista os diferentes
niveis e a complexidade da regulacao da expressao génica, dados discordantes entre expressao
de RNA e proteina s@o frequentes, e esta falta de correlacdo j& foi descrita em células de
adenocarcinoma de pulméo (CHEN et al., 2002). O aumento da presenca das enzimas GOT1 e
GOT2 em células A549/CDDP, enquanto a expressdo de RNA esta reduzida, pode ser efeito do
aumento da estabilidade destas proteinas. Este evento pode ser dado por fatores como alteracédo
em processos de ubiquitinacdo e desubiquitinacdo, e alteracdo na regulagédo da montagem e
atividade do proteassomo (CAl et al., 2018; ROUSSEAU; BERTOLOTTI, 2018). Os resultados
obtidos no presente estudo ndo permitiram inferir uma diminuicdo ou aumento da participacédo
desta via no metabolismo de células A549/CDDP. Contudo, os dados apresentaram uma

alteracdo na regulacdo da expressdo génica em niveis de RNA e proteina.

A analise de respirometria de alta resolucdo foi realizada utilizando Oxygraph-2k (O2k,
OROBOROS INSTRUMENTS, Austria), um respirdmetro de alta precisdo que permite a
analise em tempo real da variacdo de O2 no meio em uma resolugdo na escala de pmol de O».
O instrumento é dotado de duas camaras onde permite a avaliacdo de duas amostras
simultaneamente (LONG et al., 2019). Neste contexto, foram realizados ensaios de
respirometria analisando simultaneamente o consumo de O por células A549 e A549/CDDP a

fim de minimizar possiveis erros experimentais.

A respiracdo basal - ou de rotina - de células A549/CDDP se apresentou diminuida.
Estes dados indicam uma possivel reducao na atividade mitocondrial ou uma possivel reducdo
em massa mitocondrial da célula. Alem disso, foi identificada a reducdo em consumo de
oxigénio ligado a sintese de ATP (ATP-linked), indicando uma reducdo em OXPHOS. A
diminuicdo da atividade mitocondrial em células de céancer é frequentemente associada a
disfuncéo e ao dano mitocondrial, resultando na permeabilidade da membrana interna da
mitocondria (BRISTON et al., 2019). Contudo, o vazamento de protons, consequente da
permeabilidade da membrana interna (proton leak), foi encontrado diminuido em celulas
A549/CDDP. Proton leak é resultado de diversos fatores, entre eles estd a participacdo de

mecanismos envolvidos com regulacdo da homeostase mitocondrial como proteinas de
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desacoplamento (UCPs, do inglés uncoupling proteins) e poro de transi¢cdo de permeabilidade
mitocondrial (mPTP, do inglés mitochondrial permeability transition pore). O
desemparelhamento da transferéncia de elétrons pelos complexos I-IV e a atividade do
complexo V, ou ATP sintase, pode gerar um aumento na diferenca de potencial mitocondrial o
que leva ao aumento de ROS. Este aumento da diferenca no potencial mitocondrial pode ser
remediado por UCPs, visto sua funcdo de diminuicdo do potencial mitocondrial (BAFFY,
2017). Além de UCPs, outro mecanismo relacionado a permeabilidade da membrana interna da
mitocondria € a ativacdo de mPTP. Esta ativacdo é mediada principalmente por ROS,
compostos nitricos oxidativos e ions Ca** (ZOROV et al., 2014). Considerando a relagdo destes
mecanismos com desequilibrio na homeostase mitocondrial, a diminuicdo de proton leak
células A549/CDDP indica uma auséncia destes mecanismos e, consequentemente, uma

atividade mitocondrial regulada.

A capacidade de respiragdo maxima tedrica ndo apresentou diferenca entre as linhagens,
0 que indica uma possivel similaridade no conteddo mitocondrial das células A549 e
A549/CDDP. Ainda, a capacidade reserva de respiracdo ndo apresentou diferenca entre as
linhagens, sendo um indicio de que células A549/CDDP ndo apresentam maiores demandas de
energia pela respiracdo mitocondrial comparada com células A549. Outro pardmetro similar
entre as linhagens foi o consumo de oxigénio residual (ROX). A taxa de ROX pode ser
influenciada principalmente pela quantidade de ROS da célula ou por enzimas que consomem
oxigénio, como NADPH-oxidase, monoaminoxidase, enzimas da familia citocromo P450,
heme oxidase e xantina oxidase (WAGNER et al., 2011). Sendo ROS um dos principais fatores
de alteracdo de ROX, pode ser inferido uma semelhanca em quantidade de ROS entre as

linhagens.

A capacidade clonogénica reduzida de células resistentes a CDDP ja foi relacionada
com a maior presenca de ROS intracelular, e este efeito pode ser reduzido pela presenca de
GSH no meio de cultivo (DUAN et al., 2017). Com isso, foram realizados ensaios clonogénicos
na presenca de GSH para avaliar a participacdo de ROS na capacidade clonogénica reduzida de
células A549/CDDP. As linhagens A549 e A549/CDDP ndo apresentaram aumento de
clonogenicidade na presenca deste antioxidante, o que indica que a capacidade clonogénica
reduzida de A549/CDDP néo é proveniente de um efeito de ROS. Além disso, o tratamento de
células A549 e A549/CDDP com agentes pré-oxidantes apresentou efeito similar em ambas as
linhagens. As moléculas DEM e BSO estdo diretamente relacionados com o controle da

presenca de GSH na célula, e o seu efeito citotdxico € resultado do estresse oxidativo gerado
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pela auséncia desta molécula e, consequentemente, ativacao de vias apoptdticas (LI et al., 2016;
PRIYA etal., 2014). Os dados obtidos indicam similaridade no equilibrio redox e manuten¢éo
de GSH nas diferentes linhagens. Conjuntamente com a similaridade de ROX entre células
A549 e A549/CDDP, estas evidéncias corroboram a hipotese de uma similaridade em ROS e

moléculas oxidantes nas linhagens, além da similaridade de resposta ao estresse.

A vulnerabilidade metabdlica vem sendo frequentemente associada a células resistentes
a CDDP, visto a maior sensibilidade a inibidores metabolicos e a desvantagem no crescimento
em ambiente com nutrientes reduzidos, e este fendtipo ja foi descrito tanto in vitro quanto in
vivo (CATANZARO et al., 2015; OBRIST et al., 2018; XU et al., 2018). A sublinhagem
desenvolvida no presente estudo mostrou este fenotipo de vulnerabilidade quando cultivada na
auséncia de glicose e L-glutamina. As células A549 e A549/CDDP foram afetadas pela auséncia
destas fontes bioenergéticas, contudo, a sublinhagem resistente foi significativamente mais
afetada. A menor habilidade de adaptacdo a variacdo de fontes essenciais de energia pode
representar uma reducdo da capacidade de plasticidade metabdlica nas células resistentes
(LEHUEDE et al., 2016). Mecanismos de regulacio da expressdo génica em células
A549/CDDP podem gerar uma limitacdo quanto a plasticidade e reprogramacdo metabdlica
nestas células, sendo uma possivel consequéncia de trade-offs selecionados durante a exposicao
a CDDP. Com vias metabolicas essenciais menos ativas, a variacdo destes substratos pode ser
determinante para a sobrevivéncia da célula. Além disso, a presenca de 2-DG, molécula analoga
a glicose, apresentou maior citotoxicidade em células A549/CDDP. 2-DG é amplamente
conhecido pelo seu efeito especifico de inibicdo da via glicolitica, sendo um inibidor andlogo a
glicose. Esta molécula inibe a fosforilacdo de glicose pela hexokinase, reduzindo a
disponibilidade de energia na célula e ativando vias apoptéticas (ZHANG et al., 2006). Com a
menor expressao de HK2 nas células A549/CDDP, identificada pela analise protedbmica e RT-
gPCR, acredita-se que a inibicdo da via glicolitica utilizando 2-DG seja mais efetiva nestas
células. A menor expressdo de HK1 e 2, e sua correlagdo com a maior citotoxicidade de 2-DG,
ja foi descrita em células de SCLC e NSCLC resistentes a CDDP (SULLIVAN et al., 2014).
Os resultados obtidos nesse trabalho refor¢cam o indicio da potencial utilizacdo desse composto
inibidor de glicdlise combinado com CDDP como um tratamento promissor. O inibidor 3-BrP,
por sua vez, apesar de inibir a atividade de enzimas glicoliticas, ndo € limitado a esta via,
podendo atuar como inibidor da atividade mitocondrial (SHOSHAN, 2012). Este fator pode ter
sido determinante na citotoxicidade deste inibidor nas células A549 e A549/CDDP. Com isso,

a diferenca de citotoxicidade deste inibidor da via glicolitica ndo foi apresentada entre as
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linhagens. Visto que células A549 apresentaram maior respiracdo mitocondrial e respiracdo
ligada a sintese de ATP, 3-BrP pode ter afetado esta atividade essencial nas células sensiveis a
CDDP.

A andlise protedbmica identificou uma vasta gama de processos bioldgicos regulados
negativamente em células A549/CDDP. Entre estes mecanismos, também foram encontrados
termos funcionais envolvidos com a tradu¢do de RNA como “translation”, “translational
initiation” e “translational elongation”. Considerando estes resultados e a regulacdo negativa
de diferentes processos bioenergéticos em células A549/CDDP, uma possivel regulagdo global
da traducdo nestas células foi investigada. A regulacdo global da traducdo pode ser resultado
da alteracdo do complexo de iniciacdo da traducdo ou através da modulacdo do alongamento
(ZHAO et al., 2019). Estes tipos de alteracdes podem ser determinantes para o desenvolvimento
e progressdo do céncer, visto a potencialidade de conferir caracteristicas consideradas
hallmarks do cancer - como o aumento do crescimento da proliferacdo, a resisténcia a morte
celular e a desregulacdo de mecanismos controle de crescimento (PELLETIER et al., 2015).
Fatores de inicia¢do eucarioticos elF2o e elFAE participam diretamente da montagem do
complexo de traducdo de RNA e a regulacdo destes ja& foi relacionada como a resisténcia a
CDDP (JU et al., 2017; ZHANG et al., 2018). Neste cenario, a expressao de elF2o e elF4E-
binding protein 1 (4E-BP1) foi avaliada, assim como a fosforilacdo destas, no intuito de

entender uma possivel alteracdo na traducao global de células A549/CDDP.

A regulacdo da expressdo de elF2o pode ser determinante na regulacdo da tradugéo
global da célula. Alem disso, a fosforilacdo deste fator por diferentes quinases tendo como alvo
Ser51 altera sua afinidade com o complexo elF2 e influencia em sua atividade, regulando a
iniciacdo da traducdo (OHNO, 2018). O complexo elF2 ¢ composto pelas subunidades a, 3 ¢ v,
combinada com guanosina trifosfato (GTP), elF2-GTP. Este complexo fornece o tRNA
iniciador para a iniciacdo da traducdo e, apds este processo, € liberado como elF2-GDP
(guanosina difosfato). O complexo elF2 pode ser reciclado pela substituicédo de GDP por GTP,
que ¢ catalisada por elF2f3. A fosforilagao de elF2a altera a sua afinidade por elF2f que impede
sua atividade (WEK, 2018). O impedimento da reciclagem deste complexo diminui sua
disponibilidade para o inicio da traducdo, reduzindo a ocorréncia deste evento. elF2a
apresentou uma expressao similar entre as linhagens A549 e A549/CDDP, assim como sua
forma fosforilada. A razdo entre proteina fosforilada e ndo fosforilada também n&o apresentou
diferenga entre as linhagens A549 e A549/CDDP. Estes resultados indicaram que elF2o ndo
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esta diferentemente regulado em células sensiveis e resistentes. Além disso, sua fosforilagéo

ndo estaria associada a uma eventual reducdo na traducdo de RNA em células A549/CDDP.

Além de elF2a, 4E-BP1 é um dos principais reguladores da tradugédo dependente de cap.
O efeito regulador de 4E-BP1 é resultado da sequestro de elF4E, impedindo a participacéo deste
no processo de inicia¢do da traducdo (QIN et al., 2016). Visto que elFAE é um fator limitante
no recrutamento do RNA para o complexo de iniciacdo, a sua captura pode ser responsavel pela
diminuicdo na traducdo global da célula. A interacdo de elFAE e 4E-BP1 também pode ser
regulada por eventos de fosforilacdo. A fosforilacdo de residuos como Thr37 e Thr46 em 4E-
BP1 reduz a afinidade entre estas proteinas, impedindo a sua interacdo (GINGRAS et al., 1999).
Apesar de ndo apresentar diferenca significativa entre as linhagens, 4E-BP1 foi encontrado duas
vezes aumentado em células A549/CDDP. Além disso, a razdo entre phospho-4E-BP1
(Thr37/46) e 4E-BP1 néo fosforilada foi significativamente diminuida em células A549/CDDP.
O possivel aumento da expressao desta proteina e a menor razéo entre sua isoforma fosforilada
e hipofosforilada nas células resistentes indicam uma maior presenca de 4E-BP1 na sua
isoforma ativa para a interacdo com elF4E. Com isso, estes resultados indicam uma participacdo

de 4E-BP1 na inibicdo global da traducdo em células resistentes a CDDP.

Por fim, os resultados obtidos por este trabalho permitiram a identificacdo de alteracdes
metabolicas e bioenergéticas em células de adenocarcinoma de pulmao sensiveis e resistentes
a CDDP, assim como propor uma possivel regulacdo global da traducdo em células
A549/CDDP mediada por 4E-BP1. Contudo, a validacdo da diminuigéo global da tradugcdo em
células A549/CDDP se faz necessaria. Ademais, estudos posteriores sdo essenciais para
elucidar outros possiveis mecanismos de regulacao envolvidos neste processo. A identificacdo
destas vias regulatérias determinantes para células A549/CDDP proporcionard uma maior
compreensdo de possiveis mecanismos de resisténcia recorrentes no tratamento do cancer de

pulmao.
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PERSPECTIVAS

Ensaio de validag&o de reducéo global da traducdo nas células A549/CDDP utilizando
Bioorthogonal Click Chemistry;

Confirmacéo do envolvimento da reducéo global da traducéo na resisténcia a CDDP;
realizacéo de endo- e exo- metabolémica para o melhor entendimento do metabolismo
das células A549/CDDP;
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