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RESUMO

GONCALVES, F. A. Alteracdes do metabolismo energético durante a
carcinogénese do carcinoma espinocelular oral. 2018. 67 f. Tese (Doutorado) —
Faculdade de Odontologia, Universidade Federal do Rio Grande do Sul, Porto Alegre,
2018.

O cancer oral ¢ o sexto tipo de cancer mais comum no mundo, ¢ o Carcinoma
Espinocelular Oral (CEC) representa 95% dessas lesdes. O CEC origina-se no epitélio
de revestimento e possui comportamento agressivo com metastase cervical precoce e
taxa de sobrevivéncia baixa de 5 anos. Evidéncias mostram que alteracdes metabolicas
como na glicolise e funcdo mitocondrial contribuem para a agressividade do tumor. A
mitocondria representa a maior fonte de producdo de espécies reativas de oxigénio
(EROs) e, ao mesmo tempo, possui muitas vias antioxidantes para neutraliza-las. As
EROs podem ativar a transicdo epitélio-mesenquimal (EMT) e a consequente
progressdo do cancer através da metastase. Este estudo objetivou caracterizar o perfil
metabolico das células tumorais de CEC e verificar a sua relagdo com a agressividade.
Inicialmente, foi verificado o panorama metabolico do CEC por meio de andlise
protedmica de trés tumores e seus epitélios adjacentes. Foi observado que os tumores de
CEC possuem um aumento nas proteinas relacionadas com a glicdlise e diminui¢do na
atividade mitocondrial em comparacdo com seus epitélios adjacentes, provavelmente
devido a subexpressdo da piruvato desidrogenase, ¢ na atividade antioxidante.
Posteriormente, foi analisada a atividade metabolica de linhagens celulares epitelial
(HaCaT), de CEC com alto (Cal27) e baixo (SCC25) nivel de diferenciagdo e
fibroblastos através de citometria de fluxo. As células mais indiferenciadas (SCC25)
apresentaram menor massa € potencial de membrana mitocondriais, geraram menores
niveis de EROs e nitrogénio, o que correlacionou com maior viabilidade celular.
Depois, foi analisado por imunohistoquimica o perfil de peroxidagdo lipidica (4-HNE)
em bidpsias de CEC, desordens potencialmente malignas (displasia epitelial oral) e
mucosa oral normal. Foi verificado que os niveis de espécies reativas estavam
aumentados no tumor e nas desordens potencialmente malignas nas regides epiteliais.
Ocorreu diminui¢cdo nos niveis de concentragdo de 4-HNE/espécies reativas no tecido
conjuntivo adjacente as lesdes displasicas na regido de invasdo de OSCC. Os resultados
indicam um dinamismo durante a carcinogénese oral relacionado ao metabolismo
energético das células que varia de acordo com cada etapa desse processo, com o
potencial de ser influenciado por elementos do microambiente tumoral.

Palavras-chave: Estresse Oxidativo. 4-HNE. Peroxidacdao lipidica. Mitocondria.
Espécies Reativas de Oxigénio.



ABSTRACT

GONCALVES, F. A. Alterations in the energy metabolism during the
carcinogenesis of oral squamous cell carcinoma. 2018. 67 f. Tese (Doutorado) —
Faculdade de Odontologia, Universidade Federal do Rio Grande do Sul, Porto Alegre,
2018.

Oral cancer is the sixth most common cancer in the world, and the Oral Squamous Cell
Carcinoma (OSCC) represents 95% of these lesions. OSCC originates in the lining
epithelium and has an aggressive behavior with early cervical metastasis and low 5-year
survival rate. Evidence indicates that metabolic changes, such as glicolysis and
mitochondrial function, contribute to tumor aggressiveness. Mitochondria represents the
major source of reactive oxygen species (ROS) production and, at the same time, has
many antioxidant pathways to neutralize them. ROS can activate the epithelial-
mesenchymal transition (EMT) and the consequent progression of cancer through
metastasis. This study aimed to characterize the metabolic profile of tumor cells of
OSCC and to verify its relationship with aggressiveness. Initially, the metabolic
panorama of OSCC was verified through the proteomic analysis of three tumors and
their adjacent epithelium. It was observed that OSCC tumors have an increase on
proteins related to glycolysis and a decrease on mitochondria activity in comparison to
its adjacent epithelium, probably due to the downregulation on pyruvate dehydrogenase,
and in the antioxidant activity. Afterwards, it was analyzed the metabolic activity of
epithelial cell lines (HaCaT), OSCC with high (Cal27) and low (SCC25) level of
differentiation and fibroblasts by flow cytometry. The more undifferentiated cells
(SCC25) had lower mitochondrial mass and membrane potential, generated lower levels
of ROS and nitrogen species, which correlated with a greater cell viability. Afterwards,
it was analyzed by immunohistochemistry the lipid peroxidation profile (4-HNE) of
OSCC biopsies, potentially malignant lesions (oral epithelial dysplasia) and normal oral
mucosa. It was found that, the levels of reactive species are increased in the tumor and
in the potentially malignant lesions in the epithelial regions. There was a decrease in the
concentration levels of 4-HNE/reactive species in the connective tissue underlying
dysplastic regions and the OSCC invasion zone. The results indicate a dynamism during
oral carcinogenesis regarding the energy metabolism of cells and it varies according to
each stage of this process with the potential to be influenced by elements of the tumor
microenvironment.

Keywords: Oxidative stress. 4HNE. Lipid peroxidation. Mitochondria. Oxygen reactive
species.



LISTA DE ABREVIATURAS

CEC Carcinoma Espinocelular Oral
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1 INTRODUCAO

O cancer ¢ uma doenca antiga, detectada em mumias egipcias ha mais de 3 mil
anos antes de Cristo. Sua denominagdo karkinos - caranguejo em grego - foi usada pela
primeira vez por Hipdcrates. Nos dias atuais, cancer ¢ o nome que se refere a um
conjunto de mais de 100 doencas, que possuem em comum o crescimento desordenado
de células, com tendéncia a invadir tecidos e 6rgaos vizinhos. Também conhecido como
neoplasia maligna, diferencia-se antagonicamente da benigna ao ser formado por células
com perda de diferenciagdo e estruturada de forma atipica do tecido de origem. Possui
crescimento rapido com mitoses anormais € numerosas. Sua massa ¢ pouco delimitada e

invade o tecido adjacente, apresentando metastases frequentes (INCA, 2012).

A cada ano, mais de 14 milhdes de pessoas sdo diagnosticadas com cancer no
mundo, sendo que a maioria delas mora em paises de baixa e média renda. Em 2015,
8,8 milhdes de pessoas morreram em decorréncia de cancer, representando uma em cada
dez mortes no mundo (WHO, 2017).

O cancer oral ¢ definido como uma neoplasia maligna da cavidade oral e ¢ o
sexto cancer mais comum no mundo com uma incidéncia anual de 400.000 novos casos,
representando 4% dos canceres em homens e 2% nas mulheres (ISHIKAWA et al.,
2016). No Brasil, o Instituto Nacional do Cancer (INCA) estima, para cada ano do
biénio 2018-2019, 11.200 casos novos de cancer da cavidade oral em homens e 3.500
em mulheres. Tais valores correspondem a um risco estimado de 10,86 casos novos a
cada 100 mil homens e 3,28 a cada 100 mil mulheres (INCA, 2018). Apesar dos
avancos no tratamento, este tipo de tumor possui taxa de sobrevivéncia em cinco anos
baixa — em torno de 50% (MESSADI, et al., 2014; LOU et al., 2016; WU et al., 2016).

O cancer possui muitos subtipos anatdomicos e moleculares, cada um requerendo
diagnésticos e estratégias de manejos especificos (WHO, 2017). Durante a patogenia do
cancer, as células obtém capacidades que permitem a sua sobrevivéncia, proliferacao e
disseminacdo - indu¢do do aumento da proliferacdo, fuga dos supressores de
crescimento, resisténcia a morte celular, habilitagdo da imortalidade replicativa, indugdo
da angiogénese, ativacdo da invasdo e metastase, alteracdo do metabolismo celular, fuga
da destrui¢do imunologica (HANAHAN; WEINBERG, 2011).

Quanto ao metabolismo celular, as células do cancer, quando expostas a
condi¢des adversas como hipoxia e limitagdo de nutrientes, necessitam adaptar-se por

meio de mudangas moleculares que impactam na glicolise e fungdes mitocondriais



(BAFFY; DERDAK; ROBSON, 2011; MARTINEZ-OUTSCHOORN et al., 2016).
Dentro deste contexto, o estresse oxidativo — o desequilibrio entre a produgdo e
eliminagdo de espécies reativas - participa no controle da reprogramacao metabodlica das
células do cancer e das demais células presentes no microambiente tumoral e que as vias

metabolicas reprogramadas no cancer podem também alterar o equilibrio redox (KIM;

KIM; BAE, 2016).

As EROS, produzidas em grande quantidade pelas mitocondrias (TEICHER,
2014), sao persistentemente elevadas na maioria dos tumores (CHAN et al., 2017),
promovendo sinalizacdo mitogénica, sobrevivéncia celular, interrup¢do da sinalizacao

da morte celular, EMT, metastase e quimiorresisténcia (TEICHER, 2014).

Compreender o metabolismo do cancer e sua ligagdo com a perpetuagdo dos
tumores ¢ fundamental na contribui¢do para o surgimento de tecnologias direcionadas a
prevencado, diagnostico e tratamento do cancer - considerando a sua alta frequéncia no
Brasil e no mundo. Esta tese apresenta resultados que caracterizam o perfil metabdlico
das células tumorais do carcinoma espinocelular oral e de desordens potencialmente
malignas e, com isto, verifica a sua possivel contribui¢do na sobrevivéncia, proliferacao

e disseminacdo das células tumorais.
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2 REFERENCIAL TEORICO

2.1. Carcinoma Espinocelular Oral

O cancer bucal ¢ definido como o tumor maligno da cavidade oral e ¢ o sexto
tipo de cancer mais comum no mundo, com uma incidéncia anual de 400 mil novos
casos, representando 4% dos canceres em homens e 2% em mulheres (ISHIKAWA et

al., 2016; MUSHARRAF et al., 2016; WU et al., 2016).

No Brasil, o cancer bucal tem sido considerado um problema de saude publica
complexo enfrentado pelo sistema de saude brasileiro, dada a sua magnitude
epidemioldgica, social e econdmica. O INCA estima para 2018-2019 a ocorréncia de
14.700 mil novos casos da doenga no pais para cada ano do biénio, sendo no Rio
Grande do Sul 880 novos casos em homens e 220 novos casos em mulheres e, em Porto
Alegre, 120 novos casos em homens e 50 novos casos em mulheres. O Instituto ainda
ressalta que na regido sul do pais, sem considerar os tumores de pele ndo melanoma, o
cancer da cavidade oral ¢ o sexto mais frequente em homens e o décimo quinto mais
frequente em mulheres (INCA, 2018). Hoje a Organizagdo Mundial da Saide (OMS)
estima, para 2020, 363.623 novos casos no mundo e 13.235 novos casos no Brasil

(WHO, 2017).

Este tipo de cancer ¢ representado em sua maior parte pelo CEC o qual
corresponde a mais de 90% dos casos de cancer na boca. Os locais mais comuns para o
surgimento do cancer oral sdo a lingua (borda ventro-lateral da lingua, 40% dos casos),

assoalho da boca (30% dos casos) ¢ labio inferior (RIVERA, 2015).

O CEC oral origina-se no epitélio de revestimento, possui comportamento
agressivo, metéstase cervical precoce e o pior desfecho entre os canceres da regido da
cabeca e pescogo (GENDEN et al., 2010; TANAKA; ISHIGAMORI, 2011; HUANG et
al., 2013; PAPAGERAKIS et al., 2015; MUSHARRAF et al., 2016; LOU et al., 2016).
Possui etiologia multifatorial, podendo estar associado a fatores de risco extrinsecos
como substancias quimicas (tabaco e alcool), agentes fisicos (exposi¢do solar) e agentes
biologicos (papiloma virus humano); como também a fatores intrinsecos relacionados
aos estados sistémicos do individuo (imunodeficiéncia) (HENSON; GOLLIN, 2010;
GENDEN et al., 2010; RAM et al., 2011; KAUR et al., 2013; DOUGLAS, 2015; YAP
et al., 2016).
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A acdo crdnica dos fatores de risco sobre os queratindcitos pode dar inicio a
carcinogénese do CEC - processo complexo que ocorre quando o epitélio escamoso ¢é
atingido por muitas alteragdes genéticas — e, concomitantemente, a historia natural da
doenga (Figura 1), quando a homeostase dos queratindcitos ¢ quebrada, levando as
desordens potencialmente malignas, displasia em diferentes graus, carcinoma in situ,
carcinoma invasivo e a formagdo de metdstases com consequentes manifestacdes
clinicas (TANAKA; ISHIGAMORI, 2011; PAPAGERAKIS et al., 2015; RIVERA,
2015).

A leucoplasia ¢ a desordem potencialmente maligna mais frequente na mucosa
bucal (SAINTIGNY et al., 2009; LIU et al. 2012; XIAO et al., 2012) e ¢ definida,
segundo a OMS, como uma mancha ou placa branca, ndo removivel a raspagem e que
ndo pode ser classificada clinica ou patologicamente como outra enfermidade
(FELLER; LEMMER, 2012; LIN et al., 2016). Essa desordem, juntamente com a
eritroplasia, fibrose submucosa oral e liquen plano possui a chance de transformacao de
2-12% para a malignidade (MESSADI, 2013; MESSADI, et al., 2014; RIVERA, 2015;
MUSHARRAF et al., 2016; LOU et al., 2016).

Microscopicamente, a leucoplasia exibe muitas mudancas epiteliais reacionais
como hiperplasia, hiperceratose, acantose, além de células inflamatérias no tecido
conjuntivo subjacente. Histologicamente, ¢ essencial que seja feita uma distingdo entre
leucoplasia displasica e leucoplasia ndo displasica. Na displasia epitelial, cujas
alteracdes histopatoldgicas das células sdo similares as observadas no CEC, observa-se
graus de atipia como hipercromatismo nuclear, aumento do tamanho do nucleo,
pleomorfismo celular e nuclear, disceratose, figuras de mitose anormais e nimero de
mitoses aumentado. Também, quando se observa as alteracdes histomorfologicas do
epitélio displasico, pode-se evidenciar a presenca de cristas epiteliais em formato bulbar
ou em forma de gota de orvalho, perda da polariza¢do celular em direcdo a superficie
epitelial, pérolas de ceratina ou epiteliais e perda da coesdo tipica entre as células
epiteliais. Quando as alteracdes ocorrem nos queratindcitos basais ou parabasais,
classifica-se como displasia leve. A atipia encontrada da camada basal a por¢ao média
da camada espinhosa ¢ chamada de displasia moderada. Quando as mudangas se
estendem da camada basal até um nivel acima da por¢do média do epitélio, chama-se
displasia severa. Quando toda a espessura do epitélio estd envolvida, sem a invasdo do

tecido conjuntivo, utiliza-se o termo carcinoma in situ. Considera-se CEC quando as
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células neoplésicas de origem epitelial invadem o tecido conjuntivo de forma individual
ou na forma de ilhas ou corddes (NEVILLE et al., 2009; RIVERA, 2015) (Figura 1). O
CEC pode progredir, formando metéstases que sdo promovidas pela EMT - processo no
qual as células tumorais adquirem competéncias para superar barreiras fisioldgicas,
migrar e invadir tecidos distantes ao tumor primdrio (KINUGASA et al., 2015;
GUGNONI et al., 2016; XU et al., 2016).

As opgdes de tratamento para o CEC consistem na excisdo cirurgica combinada
com radioterapia, ou ainda com essas combinadas a quimioterapia (DOUGLAS, 2015).
Entretanto, apesar dos avangos no tratamento, a taxa de sobrevivéncia em 5 anos para
CEC tem se mantido baixa nas ultimas trés décadas — em torno de 50%. Por outro lado,
se o CEC ¢ diagnosticado nos estdgios iniciais com a administracdo de um tratamento
efetivo, essa taxa ¢ de 80%, comparada com a taxa de 20% para os casos detectados em
estdgios avancados. Por isso, a deteccdo e o manejo da displasia nas desordens
potencialmente malignas constituem-se em um importante passo preventivo contra a

transformag¢ao maligna (MESSADI, et al., 2014; LOU et al., 2016; WU et al, 2016).

Epitélio normal Hiperceratose Displasia leve

9' .’; ,% hiperortoceratose .. =
\ RS )

X

r
v a0 "

, .~ acantose

Displasia moderada Displasia severa
hipercromatismo nuclear figuras de mitose dispersas

cristas epiteliais em formato bulbar

~ ilha
cordédo

pérola de ceratina

Figura 1 — Histéria natural do carcinoma espinocelular oral — histopatologia. Fonte: Adaptado de
NEVILLE et al. (2009).
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2.2. Transicdo epitélio-mesenquimal

A metéstase ¢ responsavel por mais de 90% da mortalidade induzida por cancer.
Caracteriza-se pela migracdo das células tumorais para colonizar locais adjacentes ou
distantes do tumor priméario (GUGNONI et al., 2016). Para tal, as células precisam
invadir o tecido adjacente ao tumor primario, entrar na circulagdo sanguinea ou
linfatica, sobreviver, extravasar e¢ crescer em outro tecido (STEEG, 2006; STEEG,

2016) — processo promovido pela EMT.

Em estudos de embriogénese foi relatado que quando as células embriondrias,
sofrendo EMT, podem migrar e viajar a longas distancias para formar tecidos e 6rgaos
(KINUGASA et al., 2015; XU et al., 2016). Uma conversao fenotipica similar também
¢ observada nas doengas fibréticas e neoplasias, estando associada com a progressao
dessas doencas (TURLEY et al., 2008). No cancer, ocorre a conversao de um
subconjunto de células de um fendtipo epitelial CD44baixo-CD24alto (CD44L) para um
fenétipo mesenquimal CD44alto-CD44baixo (CD44H), o ultimo associado com o
aumento das propriedades malignas das células dos tumores (KINUGASA et al., 2015;
LI et al, 2017). Neste processo biologico, as células epiteliais assumem
transitoriamente caracteristicas mesenquimatosas, sofrendo alteragdes moleculares e
bioquimicas. Como consequéncia deste processo, as células epiteliais perdem suas
caracteristicas diferenciadas, incluindo adesdo célula-célula, polaridade e falta de
motilidade; para adquirir outras caracteristicas, como alta plasticidade celular,
motilidade, invasividade e resisténcia a apoptose. Ocorrem mudangas no perfil das
moléculas de adesdo como E-caderina e fatores de adesdo que determinam a ativagdo da
polimerizacdo da actina e a formagdo de fibras de tensdo ndo polarizadas. Essas
estruturas do citoesqueleto sdo necessarias para manter o movimento celular e o estresse
mecanico imposto sobre as células pela perda da interagdo célula-célula e célula-matriz
extracelular (LAMOUILLE; XU; DERYNK, 2014; GUGNONI et al.,, 2016). O
contrario deste processo — transi¢ao mesénquima-epitelial (MET) - esta associado com a
perda dessa liberdade migratoria, quando as células adotam uma polarizagao apico-basal
e expressam complexos juncionais que sdo caracteristicas dos tecidos epiteliais.
Acredita-se que a MET guia a cessa¢do da migracdo, induzindo as mesmas células a

proliferar e semear o novo tumor (NIETO, et al., 2016).
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A EMT ¢ um evento focal limitado ao tumor primario que ocorre pela interacao
das células do carcinoma com o microambiente tumoral no qual os fibroblastos
associados ao cancer (CAFs) e células imunes podem também ser encontradas,
incluindo diferentes tipos de natural killer T e linfécitos B. O estroma também inclui
macrofagos associados ao tumor (TAMs) e outras células derivadas da medula Ossea.
Algumas células sdo recrutadas antes do estabelecimento das malignidades primarias e

metastaticas (NIETO, 2016) (Figura 2).

Durante a EMT, programas biologicos celulares compartilham recursos em
comum, mas diferem em alguns detalhes; dependendo do tecido, do grau de
malignidade e do contexto de sinais presentes nas células neoplésicas. Esses programas
sdo coordenados por uma série de fatores de transcricdo indutores de EMT,
principalmente Snail, Slug, Twist e Zebl (LAMBERT; PATTABIRAMAN;
WEINBERG, 2016; NIETO et al., 2016).

EMT spectrum of carcinoma cells at different stages of metastatic process

Prlmary tumor Metastasis
> P ; — N N =~ o
@ce (@ (Qevs @ m (O TAM  JOX caF (o (e
o e @y %
2 X )§ WE
§> Migratory cancer cells @ = 7
| Intravasation
o , : \, " Invadopodia
’;"LJ\S—V—‘,—O: — — ':‘ L e
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Q\& )? Platelet- />\ /;(, '*:
coated CTCs \S ) CTC clusters \\_\é

Y e e (=& (51 - (e e e (o T e e (® 1 &) &

i Perlcyte

Figura 2 — Cascata metastatica do ponto de vista da plasticidade celular e da heterogeneidade das células
do carcinoma no tumor primario. E= célula epitelial, EM1 e EM2/3= células intermediarias
com fenotipos distintos, M = células mesenquimais. Fonte: NIETO, et al. (2016)

2.3. Metabolismo do cincer

O cancer da cavidade oral desenvolve-se através de alteracdes moleculares que
refletem em estdgios histopatologicos (GENDEN et al., 2010; RAM et al., 2011;
PAPAGERAKIS et al., 2015). Considerando que alguns aspectos do metabolismo do
cancer podem predizer a severidade ou o desfecho da doenga, nos ultimos anos tem
aumentado o nimero de pesquisas com o objetivo de elucidar como as mudangas no
metabolismo celular promovem o desenvolvimento de tumores (HEIDEN, 2011;

TANAKA; ISHIGAMORI, 2011; KURHANEWICZ et al., 2011).

O metabolismo do cancer pode ser visto como a soma de um grande niimero de

vias bioquimicas independentes, cada uma das quais fornece uma fungao especifica para
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as células dos tumores (KURHANEWICZ et al., 2011). Historicamente, a diferenca
existente entre o metabolismo do tumor e do tecido adjacente foi o primeiro achado
importante sobre este tema. Nos anos 1920, Otto Warburg demonstrou que os tumores
possuiam altas taxas de consumo de glicose e produ¢do de lactato, comparado com o
tecido normal e que estas alteragdes ocorriam devido ao mau funcionamento das
mitocondrias. Este pesquisador descobriu que, mesmo na ampla presenga de oxigénio,
as células do cancer preferem metabolizar glicose - através de glicolise - a fosforilagao
oxidativa, achado denominado efeito Warburg (HSU; SABATINI, 2008;
KURHANEWICZ et al., 2011; CARRACEDO; CANTLEY; PANDOLFI, 2013). Esta
observagdo inicial criou o campo para o estudo do metabolismo dos tumores e
proporcionou o surgimento de investigagdes a respeito de outras vias, incluindo a
sintese de lipidios, transporte de aminoacidos, transporte de nucleotideos - com o

proposito de diagnostico ou busca de terapias (KURHANEWICZ et al., 2011).

Segundo Hanahan e Weinberg (2011) e Teicher; Linehan; Helman (2012) os
tumores sdo tecidos complexos, compostos por multiplos e distintos tipos de células que
participam de interacdes heterotipicas e a proliferacdo destas requer a absorcdo de
nutrientes ativos; sintese de DNA, RNA, proteinas, lipidios e ATP. Hanahan e
Weinberg (2011) definiram as capacidades funcionais adquiridas durante a patogenia do
cancer (Quadrol) que permitem a sobrevivéncia, a proliferacdo e a disseminagdo das
células tumorais. Essas capacidades sdo obtidas pelos diversos tipos de tumores, por
intermédio de diferentes mecanismos e durante as varias etapas do desenvolvimento da
lesdo. Tal aquisicao ¢, provavelmente, realizada por duas caracteristicas, destacando-se,
primeiramente, o desenvolvimento de uma instabilidade genética nas células do cancer,
a qual gera mutacdes aleatorias, incluindo a reorganizagdo cromossdmica. A segunda
caracteristica envolve o estado inflamatério de desordens potencialmente malignas e
malignas que ¢ conduzido pelas células do sistema imune, algumas das quais promovem
a progressdo do tumor. Deste modo, esses mesmos autores determinaram as
caracteristicas ativadoras que auxiliam as capacidades que sdo: instabilidade genética e
mutacio caracterizada pelo aumento expressivo dos agentes mutagénicos e/ou
compromentimento do sistema que monitora a integridade genética e induz as células
geneticamente alteradas a entrar em senescéncia ou apoptose € promoc¢io da
inflamacao, que consiste no fornecimento de moléculas bioativas para o microambiente

do tumor, incluindo fatores de crescimento que mantém o sinal proliferativo; fatores de
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sobrevivéncia que limitam a morte celular; fatores pro-angiogénicos; enzimas

modificadoras da matriz extracelular que facilitam a angiogénese, invasdo e metastase;

sinais indutivos que levam a ativa¢do do programa de transi¢do epitélio-mesenquimal e

outros fatores facilitadores das capacidades.

Capacidades

Vias alteradas

Indugdo do aumento da proliferagdo

Alteragao dos sinais de promogao de crescimento celular.

Fuga dos supressores de crescimento

Alteragdo na fung@o dos supressores de tumor — proteinas RB,
TP53, LKB1; TGF-p.

Resisténcia da morte celular

Atenuagdo da apoptose pela perda da funcdo supressora de tumor
TP53; aumento da expressdo de reguladores antiapoptoticos Bel-
2, Bcl-xL ou dos sinais de sobrevivéncia Igfl/2; alteragao da
regulacdo dos fatores pro-apoptoticos Bax, Bim e Puma e curto-
circuito na via extrinseca de morte induzida por ligante.

Habilita¢do da
replicativa

imortalidade

Manutengdo do DNA telomérico, levando ao aumento da

expressio da telomerase ou manutencdo do telomero,
correlacionados com a resisténcia a indu¢do da senescéncia e

apoptose.

Indugdo da angiogénese

Acgao do fator de crescimento endotelial vascular A (VEGF-A) e
da trombospondinal (TSP-1).

Ativacao da invasdao e metastase

Diminui¢ao da expressdo de E-caderina; aumento da regulacdo
de N-caderina; atuagdo do programa de transi¢do epitélio-
mesenquimal; contribuicdo heterotipica de células do estroma
tumoral, como os macroéfagos, por meio da producdo de enzimas
que degradam a matriz, tais como metaloproteinases e proteases.

Alteracdo do metabolismo celular

Predominio da glicolise aerobica no metabolismo da glicose.

Fuga da destruicdo imunoldgica

Paralisacdo do infiltrado dos linfécitos T citotoxicos (CTLs) e
natural killer (NK) pela secre¢do de TGF-f, reguladores de
células T (Tregs) e supressores de células derivadas da medula
(MDSCs).

Quadro 1 - Capacidades funcionais adquiridas durante a patogenia do cancer. Fonte: Adaptado de

Hanahan e Weinberg (2011).

Para garantir a manutengdo das capacidades adquiridas e, deste modo,

sobreviver, proliferar e disseminar; as células do cancer, quando expostas a condi¢des

adversas como hipoxia, limitacdo de nutrientes e atuagdo da defesa imune do

hospedeiro, necessitam adaptar-se por meio de mudancas moleculares que impactam na

glicolise e fungdes mitocondriais - integradas com as vias responsaveis e essenciais na
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produ¢do de componentes celulares (BAFFY; DERDAK; ROBSON, 2011;
MARTINEZ-OUTSCHOORN et al., 2016).

Essas células utilizam glicose, glutamina, lactato, piruvato, p-hidroxibutirato,
acetoacetato, acetato e acidos graxos livres como substratos para a vias bioenergéticas
que mantém o crescimento tumoral (MARTINEZ-OUTSCHOORN et al., 2016).
Entretanto, a glicose ¢ o metabdlito mais consumido por ser mais disponivel para gerar
ATP por estas células. A glicose pode ser metabolizada no citoplasma através da
glicolise anaerobica com a formagdo de lactato, ou por meio da glicolise aerdbica com
geracdo de piruvato que ¢ metabolizado via ciclo do 4cido tricarboxilico e fosforilagdo
oxidativa na mitocondria. A glicolise gera 2 moles de ATP por mol de glicose, 18 vezes
menos do que os 36 moles do ATP por mol de glicose que ¢ gerado via ciclo do acido
tricarboxilico e fosforilagdo oxidativa. Contudo, a glicdlise ¢ 100 vezes mais rapida em
termos de geragdo de ATP por unidade de glicose consumida (MARTINEZ-
OUTSCHOORN et al., 2016). O metabolismo da glicose também envolve outras vias
que necessitam desta molécula, incluindo-se a via das pentoses fosfato, que gera
fosfatos de pentose para a sintese de ribonucleotideos ¢ NADPH; a via hexosamina
necessaria para a glicosilagdo de proteinas; a glicogénese que gera glicogénio para o
armazenamento de glicose; as vias de biossintese de aminodcidos e o ciclo do
metabolismo de um carbono que gera NADPH e que ¢ necessario para a biossintese de

glutationa e purina e para a metilagdo (HAY, 2016).

Existe uma heterogeneidade na utilizagdo de glicose pelos diferentes tumores e
por diferentes populacdes de células tumorais. Dependendo da disponibilidade de
nutrientes, algumas células em alguns tumores sdo predominantemente glicoliticas,
enquanto outras possuem primariamente o fendtipo metabdlico para a fosforilagdo

oxidativa (HAY, 2016; MARTINEZ-OUTSCHOORN et al., 2016).

O metabolismo glicolitico com producdo de 4cido latico em detrimento da
fosforilacdo oxidativa ¢ uma das respostas adaptativas das células tumorais frente ao
ambiente hipoxico para garantir sua sobrevivéncia, prolifera¢do e resisténcia a radiacao
e quimioterapia. A hipoxia intratumoral, além de afetar células que estdo localizadas
longe de vasos sanguineos funcionais, pode afetar outras regides do tumor a partir de
um desequilibrio entre o rdpido aumento do consumo celular e o fornecimento

inadequado de oxigénio pela vasculatura anormal do tumor durante o seu crescimento
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(GATENBY; GILLIES, 2004; PELICANO; MARTIN; HUANG, 2006; BAGLEY,
2010; CAIRNS; HARRIS; MAK, 2011; HAY, 2016; LI et al., 2013; BOST et. al.,
2016). Além do metabolismo glicolitico, a flutuacdo dos niveis de oxigénio no
microambiente tumoral promove outras respostas nas células do tumor - destinadas a
adaptacdo ou fuga do microambiente hipdxico -, tais como a inativagdo das vias
apoptoticas e ativacdo de vias pro-sobrevivéncia, indugdo de fendtipos mais invasivos e

metastaticos e indu¢do da angiogénese (BAGLEY, 2010).

A hipoxia controla a expressdo de centenas de genes, muitos dos quais s@o
regulados pelo fator induzido por hipdxia-1 (HIF-1), o maior regulador da resposta
transcricional a privacdo de oxigénio. O HIF-1 ¢ uma proteina heterodimérica
constituida por subunidade HIF-1p expressa constitutivamente e pela subunidade HIF-
la que ¢ regulada pela concentracdo de oxigénio. Sob condi¢des de normoxia, HIF-1a
¢ rapidamente hidroxilado em dois residuos de prolina por prolil hidroxilases
dependentes de oxigénio (PHDs) e levada para a ubiquitinacdo e degradagdo
proteassomal. HIF-1a também pode ser hidroxilado em um residuo aspargina pelo fator
inibitor HIF-1, inibindo, consequentemente, a atividade transcricional. Em contraste,
sob condigdes de hipoxia, a subunidade HIF-1a ¢ estabilizada e transloca para o ntcleo
onde dimeriza com HIF-1f e, pela ligagdo com elementos de resposta a hipoxia, ativa a
transcricdo de centenas de genes alvos envolvidos em passos importantes para a

tumorigénese; incluindo angiogénese, metabolismo, proliferacdo, metastase e

diferenciagdo (BAGLEY, 2010).

A estabilizacdo dos HIFs esta associada com a disfungdo mitocondrial e aumento
da produ¢do de EROs mitocondriais durante a hipdxia - e esses fatores de transcrigcdo
aumentam a expressdo das enzimas glicoliticas em ambas as condi¢des. Esta ¢ uma
resposta adaptativa, pelos menos em parte, para manter a producdo de ATP quando a
producdo de ATP mitocondrial estd comprometida. HIFs também aumentam a
expressdo da piruvato desidrogenase quinase (PDK), que inibe a atividade de piruvato
desidrogenase (PDH). A diminui¢do da atividade de PDH desvia o piruvato do
metabolismo mitocondrial para a produ¢do de lactato ao mesmo tempo que limita a
produ¢do de EROs quando o transporte de elétrons ¢ limitado. Outro importante
mecanismo pelo qual HIFs podem inibir a produ¢do de EROs mitocondrial ¢ a ativagdo

da expressio da NADH desidrogenase (ubiquinona) la sub-complexo, 4 like 2
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(NDUFA4L2). A expressio de NDUFA4L2 ¢ necessaria para a proliferagdo sob
condi¢des de hipoxia, durante a qual € inibida a atividade do complexo I, prevenindo o
excesso da entrada de elétrons na cadeia transportadora de elétrons e suprimindo a
producdo de EROs. Portanto, HIFs sdo importantes para a regulagdo do metabolismo e
dos niveis de EROs mitocondriais (GATENBY; GILLIES, 2004; PELICANO;
MARTIN; HUANG, 2006; EALES; HOLLINSHEAD; TENNANT, 2016; SULLIVAN;
GUI; HEIDEN, 2016).

As células do cancer produzem menos ATP via glicélise em comparagdo com o
ciclo do acido tricarboxilico e fosforilacdo oxidativa. Isso requer compensacao através
da importagao de grandes quantidades de glicose para o interior de seu citoplasma. Para
tal, estas células expressam elevados niveis de transportadores de glicose,
particularmente GLUT 1 e GLUT 3 que, presentes na membrana citoplasmatica,
transportam grandes quantidades de glicose do meio extra para o meio intracelular
(DENKO, 2008; WEINBERG, 2014). Este aumento da expressdo de transportadores de
glicose ¢ feito pelo HIF-1 que também aumenta a expressdo dos genes envolvidos na
quebra enzimatica da glicose em piruvato e das enzimas envolvidas no metabolismo do
piruvato. Em células hipoxicas o piruvato ¢ convertido em lactato pela lactato
desidrogenase (LDH) a partir da piruvato quinase M2 (PKM2), que ¢ entdo liberado
para o espago extracelular (BAGLEY, 2010, WEINBERG, 2014).

O aumento do metabolismo glicolitico nas células do cancer e a consequente
liberagdo de lactato para o meio extracelular promove acidose no microambiente
tumoral, resultante da difusao de ions H" através do gradiente de concentragdo dentro do
tecido peritumoral. Esta acidose intratumoral suscita a evolu¢do das células tumorais
para fenotipos resistentes a toxicidade celular induzida por acido. Além disso, esta
mudanga de pH ¢ utilizada a favor dessas células tumorais, promovendo a sua
proliferacdo e invasdo. Isso ocorre devido a ativagdo de catepsinas derivadas do cancer,
metaloproteinases e inibi¢do da resposta imune do hospedeiro. Adicionalmente, a
produgdo excessiva de lactato pode ser convertida em piruvato em células tumorais
vizinhas e células do estroma associadas ao cancer, servindo de combustivel para a
fosforilacdo oxidativa nestas células. As células normais, apesar de lancarem
mecanismos para se adaptar a acidose extracelular, ndo conseguem sobreviver sob tais
condigdoes (GATENBY; GILLIES, 2004; CAIRNS; HARRIS; MAK, 2011;
HANAHAN; WEINBERG, 2011; VERSCHOOR et al., 2013; LI et al., 2013).
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No que concerne a relagdo das fungdes mitocondriais com o cancer, enquanto
em alguns casos a mitocondria danificada conduz o efeito Warburg; em outros as
células do cancer que exibem o metabolismo Warburg possuem respira¢do mitocondrial
intacta, dependendo deste tipo de respira¢do e retendo a capacidade de fosforilagdo
oxidativa, assim como o consumo de oxigénio similares aos observados em tecidos
normais (DENKO, 2008; CAIRNS; HARRIS; MAK, 2011; HAY, 2016; VYAS;
ZAGANJOR; HAIGIS, 2016).

A mitocondria ¢ um mediador importante na tumorigénese e este processo
requer desta organela flexibilidade para se adaptar as alteragdes celulares e ambientais
tumorais. Esta mediagdo esta presente em todos os estagios da tumorigénese - iniciacao,
crescimento, sobrevivéncia e metastase - e conta com mutagdes nas enzimas
mitocondriais, estresse oxidativo gerado pela mitocondria, reprogramagdo metabolica
mitocondrial, sinalizagdo mitocondrial, regulacio da homeostase redox e da
susceptibilidade a morte celular pela mitocondria, regulacdo da biogénese e mitofagia

mitocondriais (LI et al., 2013; VYAS; ZAGANJOR; HAIGIS, 2016).

As espécies reativas sdo produzidas continuamente pela mitocondria (RIGAS;
SUN, 2008). As EROs sob a forma de superoxido, radical livre hidroxil e peroxido de
hidrogénio sdo produzidas a partir de reacdes metabdlicas fisiologicas. Para garantir a
sobrevivéncia e proliferacdo, as células do cancer possuem frequentemente altos niveis
de EROs como consequéncia do estado hipermetaboélico o qual ¢ induzido pelo estimulo

de oncogenes (SULLIVAN; GUI; HEIDEN, 2016).

Por conter multiplos complexos ativos redox e enzimas metabdlicas que geram
anion superoxido, a mitocondria representa a maior fonte de produgdo de EROs
endogeno (VYAS; ZAGANJOR; HAIGIS, 2016; PANIERI; SANTORO, 2016;
SULLIVAN; GUI; HEIDEN, 2016). A cadeia transportadora de elétrons ¢ o local que
melhor se caracteriza por esta producdo de EROs. Nela os elétrons dos metabolitos
intermediarios reduzidos (NADH e FADH2) sdo transferidos para o oxigénio molecular.
Durante a passagem de elétrons, dependendo da situa¢do do potencial de membrana
mitocondrial e da disponibilidade de oxigénio, radicais semiquinonas podem ser
gerados nos complexos I, II e III, promovendo a reducdo univalente do oxigénio em
superoxido. Outras fontes de produgdo de superoxido dependente da mitocondria sdo a

2-oxoglutarato desidrogenase, a piruvato desidrogenase na matriz mitocondrial; a
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glicerol-3 fosfato desidrogenase mitocondrial e o sistema transporte de elétrons
flavoproteina-ubiquinona oxidoredutase mitocondrial na membrana interna da organela.
O superdxido, por sua vez, pode ser convertido na mitocondria em peroxido de
hidrogénio pelas enzimas superdxido dismutase 1 e superdxido dismutase 2 em vias
distintas (PANIERI; SANTORO, 2016). O peroxido de hidrogénio inativa o supressor
de tumor PTEN pela oxidagdo dos residuos laterais de cisteina ativos e inativag¢do da via
PI3K. A regulagdo de sinalizagdo de oncogenes mediada por EROs também induz a
metastase através da oxidacdo de cisteina em Src, aumentado suas habilidades
oncogénicas e promovendo a migragdo das células (SULLIVAN; GUI; HEIDEN, 2016;
VYAS; ZAGANJOR; HAIGIS, 2016). Além disso, o peréxido de hidrogénio, sendo
soluvel em lipideos, pode difundir através da membrana citoplasmatica, atuando sobre
os fibroblastos associados ao tumor - células mais abundantes do estroma no
microambiente tumoral que facilitam o desenvolvimento, propagagdo e a invasao dos

tumores (CHAN et al., 2017).

Em resposta aos elevados niveis de EROs, muitos tumores aumentam a
expressdo de vias antioxidantes preventivas - K-Ras, B-raf, e c-Myc - que, ativados,
inibem EROs através da regulacdo do fator nuclear NFR2, um regulador transcricional
de resposta antioxidante, para promover tumorigénese. A mitocondria, particularmente,
possui muitas vias antioxidantes para neutralizar EROs, incluindo superoxido
dismutase, glutamina, tioredoxina e peroxirredoxinas (VYAS; ZAGANJOR; HAIGIS,
2016).

As EROS podem ativar a EMT (KINUGASA et al., 2015), regulando a sua
iniciagdo e a consequente progressdao do cancer. Isso ocorre por meio de alteracdes
bioldgicas em proteinas sensiveis a elas, que possuem thiois livres (-SH) nos residuos
de cisteinas. Como exemplo estdo as proteinas envolvidas na remodelagdo da matriz
extracelular (integrinas, Hu antigeno R), remodelacdo do citoesqueleto (actina, cofilina),
jungdes célula-célula (NFkB, HIF-1a, TGF) e mobilidade celular (Src, FAK, PETEN)
(JIANG et al., 2017).

Altos niveis de EROs contribuem para a oxidagdo de macromoléculas como
lipideos, proteinas e DNA e podem contribuir para a instabilidade genomica,

promovendo a transformacdo celular (VYAS; ZAGANJOR; HAIGIS, 2016).
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2.4. Peroxidacio lipidica

A peroxidacdo lipidica consiste na deterioracdo oxidativa de lipidios
polinsaturados da membrana celular, levando a alteragdes na sua estrutura e
permeabilidade. Pode ser causada pela adicdo de uma espécie reativa ou, mais
comumente, pela abstragdo de um atomo de hidrogénio de um grupo metileno por uma
espécie reativa, resultando, nos dois casos, na formagdo de um radical carbono
(HALLIWELL; GUTTERIDGE, 2008; ANDRADE, 2013; AYALA; MUNOZ;
ARGUELLES, 2014).

Os acidos graxos poliinsaturados sdo aqueles que contém duas ou mais ligagdes
duplas entre carbonos, sendo vulneraveis aos ataques das espécies livres derivadas do
oxigénio, particularmente pelos radicais hidroxil (‘OH) e hidroperoxil ("OH2). As
interagdes entre lipidios e espécies reativas liberam peréxidos, que sdo em si espécies
reativas, iniciando a subsequente reducdo de outro acido graxo. Desse modo, segue-se
uma cadeia de reagdes autocataliticas — denominada propagacdo (HALLIWELL;

GUTTERIDGE, 2008; ANDRADE, 2013).

Em resposta a peroxidacdo lipidica da membrana e de acordo com as
circunstancias metabolicas e capacidade de reparo especificas das células, estas podem
promover a sobrevivéncia ou induzir a morte celular. Sob baixas taxas peroxidagdo
lipidica, as células estimulam a sua manutencdo e sobrevivéncia, ou utilizando sistemas
de defesa antioxidantes constitutivos, ou ativando vias de sinalizagdo que aumentam a
expressao de proteinas antioxidantes. Ja, quando sob médias ou altas taxas de
peroxidacdo lipidica, a extensdo do dano oxidativo sobrecarrega a capacidade de reparo
das células, levando-as a inducdo de apoptose ou necrose. Estes processos podem,
eventualmente, causar o dano molecular e celular, facilitando o desenvolvimento de
varios estados patoldgicos. (ANDRADE, 2013; AYALA; MUNOZ; ARGUELLES,
2014).

Embora existam muitas espécies lipidicas potenciais, a mais estudada, bioativa e
toxica ¢ o 4-hidroxinonenal (4-HNE) (AYALA; MUNOZ; ARGUELLES, 2014;
ZHONG; YIN, 2015; SULLIVAN; GUI; HEIDEN, 2016).
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2.5.1. 4-hidroxinonenal

O 4-HNE ¢ formado durante a peroxidagdo de 4cidos graxos polinsaturados n6,
tais como o acido linoleico e aracdonico (HALLIWELL; GUTERRIDGE, 2008). Este
produto ¢ uma molécula altamente eletrofilica que reage facilmente com compostos de
baixo peso molecular, como glutationa, proteinas ¢ DNA. A reatividade do 4-HNE
depende de trés funcdes principais: o grupo aldeido, a dupla ligacdo entre carbonos
(C=C) e o grupo hidroxila, os quais podem participar isolados ou em sequéncia durante
reagdes quimicas com outras moléculas. Tem sido demonstrado que o 4-HNE modifica
proteinas, ou formando adutos de Michael com residuos lisil, histidil e cisteinil; ou
através da formacao das bases de Schiff com o residuo lisil, levando a formagdo de
pirrole. Além disso, a modificacdo de 4-HNE pode resultar em ligagdo cruzada de dois
residuos lisil por meio dos adutos de Michael e bases de Schiff (BARRERA, 2012;
DALLEAU et al., 2013).

A mais comum fonte de HNE ¢ a endogena, proveniente das espécies reativas de
oxigénio produzidas pela cadeia de transporte de elétrons mitocondrial, a qual
desencadeia a oxidagdo lipidica (DALLEAU et al., 2013), incluindo a oxidag¢do da
cardiolipina - fosfolipideo presente na membrana interna mitocondrial (ZHONG; YIN,
2015). O 4-HNE exdgeno pode ser produzido pela peroxidacdo das lipoproteinas de
baixa densidade do plasma (LDL) ou gerado durante o processamento de alimentos - o
ferro heme presente na carne vermelha pode oxidar lipidios poliinsaturados da dieta

(DALLEAU et al., 2013).

Observado in vitro e, dependendo de sua concentracdo, o 4-HNE pode ser
incluido em trés categorias: a) 100pM ou acima ¢ toxico para a maioria das células,
produz dano mitocondrial e morte celular — niveis que estdo geralmente acima daqueles
que podem ocorrer in vivo;, de 2 a 20 pM inibe a sintese de proteinas ¢ DNA; mas
estimula a fosfolipase Az - envolvida no processo inflamatorio -, a proliferacao celular e
¢ toxico para muitas células; pode também inibir o reparo do material genético por
excisdo de nucleotideo; 1 pM ou menos representa o nivel basal de HNE em tecidos

saudaveis (HALLIWELL; GUTERRIDGE, 2008).

Uma vez formado, o HNE ¢ rapidamente degradado por trés principais reagdes:

reducdo em 1,4-dihydroxy-2-noneno pela enzima alcool desidrogenase, oxidagdo em
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acido 4-hydroxy-2-nonenoico pela aldeido desidrogenase, ou formagdo de glutationa
conjugada (GS-HNE) catalisada por glutationa S-transferase. A maioria do HNE ¢
metabolizada pela formag¢do de GS-HNE (HALLIWELL; GUTERRIDGE, 2008;
BARRERA, 2012; SULLIVAN; GUI; HEIDEN, 2016).
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3 HIPOTESE DO ESTUDO

O metabolismo energético celular encontra-se alterado nas diferentes etapas da

carcinogénese do carcinoma espinocelular oral.

4 OBJETIVOS

4.1 Objetivo Geral

Caracterizar o perfil metabdlico das células de epitélio, desordens

potencialmente malignas e do CEC oral.

4.2. Objetivos Especificos

Verificar o panorama metabolico do CEC oral através da analise protedmica de

tumores.

Analisar o perfil metabolico de linhagens celulares — HaCaT, Cal27, SCC25 e
fibroblastos — através de citometria de fluxo com os reagentes Mitosox, DAF, PI,

Mitotracker red e Mitotracker green.

Analisar o perfil oxidativo de mucosa normal, desordens potencialmente
malignas com displasia e CEC oral por meio de reacdo de imunoistoquimica para 4-

HNE.
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5 ARTIGO CIENTIFICO

Artigo a ser formatado nas normas da revista Tumor Biology.

5.1. Title

Energy metabolism profile in potentially malignant disorders and oral squamous cell

carcinoma

5.2. Abstract

Cancer cells vary their metabolism and it might be influenced by elements of the tumor
microenvironment and the distance from them to blood vessel. These changes can
contribute to the initiation of carcinogenesis, activation of the epithelial-mesenchymal
transition and metastasis. We tested the hypothesis that altered tumor cell metabolism
correlates with the aggressive behavior of oral squamous cell carcinoma (OSCC). We
investigated in human OSCC biopsies the proteins involved in the energy metabolism of
the tumor and we found that OSCC tumors have an increase in proteins related to
glycolysis and a decrease in mitochondria activity in comparison to its adjacent
epithelium, probably due to the downregulation on pyruvate dehydrogenase, and in the
antioxidant activity. Additionally, the more undifferentiated cells (SCC25) have lower
mitochondrial mass and membrane potential, generate lower levels of reactive oxygen
and nitrogen species, which correlated with a greater cell viability. When we analyzed
the marker of oxidative stress 4-HNE in biopsies, the levels of reactive species are
increased in the tumor and in the potentially malignant lesions in the epithelial regions.
There was a decrease in the levels of 4-HNE/reactive species in the connective tissue
underlying dysplastic regions and the OSCC invasion zone. Our results indicate a
dynamism during oral carcinogenesis regarding the energy metabolism of cells and it
varies according to each stage of this process with the potential to be influenced by

elements of the tumor microenvironment.

Keywords: Oral squamous cell carcinoma. Potentially malignant lesions. Energy
metabolism of cancer. Reactive species.

5.3. Introduction

Squamous cell carcinoma is one of the most common type of human cancer
(DOTTO; RUSTGI, 2016). One of the subtypes is the oral squamous cell carcinoma
(OSCC), which has an annual incidence of 400.000 new cases (ISHIKAWA et al.,
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2016) and comprises 90% of all oral cancers (BANERJEE et al., 2017a). During oral
carcinogenesis, keratinocytes are chronically exposed to physical, biological and/or
chemical risk factors that promote biochemical, molecular and morphological
modifications, resulting in disruption of tissue homeostasis. (TANAKA; ISHIGAMORI,
2011).

Metastasis is responsible for more than 90% of deaths related to cancer (XU et
al., 2016) and are characterized by tumor cells invasion and proliferation into tissues
distant from its origin (GUGNONI, M. et al., 2016). Additionally, during oral
carcinogenesis, there are changes in stroma forming a tumor microenvironment capable
of modulating the migratory behavior of tumor cells (RAMOS et al., 2016) and
contributing to metastasis. According to Hanahan and Weinberg (2011), tumor
microenvironment is constructed during the various stages of carcinogenesis and is
constituted by specialized cells - cancer cell, cancer stem cell, cancer-associated
fibroblast, endotelial cell, pericyte, imune inflammatory cells — growth factors,
cytokines and reactive oxygen species (ROS) that function as intermediates in cellular
signaling (CHAN et al., 2017) and contributing to tumor survival and invasion.

Tumors require metabolites to produce ATP, maintain the reduction-oxidation
equilibrium, and proliferate. The metabolism of tumor cells varies, depending on the
influences of the tumor microenvironment and its proximity to blood supply. Cells that
are located near blood vessel have access to nutrients and oxygen, and, therefore, they
will produce ATP aerobically through oxidative phosphorylation. On the opposite
situation, when tumor cells are distant from the vasculature and have limited access to
nutrition, they will produce ATP through alternative catabolic pathways, like glycolysis
and autophagy (MARTINEZ-OUTSCHOORN et al., 2016). It has been demonstrated
that cancer cells with glucose privation will increase glycolysis to reduce ROS
production (PANIERI; SANTORO, 2016).

ROS are produced mainly in the mitochondria (VYAS; ZAGANJOR;
HAIGIS, 2016) and their levels are increased in almost all cancer types (CHAN et al.,
2017) affecting proteins involved in extracellular matrix and cytoskeleton remodeling,
cell-cell junction and cell motility (JIANG et al., 2017). High levels of ROS also result
in changes on macromolecules, like lipids, and DNA oxidation that can trigger genomic
instability and EMT (KINUGASA et al.,, 2015; VYAS; ZAGANJOR; HAIGIS, 2016).
The 4-hydroxynoneal (4-HNE), is a product of non-enzymatic lipid peroxidation
produced mainly by ROS (DALLEAU et al., 2013 KWEIDER et al., 2012; WALI et al.,
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2016), and is associated with the regulation of a variety of cellular pathways like
apoptosis, differentiation and proliferation (JI et al., 2016).

In this study, we verified the metabolic profile of OSCC tumor cells and their
relationship with aggressiveness. We demonstrated that, during the oral carcinogenesis
process, cellular metabolism is dynamic and varies according to each stage of this

process with the potential to be influenced by elements of the tumor microenvironment.

5.4. Material and Methods

5.4.1. Human Biopsies and Cell lines

The experimental design and the informed consent procedures were approved by
the Ethical Committee of Federal University of Rio Grande do Sul-Brazil and of
Hospital de Clinicas de Porto Alegre-Brazil (CAE# 41091314.4.0000.5327). All
patients in this study provided written informed consent. Patients (n=3) with oral lesions
were interviewed and submitted to surgery and the OSCC diagnosis was confirmed
histopathologically by a pathologist. The fragments from regions corresponding to the
center of the tumor and the tumor adjacent epithelium (TAE) were collected and
analyzed through proteomics. Paraffin-embedded samples from human biopsies of
normal oral mucosa (n=4), oral epithelial dysplasia (n=9) and oral squamous cell
carcinoma (n=10) were obtained from Basic Research Center in the Dentistry School of
Federal University of Rio Grande do Sul and were stained for 4-HNE through

immunohistochemistry reaction. All patients informations are described on Table 1.

Oral squamous cell carcinoma cell lines (Cal27 and SCC25) were obtained from
the Tissue Culture Facility at School of Medicine of University of Virginia. The
keratinocyte cell line (HaCaT) was obtained from Rio de Janeiro Cell Bank and primary
fibroblasts were obtained from oral mucosa tissue donated from tooth extraction. Cal27
cells (American type cell culture — ATCC - CRL-2095TM) and HaCat cells (BCRIJ-
0341) were cultivated in DMEM high glucose (Gibco) supplemented with 10% Fetal
Bovine Serum (FBS) (Gibco) while SCC25 cells (ATCC CRL-1628TM) in DMEM/F12
with 15mM HEPES and 0.5mM sodium pyruvate (Gibco) supplemented with FBS 10%
and hydrocortisone (400ng/ml, Sigma). Primary fibroblasts were cultivated in DMEM
low glucose (Gibco) supplemented with 10% Fetal Bovine Serum (FBS) (Gibco). All

cells were maintained in incubator (37 °C, 5% CO2).
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Table 1 - Participants baseline characteristics of the 4-HNE immunostaining in normal
oral mucosa, oral epithelial dysplasia and OSCC.

Normal oral Oral dysplasia  OSCC

mucosa (n=9) (n=10)
(n=4)
Variable Category n n n
Age 19-46 3 4 1
47-75 1 5 8
Unknown 0 0 1
Ethinicity Afro-descendant 1 2 1
Caucasian 3 6 8
Unknown 0 1 1
Gender Male 3 4 9
Female 1 5 1
Unknown 0 0 0
Cigarette Yes 0 1 4
Not 0 0 0
Unknown 4 8 6
Alcohol Yes 0 0 2
No 0 0 0
Unknown 4 9 8
Biopsy region  Tongue 1 2 5
Alveolar ridge 0 1 1
Gingiva 3 2 2
Palate 0 1 1
Jugal mucosa 0 1 0
Lip 0 1 0
Unknown 0 1 1
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5.4.2. Mass spectrometry

The Pierce BCA Protein Assay was used to determine and adjust the protein
amounts of lysates from tumor adjacent epithelium and center of the tumor samples.
Chloroform/methanol precipitation was performed with 100 pg of each sample,
according to Wessel and Fliigge (1984). Pellets were suspended in 100 mM TEAB, pH
8.5, and 8 M urea and proteins digested with a protocol adapted from Klammer and
MacCoss (2006). Briefly, disulphide bonds were reduced in 5 mM TCEP for 30 min at
37°C and then cysteines were alkylated in 25 mM iodoacetamide (IAM) for 20 min at
room temperature in the dark. Urea was diluted to 2 M with 100 mM TEAB, and the
complex protein extract was digested with trypsin in a ratio of 1:100 enzyme/protein

along with 2 mM CaCl; by overnight incubation at 37 °C.

Dimethyl labeling of 25 ug of each digested sample was performed as
described by Boersema et al. (2009). Peptides were labeled at free-amines (N-terminus
and lysine side chain), by combining isotopic forms of formaldehyde and sodium
cyanoborohydride, resulting in mass shifts of +28.0313 Da (Light: CH>O + NaBH3CN)
and+32.0564 Da (Intermediate: CD>O + NaBH3CN) per incorporated label. Tumor
adjacent epithelium was labeled as "Light" and center of tumor sample as
"Intermediate". The two different labeled samples were mixed and pressure-loaded into
a biphasic column for Multidimensional Protein Identification Technology (MudPIT)
analysis.

MuDPIT columns were prepared by first creating a Kasil frit at one end of a
deactivated 250 um ID/360 pm OD capillary (Agilent Technologies). Kasil frits were
prepared by dipping 20 cm capillary in 300 pL Kasil 1624 (PQ Corporation) and 100
pL formamide solution, curing at 100°C for 3 hours and cutting the frit to a length of ~2
mm. A biphasic MuDPIT column was produced in the fritted column by packing in-
house 2.5 cm of strong cation exchange (SCX) particles (5 pum Partisphere,
Phenomenex) followed by 2.5 cm of reversed phase particles (5 pm ODS-AQ Cl18,
YMC) from particle slurries in methanol. Analytical reversed phase columns were
fabricated by pulling a 100 um ID/360 um OD (Polymicro Technologies) to a 5 um ID
tip. Reversed phase particles (5 um ODS-AQ C18, YMC) were packed directly into the
pulled column until 18 cm in length. MuDPIT columns and analytical columns were

connected using a zero-dead volume union (Upchurch Scientific).
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Peptide mixtures were analyzed by LC-MS using quaternary HP 1100 series
HPLC pump (Agilent technology) connected to an LTQ Orbitrap Velos mass
spectrometer (Thermo Scientific). Electrospray was performed directly from the tip of
the analytical column. Solution A was 5 % acetonitrile and 0.1 % formic acid, solution
B was 80 % acetonitrile and 0.1 % formic acid, solution C was 500 mM ammonium
acetate, 5 % acetonitrile and 0.1 % formic acid. Flow rate was approximately 300
nL/min. MuDPIT experiments were performed using a 30-minutes transfer step
followed by solution C injection and five 60-minute, one 120-minute and one 180-
minute separation steps. The LTQ Orbitrap Velos was also operated in a data dependent
mode, ESI voltage of 3.5 kV and inlet capillary temperature of 275 °C. Full MS1 scans
were collected in the Orbitrap, with mass range of 300 to 1200 m/z at 60.000 resolution
and an AGC target of 1x10°. The 20 most abundant ions per MS1 scan were selected for
CID MS?2 in the ion trap with an AGC target of 1x10* and threshold intensity of 500.
Maximum fill times were 250 and 100 ms for MS1 and MS2 scans, respectively, and

dynamic exclusion was enabled.
5.4.3. Flow cytometry

Cultured HaCaT, Cal27, SCC25 and fibroblast cells were trypsinized and then
centrifuged for 10 min at 2000 rpm. After, the cells were washed with PBS pH 7.4,
centrifuged and resuspended in 100 pL at a concentration of 1000 cells/uL. Samples
were incubated at 37 °C with fluorescent probes prior the flow cytometric analysis
according to manufacturer instructions. Oxidant species levels were measured
incubating cells with 2',7'-dichlorofluorescin diacetate (H2DCF-DA; 10 uM; Sigma
Aldrich Co., St. Louis, MO, USA) (Crnkovic — PMID 22391221); nitric oxide levels
were measured incubating cells with 4-amino-5-methylamino-2',7'-difluorofluorescein
diacetate (DAF-FM; 10 uM; Invitrogen, Molecular Probes, Eugene, OR, USA);
mitochondrial superoxide were measured incubating cells with MitoSOX® Red (1 pM;
Invitrogen, Molecular Probes, Eugene, OR, USA); mitochondrial mass and membrane
potential were measured using MitoTracker® Greenand MitoTracker® Red (100 nM;
Invitrogen, Molecular Probes, Eugene, OR - USA) respectively; and, the percentage of
necrotic cells in samples was measured using propidium iodide (PI) staining. Cells were
gated based on the FSC and SSC pattern of the sample cells and 30,000 events were
analyzed by flow cytometry (FACSCalibur, BD Bioscience, Becton & Dickinson,

USA); a non-labeled sample was used as negative fluorescent control. Data were
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analyzed using FlowJo® software (USA) and are expressed as mean fluorescence
intensity, except Mito Tracker Green, Mito Tracker Red which data are expressed as
percentage of stained cells and PI staining which data are also expressed as percentage

of necrotic cells.
5.4.4. Immunohistochemistry

The paraffin-embedded samples were submitted to histological slice in
microtome (3um) and collected on silanized slides. The paraftin slices were incubated
(1h, 60°C) and immersed in xylene, alcohol and rehydrated with PBS at room
temperature. Endogenous peroxidase blockade was performed with methanol + H>O:
and washed with PBS. Antigen retrieval (TRIS-EDTA retrieval buffer, pH 9, steamer,
20 min) was performed. After, the slices were washed with PBS and incubated with the
primary antibody (anti-4 hydroxynonenal antibody ab46545, 1: 200, Abcam, UK),
overnight in the refrigerator. After, the slices were washed with PBS, incubated with
DAKO Envision + Dual Link System HRP secondary antibody (2h in oven 37 °C) and
washed again with PBS. Peroxidase activity was revealed using Diaminobenzidine
0.05% (DAB, DakoCytomation, Carpinteria, CA, USA) diluted in Tris-HCI 50 mM (pH
7.4), for 5 min. The slices were washed in PBS and counterstained with Harris’s
hematoxylin. The slices were dehydrated (ethanol and xylene) and mounted using
Permount, (Fisher, Massachusetts, USA). Negative control consisted of the omission of
the primary antibody. Tissue obtained from salivary gland adenocarcinoma was used as
a positive control. The whole stained slice was scanned using a microscope Imager M
2.0 (Zeiss, Germany) with a 20x magnification objective. The cell location of 4-HNE
immunostaining was the cytoplasm and it was obtained through the image J program

(https://imagej.nih.gov/ij/) (stained cells and stained area).

For sample analysis, images from the normal oral mucosa were obtained from
the normal epithelial and connective tissue. Images from samples with oral epithelial
dysplasia diagnosis were obtained from normal epithelial and connective tissue and the
dysplasia region containing the epithelial and connective tissue. Finally, images from
OSCC samples were obtained from regions containing normal epithelial and connective
tissue; dysplasia epithelial and connective tissue; cancer region and surrounding

connective tissue.
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54.5. Statistical analysis

Mass spectrometry: Student T-test was used to analyze significantly difference from

proteins expressed on central of the tumor compared to tumor adjacent epithelium and
level of significance used was 1%. It was calculated the average ratio (AR) of protein
expression, comparing the same protein from central of the tumor and the tumor
adjacent epithelium. It was considered AR>1 as protein overexpression and AR<I1 as

protein down regulation.

Flow cytometry: Data are presented as mean and standard deviation. Kruskal-Wallis test

with Dunn post-hoc was performed to compare markers distribution in cell lines.

Significance level was 5%.

Immunohistochemistry: It was calculated the average ratio between stained cell number

and total 4rea by 4-HNE in square pixels in epithelial tissue and connective tissue from
normal oral mucosa, oral epithelial dysplasia and OSCC. All data are presented as mean

and standard deviation.

5.5. Results
Glycolytic pathways are up regulated in OSCC.

In order to identify proteins involved in OSCC metabolic profile, it was
performed the protein quantification from three tumours samples (A, B and C) and its
respective tumour adjacent epithelium (Figure 1A). From 4179 proteins identified by
mass spectrometry, it was sorted out the proteins with statistically difference (p<0.01) in
the comparison of each tumor to its respective tumour adjacent epithelium (A= 846
proteins; B=543 proteins; C=531 proteins). Then, it was analysed which proteins were
altered in at least two tumors (A+B+C= 134 proteins; A+B= 148 proteins; A+C = 176
proteins; B+C= 62 proteins) (Figure 1C). Then, the identified proteins were correlated
with their functions according to energy metabolism (www.uniprot.org/uniprot),
considering AR>1 as protein overexpression and AR<I as protein down-regulated.
Categories were established as glycolysis (Table 2), mitochondrial energy metabolism

(Table 3) and redox status (Table 4).
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A
C
531
o}
159
B 176
Code Gender Location TNM Grade
A female tongue T1NOMO Gl 388
B male tongue T4N1MO GIVA
C female tongue T1NOMO Gl
A
846 543

Figure 1 - (A) Histopathology (hematoxylin and eosin - HE) of tumors A, B and C (CT = center of the tumor, TAE tumor adjacent epithelium)
(100x). (B) Description of the sample regarding to patient's gender, location and stage of tumors based on the TNM system (T = tumor
size from 1 (lowest) to 4 (highest)), (N = presence (1) or not (0) of the lymph nodes), (M = presence (1) or not (0) of distant
metastasis). From the association of these parameters, tumors are classified into stages (I, II, III and IV), the first (I) having the best
prognosis (smaller tumors and no metastasis) and the fourth (IV), which has the worst prognosis greater and/or with the presence of
metastasis) (PATEL SG, SHAH JP, 2005). (C) Quantitative proteomics illustrated by the Venn Diagram, representing the relationship
among the sets of protein numbers identified in tumors A, B, and C with statistically significant difference compared to their adjacent
epithelium (t-test, p <0,01).
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Table 2- Proteins related to glycolysis, subexpressed (AR <1) or overexpressed (AR> 1,
in bold) in oral squamous cell carcinoma.

Average Ratio

Protein Function (CT/TAE)
A B C
Fructose-bisphosphate aldolase A catalysis 0,33 1,59 0,17
Glucose-6-phosphate 1-dehydrogenase catalysis 0,83 1,78 5,63
Pyruvate kinase isozymes M1/M2 OS ATP production 2,23 1,58
6-phosphofructokinase, muscle type OS catalysis 0,05 053
Alpha-enolase OS gﬁ;arty:slsr probable tumor 5, 55
Fructose-bisphosphate aldolase C OS catalysis 0,26 0,19
Glucose-6-phosphate isomerase OS catalysis 04 0,69
Glycogen debranching enzyme OS catalysis 0,08 0,19
Glycogen phosphorylase, brain form OS catalysis 0,25 0,61
Phosphoglucomutase-1 OS catalysis 0,27 0,26
Phosphoglycerate kinase 1 OS catalysis 1,34 0,69
Phosphoglycerate kinase 2 OS catalysis 1,44 0,48
Pyruvgte dehydrogqnase El _component catalysis, link between
gléaumt alpha, somatic form, mitochondrial alycolysis and Krebs cycle 0,13 0,25
R catalyss 03 _ 02
S;g;gii?:ﬁzsiegs_ph%phate catalysis 2,69 1,64
Signal transducer and activator of negative regulation of the 1,62 3,68

transcription 3 OS glycolytic process
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Table 3 - Proteins related to energy mitochondrial metabolism, subexpressed (AR <1) or
overexpressed (AR> 1, in bold) in oral squamous cell carcinoma.

Average Ratio

Protein Function (CT/TAE)
A B C

2-oxoglutarate dehydrogenase, mitochondrial catalysis 0,48 14 0,21

Aconitate hydratase, mitochondrial catalysis 0,22 0,85 0,28

Aldehyde dehydrogenase, mitochondrial catalysis 0,11 0,74 0,57

Dihydrolipoyllysine-residue

succinyltransferase =~ component  of  2- .

oxoglutarate dehydrogenase complex, catalysis 0,43 0,38 0,32

mitochondrial

Bsoctmate dehydrogenase  [NADPL, - oo 0,14 0,81 03

Pyruvate dehydrogenase EI component .

subunit beta, mitochondrial catalysis 0,18 0,56 0,17

Very  long-chain  specific  acyl-CoA .

dehydrogenase, mitochondrial catalysis 0.3 064 0.2

ATP synthase subunit beta, mitochondrial ATP production 0,68 0,79 0,44

ATP synthase subunit d, mitochondrial ATP production 0,65 0,52 0,18

ATP synthase subunit O, mitochondrial ATP production 0,43 0,62 0,21

i{:ggﬁgﬁg}?al ¢ oxidase subunit A, electron transport 0,52 0,64 0,15

Eﬁggﬁgngﬁf fer flavoprotein subunit alpha, electron transport 0,36 0,66 0,46

beta-oxidation of short

Hydroxyacyl-coenzyme = A dehydrogenase, ' (. ™ (¢ ivochondrial 0.27 0,64 0,16

mitochondrial fatty acids

ADP/ATP translocase 2 OS catalysis 0,58 1,82
ADP/ATP translocase 3 OS catalysis 0,37 1,65
ADP/ATP translocase 4 OS catalysis 0,22 1,52

(Continues)
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regulation of mitochondrial

Chloride intracellular channel protein 1 OS . 1,14 1,23
membrane potential -
E3 ubiquitin-protein ligase HUWE1 OS Ez)lrtl‘t’f(ﬁond“al quality 3¢ 062
glsectron transfer flavoprotein subunit beta Electron transfer 032 056
glsutamate dehydrogenase 1, mitochondrial ATP binding 035 135
glsutamate dehydrogenase 2, mitochondrial ADP binding 03 134
Leucine-rich PPR motif-containing protein, regulation of mitochondrial
: : . 0,5 1,83
mitochondrial OS transcription -
transfer of electrons from
NADPH--cytochrome P450 reductase OS NADP to cytochrome p450 0,46 1,45
Peroxiredoxin-5, mitochondrial OS antioxidant activity 2,28 0,85
Single-stranded = DNA-binding  protein, Mitochondrial DNA
: : . 2,51 0,35
mitochondrial OS replication -
Sulfide:quinone oxidoreductase, Hydrogen sulfite metabolic
: : 0,54 1,46
mitochondrial OS process -
ggetyl-COA acetyltransferase, mitochondrial catalysis 015 _ 0,15
catalysis - exchange of
cytoplasmic ADP  with
ADP/ATP translocase 1 OS mitochondrial ATP through 0,12 0,7
the internal mitochondrial
membrane
Aspartat otransf tochondrial metabolic exchange
OsSparae aminotransterase, - MIEOChONAal o \ween mitochondria and 0,1 0,21
cytosol
g;’P synthase subunit alpha, mitochondrial ATP production 035 049
ggP synthase subunit delta, mitochondrial ATP production 07 0.l
ATP synthase subunit g, mitochondrial OS ~ ATP production 0,11 0,18
g;’P synthase subunit gamma, mitochondrial ATP production 03 037
Citrate synthase, mitochondrial OS Krebs cycle - synthesis of 0,46 0,46

1socitrate from oxaloacetate

(Continues)
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Cytochrome b-cl complex subunit 1,
mitochondrial OS
Cytochrome b-cl complex subunit 2,
mitochondrial OS

Cytochrome c oxidase subunit 2 OS

Cytochrome ¢ oxidase subunit 5B,
mitochondrial OS

Cytochrome c1, heme protein, mitochondrial
OS

Dihydrolipoyl dehydrogenase, mitochondrial
OS

Elongation factor Tu, mitochondrial OS

Fumarate hydratase, mitochondrial OS

Isocitrate dehydrogenase [NAD] subunit
alpha, mitochondrial OS

Malate dehydrogenase, cytoplasmic OS

Malate dehydrogenase, mitochondrial OS

Medium-chain specific acyl-CoA
dehydrogenase, mitochondrial OS

Mitochondrial 2-oxoglutarate/malate carrier
protein OS

Mitochondrial inner membrane protein OS

NAD(P) transhydrogenase, mitochondrial OS

NADH dehydrogenase [ubiquinone] 1 alpha
subcomplex subunit 13 OS

NADH dehydrogenase [ubiquinone] 1 beta
subcomplex subunit 9 OS

electron transport
electron transport
electron transport
electron transport

electron transport

electron transport,
metabolic ~ process  of
pyruvate

mitochondrial translation

Krebs cycle, tumor
suppressor

Krebs cycle
Krebs cycle

Krebs cycle

electron acceptor to transfer
electrons to the main
mitochondrial — respiratory
chain via ETF-ubiquinone
oxidoreductase

mitochondrial transport

mitochondrial — respiratory
chain
Krebs cycle

electron transport

electron transport

0,16
0,17
0,12
0,48
0,3

0,38

0,57

0,56

0,31

0,33

0,28

0,09

0,14
0,35

0,14

0,17

0,57

0,28
0,24
0,26
0,15
0,29

0,45

0,57

0,37

0,48

0,52

0,4

0,16

0,32
0,67

0,47

0,09

0,15

(Continues)
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NADH dehydrogenase [ubiquinone]

flavoprotein 2, mitochondrial OS clectron transport 037 _ 018
NADH dehydrogenase [ubiquinone] iron-
sulfur protein 3, mitochondrial OS electron transport 024 _ 0.1
NADH-ubiquinone oxidoreductase 75 kDa
subunit, mitochondrial OS clectron transport 029 _ 03
Succinate  dehydrogenase  [ubiquinone]
flavoprotein subunit, mitochondrial OS electron transport 027 _ 0,59
Succinate dehydrogenase [ubiquinone] iron- electron transport chain, 0.39 0.22
sulfur subunit, mitochondrial OS Krebs cycle ’ - 7
Tl}loredox1r}-dependent peroxide reductase, response to oxidative stress 031 048
mitochondrial OS
Trifunctional ~enzyme  subunit alpha, beta-oxidation of fatty
: : . 0,28 0,41
mitochondrial OS acids -
Trifunctional ~ enzyme  subunit  beta, beta-oxidation of fatty 0.41 0.2
mitochondrial OS acids ’ - ’
Voltage-dependent anion-selective channel transport of ions in the
. ) . 0,28 0,38
protein 1 OS mitochondrial membrane -
ATP synthase-coupling factor 6, .
mitochondrial OS ATP production 0,38 0,32
electron transport,
Cytochrome b-c1 complex subunit 7 OS oxidative phosphorylation, 0,42 0,04
oxidation-reduction process
NADH dehydrogenase [ubiquinone] 1 alpha electron transport 0.35 0,08

subcomplex subunit 7 OS

(Concluded)



Table 4 - Proteins related to redox status, subexpressed (AR <1) or overexpressed (AR>

1, in bold) in oral squamous cell carcinoma.
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Average Ratio

Protein Function (CT/TAE)
A B C
Haptoglobin antioxidant 0,14 0,73 0,59
Protein DJ-1 antioxidant 0,67 0,68 0,39
Ceruloplasmin OS antioxidant defense 0,1 0,68
40S ribosomal protein S3 OS response to oxidative stress 0,81 1,23
Elongation factor 1-beta OS response to oxidative stress 1,83 0,61
Peroxiredoxin-1 OS response to oxidative stress 0,57 1,16
Poly [ADP-ribose] polymerase 1 OS response to oxidative stress 0,75 0,75
Protein disulfide-isomerase A4 OS redox homeostasis 2,23 0,71
Protein disulfide-isomerase A6 OS redox homeostasis 2 081
Tropomyosin alpha-1 chain OS response to oxidative stress 0,29 0,62
regulation  of  oxidative
Ubiquilin-1 OS stress-induced intrinsic 2,13 0,68
apoptotic signaling pathway

Apolipoprotein E OS antioxidant activity 0,38 0,67
Catalase OS antioxidant activity 0,33 0,72
ERO1-like protein alpha OS response to oxidative stress 0,47 1,22
Glutathione S-transferase Mu 2 OS antioxidant 0,04 0,12
NAD(P) transhydrogenase, mitochondrial antioxidant, ROS metabolic

0,14 0,47
oS process -
NADH dehydrogenase [ubiquinone] 1 alpha .
subcomplex subunit 13 OS ROS metabolic process 0,17 0,09
NADH dehydrogenase [ubiquinone] iron- ROS metabolic process 0,24 0.19

sulfur protein 3, mitochondrial OS

(Continues)
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(Continuation)

NADH-ubiquinone oxidoreductase 75 kDa

subunit, mitochondrial OS ROS metabolic process 029 03
Peroxiredoxin-2 OS antioxidant activity 0,16 0,6
Peroxiredoxin-6 OS antioxidant activity 0,26 044
Protein S100-A8 OS oxidant-scavenging 0,44 027
Protein S100-A9 OS antioxidant activity 0,83 0,31
S:lrcci?llr)lllazn%iggzgdzol())lgsmic reticulum response to oxidative stress 0,17 0,31
Serum albumin OS antioxidant activity 0,06 097
Thioredoxin OS response to oxidative stress 1,71 0,31
Thioredoxin-dependent peroxide reductase, response to oxidative stress 031 0,48

mitochondrial OS

Voltage-dependent anion-selective channel negative regulation of ROS

protein 1 OS metabolic process. 028 _ 038

Elongation factor 1-gamma OS glutathione metabolic 2,09 2,78
process

Elongation factor 2 OS response to hydrogen 2,23 2,68
peroxide
oxidoreductase activity,

Glutathione S-transferase omega-1 OS glutathione metabolic 1,62 1,56
process

Glutathione S-transferase P OS response to ROS 1,32 2,21

) ) negative  regulation  of

SlgnaI. .transducer and activator of hydrogen peroxide 1,62 3,68

transcription 3 OS : .
biosynthetic process

Superoxide dismutase [Cu-Zn] OS response to ROS 0,08 0,04

(Concluded)
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It was identified 16 proteins related to glycolysis that showed changes in the
expression in the center of the tumor when compared to the epithelium at the free zone
of the tumor (control). Among them, we identified the overexpression of glucose-6-
phosphate 1-dehydrogenase, glyceraldehyde-3-phosphate dehydrogenase and pyruvate
kinase and a downregulation on pyruvate dehydrogenase. Glyceraldehyde-3-phosphate
dehydrogenase is involved in generation of NADH, pyruvate kinase in the generation of
pyruvate and the pyruvate dehydrogenase is involved in the transformation of pyruvate
to acetyl-CoA, necessary to start the cycle of Krebs in mitochondria.

In the analysis of mitochondria-related proteins, from the 63 proteins
identified, 12 were overexpressed and 51 were downregulated in the tumor. This
characterizes a decreased mitochondrial activity, including low expression of proteins
involved in the tricarboxylic acid cycle (Krebs cycle) and oxidative phosphorylation.
Also, cytochrome C, which is also related to induction of apoptosis (ZHANG et al.,
2017), was downregulated in all samples.

Tumors showed variable expression for 34 proteins related to redox status.
The expression profile was not uniform among samples, but it was noticed a decrease
on proteins related to antioxidant activity, such as Apolipoprotein E, Catalase,
Peroxiredoxin and protein S100 and an increase on glutathione S-transferase, involved
in glutathione metabolic process. Taken together, the quantitative proteomic data shows
that OSCC tumors have an increase on proteins related to glycolysis, with the potential
to generate pyruvate and NADH, which was accompanied by a decrease on

mitochondria and antioxidant activity.

EMT correlates with lower metabolism.

Since there seems to be an association between level of differentiation and
metabolic profile, we investigated the metabolic activity in epithelial cell lines (HaCaT),
oral squamous cell carcinoma with high (Cal27) or low (SCC25) levels of
differentiation (RAMOS et al. 2016) and fibroblasts. For this, cells were exposed to
markers to verify mitochondrial superoxide (Mitosox), mitochondrial mass
(MitoTracker Green) and mitochondrial membrane potential (Mito Tracker Red). In
addition, we analyzed the levels of reactive oxygen and nitrogen species (DCF), levels

of nitric oxide (DAF) and cell death (PI).
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Cells that underwent EMT (SCC25) had lower mitochondrial mass and
membrane potential compared to highly differentiated OSCC cells (Cal27) and
epithelial cells (HaCaT). There was no statistically significant difference among
fibroblasts and other cells. This suggests that undifferentiated cells have glycolytic
metabolism and potentially produce fewer reactive species than cells that have not yet
completed the epithelial-mesenchymal transition (Cal27).

It was observed that the production of oxygen and nitrogen reactive species
was significantly lower in aggressive OSCC cells (SCC25) compared to the less
aggressive OSCC cells (Cal27). The same happened with the production of nitric oxide,
where epithelial cells (HaCaT) presented significantly higher values in comparison to
high-differentiated tumor cells (Cal27). No statistically significant difference was found
for mitochondrial superoxide production among all cell lines (Figure 2). Additionally, a
decrease in cell death rates was observed in cells with a mesenchymal profile (SCC25
and fibroblasts) when compared to cells with a more epithelial profile (HaCaT and Cal
27) (Figure 3). These data show that, in general, the more undifferentiated cells
(SCC25) have lower mitochondrial mass and membrane potential, generate lower levels

of reactive oxygen and nitrogen species, which correlated with a greater cell viability.
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Figure 2 - (A) HaCaT, Cal27, SCC25 and fibroblast cells were labeled with DCF, DAF, MitoSOX, PI and submitted to flow cytometry. (B) The
levels of oxidants, nitric oxide levels, mitochondrial superoxide production and cellular necrosis levels are represented according to
the results of (A) (n = 5). Data are represented by mean and standard deviation. The Kruskal-Wallis test with Dunn post-hoc were
performed to compare cell line distributions between the markers (p <0.05). MFI (Mean Fluorescence Intensity)
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Figure 3 - (A) HaCaT, Cal27, SCC25 and fibroblast cells were labeled with Mito Tracker Green, Mito Tracker Red, PI and submitted to flow
cytometry. (B) Results of cell necrosis rates and mitochondrial parameters mass and membrane potential are represented according to
the results of (A) (n = 5). Data are represented by mean and standard deviation. The Kruskal-Wallis test with Dunn post-hoc were
performed to compare cell line distributions between the markers (p <0.05).
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Oxidative damage increases in potentially malignant lesions and OSCC tumors.

Since the results from cell lines and mass spectrometry suggest a variable
change on metabolism according to the differentiation level of the tumor cell, we
analyzed the lipid peroxidation profile (4-HNE) as a marker of oxidation levels in
OSCC biopsies, potentially malignant lesions (oral epithelial dysplasia) and normal oral
mucosa (Figure 4). For this, we analyzed the number of stained cells and the stained
area in regions containing epithelial and/or dysplastic and/or tumor tissues and its
respective connective tissue (Figure 5A).

When it was compared the epithelial regions of normal oral mucosa with the
epithelium surrounding dysplasia or OSCC (Figure 5B, a, b, d, respectively), we
observed an increase in 4-HNE staining mainly in epithelium surrounding dysplastic
regions. Similarly, when we compared normal oral mucosa (Figure 5B, a) with regions
of dysplasia (Figure 5B, c, e) or the center of OSCC lesions (Figure 5B, f), we observed
an increase in 4-HNE staining in OSCC lesions.

When we compare regions of connective tissue underlying the normal oral
mucosa, oral epithelial dysplasia, and OSCC (Figure 5C, a, b, d, respectively), there is a
decrease in 4-HNE staining in the biopsies of dysplastic and OSCC lesions when
compared to normal mucosa. This decrease is more expressive in the connective tissue
underlying dysplastic regions (Figure 5C, c, e) and in the connective tissue of the OSCC

invasion zone (Figure 5C, f), indicating less oxidative damage.
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Normal oral mucosa

Oral epithelial dysplasia

OSCC

Figure 4 - 4-HNE expression in normal oral mucosa, oral epithelial dysplasia and
OSCC. Samples of normal oral mucosa (upper line), oral epithelial
dysplasia (center line) and OSCC (lowerline) were stained for HE (left
column) and 4-HNE (right column). HE images were obtained at low
magnification (10x) and black box represent the area images were taken at
higher magnification (63x) from sequential series slices submitted to 4-HNE
immunostaining. Normal oral mucosa (n=4), oral epithelial dysplasia (n=9)
and OSCC (n=10). Analysis pathologists.
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a=Normal oral mucosa/normal epithelium (n=4)
b=Oral epithelial dysplasia/normal epithelium (n=9)
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d=0SCC/ normal epithelium (n=10)
e=08SCCl/epithelial dysplasia (n=10)

f=OSCC/OSCC (n=10)

Figure 5 - Mean (A) and mean/standard deviation (B and C) of the ratio between the number of stained cells and the stained area in square pixels
in the epithelial and connective tissues of histological slices of normal oral mucosa, oral epithelial dysplasia and OSCC, considering
the regions of normal epithelium, epithelial dysplasia and OSCC of each slice.
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5.6. Discussion

Alterations on tumor energy metabolism has been associated with metastasis,
treatment resistance, and patient survival (DONG et al., 2017; SUN et al., 2017). In this
process, cancer cells undergo modifications to maintain their biosynthetic needs
(GAUDE, FREZZA, 2016; EALES; HOLLINSHEAD; TENNANT, 2016) - increase in
the ATP and macromolecules production, as well as redox maintenance (NATH;
CHAN, 2016). The altered cellular energy metabolism in cancer was originally
described by Otto Warburg, who observed that these cells chose to perform aerobic
glycolysis even in the presence of oxygen, whereas normal cells oxidize the total
available glucose in the mitochondria (GAUDE, FREZZA, 2016). We demonstrated
through quantitative proteomics comparing samples from the same patient, that cells
from OSCC lesions have a higher glycolytic metabolism then the adjacent epithelium.
Additionally, tumor B, which had the worst prognostic based on TNM system (Figure
1B) (PATEL SG, SHAH JP, 2005), has all quantified proteins related to glycolysis

overexpressed.

The increase on glyceraldehyde-3-phosphate (GAPDH) associated to low levels
of mitochondrial NADH dehydrogenase in tumor cells indicates an increase on
generation of NADH, the reduced form of nicotinamide adenine dinucleotide (NAD™).
NAD" that is involved in redox signaling and the imbalance on the NAD+/NADH ratio
is associated to tumor growth and metastasis in breast cancer (SANTIDRIAN et al.,
2013). Also, high levels of NADH might affect histone deacetylation (LIN;
GUARENTE, 2003) due to inhibition of Sirtuin enzimes (LIN; GUARENTE, 2003),
which are involved on several diseases (SAUNDERS; VERDIN, 2007). Interesting,
Sirtuinl activity is associated to the EMT process in OSCC (CHEN et al., 2014),

indicating a potential therapeutic role for the control of metabolic status in cancer cells.

High levels of pyruvate kinase (PK) associated to low levels of pyruvate
dehydrogenase (PDH) and the imbalance on NAD*/NADH ratio indicates an increase
on cytosolic pyruvate with the potential to be converted on lactic acid. In fact, high PK
levels is associated to maintenance of cancer stem cell population (CHIEH et al., 2018)
and is associated to a worse prognosis for OSCC patients (WANG et al., 2015). The
inhibition of PK improved cell proliferation in melanoma cells (BABU et al., 2018),
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while the restoration of PDH induced cell death in OSCC (GUIMARAES et al., 2018).
Increase on lactic acid leads to an acidification of the extracellular microenvironment,
which affects the activity of metalloproteases (FENG et al., 2017) and contributes to
cell invasion and metastasis. Also, the acidification modulates the behavior of tumor
and normal cells (MARTINEZ-OUTSCHOORN et al., 2016; OHASHI et al., 2017),
such as the modulating of M2-macrophages (OHASHI et al., 2017) that is associated to
worst prognosis in OSCC (ALVES; DIEL; LAMERS, 2017). Also, the detection of
cancer metabolites (SULLIVAN; GUI; HEIDEN, 2016) could be used as a potential
diagnostic parameter (SALUJA et al., 2016) for OSCC.

Mitochondria plays an important role on tumorigenesis of several cancers
(VYAS; ZAGANIJOR; HAIGIS, 2016; CHATTARAGADA et al.,, 2017). Our
association of proteomics analysis with the in vitro data indicates that more
undifferentiated OSCC cells show low levels of mitochondrial mass and activity. The
decrease on mitochondria activity also contributes to the imbalance redox homeostasis.
Changes in mitochondria is associated to tumor plasticity, such as metastasis (LEBLEU
et al., 2014), and modulation of mitochondria activity has improved antidrug resistance
(WANG et al., 2018). Besides the metabolic changes, the decrease on cytochrome C
levels is associated with lower apoptosis (BURKE, 2017) as we observed in the most
aggressive OSCC cell line (SCC25), and the recovery of mitochondria activity was able
to revert this phenotype in OSCC (RUGGIERI et al., 2015). Interesting, the mechanism
of action of cisplatin, an anticancer agent, involves an increase on cytochrome c
(AZUMA et al., 2003), indicating that undifferentiated OSCC cells would be more

resistant to chemotherapy due to lower mitochondrial activity.

Patients with oral cancer show an increase on DNA/protein oxidation and a
reduction of antioxidants in saliva (BAHAR et al., 2007), indicating an unbalance in the
redox homeostasis. We observed an increase on glutathione S-transferase (GST) levels
in the center of the tumor, indicating an increase on the recovery of Glutathione.
However, there is an increase on GST polymorphisms in cancer (MACLLWAIN;
TOWNSEND; TEW, 2006) which is associated to anticancer drug resistance
(TOWNSEND; TEW, 2003). Conversely, other markers of antioxidant activity were
decrease on OSCC (SUBAPRIYA et al., 2002; BANERJEE et al., 2017b). We detected
a decrease on catalase, peroxiredoxin and protein S100. Catalase and peroxiredoxin are

downregulated in several cancer types (GLORIEUX; CALDERON, 2017; NICOLUSSI
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et al., 2017) resulting in increase on oxidative stress that might affect the migration of
cancer cells (NIU et al., 2016). Also, it was demonstrated that high levels of S100
correlates with low aggressive profile of oral cancer cells (YANG et al., 2010;

SAPKOTA et al., 2015), probably by promoting the differentiation.

Changes in the redox system make cells more susceptible to damages on DNA,
proteins and lipids, contributing to impaired cell function. Several studies indicate an
increase on oxidative stress in OSCC and potential malignant samples (KORDE et al.,
2011; METGUD; BAIAI, 2014; BANERIJEE, et al., 2017a). It is known that the 4-HNE
molecules produced from the phospholipid oxidation (DALLEAU et al., 2013) are
involved in the initiation and progression of cancer through the modulation of
mitochondrial function and metabolic reprogramming (ZHONG; YIN, 2015).
According to its concentration, 4-HNE might be toxic for cells (HALLIWELL;
GUTERRIDGE, 2008) and this modulation probably occurs at each stage of
carcinogenesis according to cellular needs to ensure its survival, proliferation and
invasion. We demonstrated that highly differentiated cell line (Cal27) show an increase
on oxidative stress parameters, which correlated with an increase on 4-HNE staining in
biopsies of potential malignant lesions and the OSCC when compared to normal
mucosa. In fact, it was demonstrated an increase of 4-HNE in colorectal cancer
(SKRZYDLEWSKA et al., 2005) and esophageal squamous cell carcinoma (Zhang et
al., 2017), which corroborates with our results. However, we observed a decrease on 4-
HNE staining in cells of the connective tissue adjacent to dysplastic epithelium and at
invasion regions of OSCC, indicating that the heterogeneity of cells at tumor
microenvironment shows differential oxidative status. This data, associated to the
finding that low differentiated/highly invasive OSCC (SCC25) shows a decrease on
oxidative stress, suggest that there is a switch in the metabolic parameters during EMT,
where cells with more epithelial-like profile show an increase on oxidative damage,
while cells with mesenquimal-like phenotype has low oxidative damage. This is
particular important for carcinogenesis, since moderate levels of oxidative might cause
changes on proliferation, apoptosis and DNA mutation (CLERKIN et al., 2008;
NISHIKAWA, 2008; SHIMI; GOLDMAN, 2014; QIAO et al.,, 2017; PAN et al.,
2018;), which is observed in potential malignant lesions and at the center of the tumor,

while decrease on oxidative parameters improves cell migration (NISHIKAWA, 2008;
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LAMERS et al., 2011) with the potential to contribute with the metastatic behavior of

cells at the invasion zone of OSCC.

During all stages of carcinogenesis, the cellular metabolism seems to be
adequate to each moment of the process, using pathways that favor tumor initiation and
progression until metastasis. These mechanisms seem to vary depending on the tissue
that gives origin to the tumor and the microenvironment in which the tumor cells are
inserted. We observed that OSCC cells show higher glycolytic metabolism, decrease in
mitochondrial activity and in antioxidant activity, and an increase of byproducts
generated by oxidative metabolism, which varies according to the differentiation level
of tumor cells and might contribute to the carcinogenesis process. Advances in
improving this information could help in the comprehension of some tumors resistance
to treatments and thus contribute to the development of effective therapies against

cancer.
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6 CONCLUSAO

O CEC apresenta maior metabolismo glicolitico e diminui¢do das atividades

mitocondriais e antioxidantes.

As células mais indiferenciadas (SCC25) possuem menores massa e potencial de
membrana mitocondrial, geram menores niveis de espécies reativas, os quais estdo

correlacionados com maior viabilidade celular.

Regides de epitélio nas lesdes displasicas e de CEC apresentam maiores niveis
de dano oxidativo quando comparados ao epitélio de mucosa oral normal, enquanto
regides de tecido conjuntivo de lesdes displasicas e CEC apresentam diminui¢do nos
niveis de dano oxidativo quando comparados ao tecido conjuntivo de mucosa oral

normal.
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APENDICE A — Termo de Consentimento Livre e Esclarecido

TERMO DE CONSENTIMENTO LIVRE E ESCLARECIDO

Vocé estd sendo convidado (a) a participar do projeto de pesquisa “Estudo do
perfil oxidativo de leucoplasia e carcinoma espinocelular oral” realizado pelo
Programa de P6s-Graduacdo da Faculdade de Odontologia-UFRGS. Este trabalho tem
como objetivo verificar qual o papel de algumas substancias na evolucdo do cancer de
boca. Para tal, lesdes como a que vocé€ possui, serdo submetidas a exames laboratoriais
— analises bioquimicas.

Voce esta sendo convidado a participar deste estudo porque ja foi indicado pelo
seu médico a realizagdo de cirurgia para remogao (retirada) da lesdo. O material retirado
na cirurgia serda utilizado assistencialmente com a finalidade de fazer exames que
confirmam o diagnoéstico e avaliar a necessidade de tratamento. Caso sobre do material
retirado que serd analisado pelo médico, o restante ¢ usualmente descartado. NoOs
gostariamos de usar o restante do material que seria descartado para as analises deste
estudo Ressaltamos que ndo serd coletado material a mais na cirurgia, e também nao
serdo necessarios novos contatos com os pesquisadores.

A sua participacdo no estudo ndo trara beneficios diretamente para vocé, ou seja,
os exames que serdo realizados pelo estudo ndo interferem no seu tratamento, mas
contribuird para que possamos entender melhor como funciona a doenca que vocé
possui, aumentando o conhecimento sobre essa doengca — como preveni-la e trata-la.
Além disso, também podera ajudar na realizagdo de estudos no futuro. Nao sdo
conhecidos riscos sobre sua participagdo no estudo.

Caso vocé concorde em participar deste estudo, vocé respondera um
questionario que serd aplicado antes da cirurgia. O questiondrio contém perguntas sobre
seus dados pessoais, historia médica, historia odontoldgica e nivel socioeconomico.
Também serd realizado um exame bucal geral. O tempo total da aplicacdo do
questionario e do exame durard em torno de 30 minutos que deve ocorrer antes da
preparacdo prevista para a sua cirurgia.

Nao estd previsto nenhum tipo de pagamento pela participacdo no estudo, e o
participante ndo tera nenhum custo com respeito aos procedimentos envolvidos.

As informagdes que vocé fornecer serdo mantidas em sigilo. Os dados deste

estudo serdo armazenados em bases de dados codificadas e apenas os pesquisadores
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terdo acesso aos seus dados de identificagdo. Os resultados serdo divulgados de maneira
coletiva, ndo vinculando seu nome aos mesmos.

Se vocé concordar, o pedago que for retirado da sua lesdo sera utilizado neste
estudo e, o pedaco restante, se houver, sera guardado. O material que ndo for utilizado
nesta pesquisa, s6 poderd ser usado em outra se esse novo estudo for aprovado pelo
Comité de Etica em Pesquisa e vocé autorizar a utilizagdo através de novo termo de
consentimento livre e esclarecido. Vocé deve assinalar se autoriza ou ndo o
armazenamento para outros possiveis estudos, conforme explicado acima:

() concorda com o armazenamento do material
() ndo concorda com o armazenamento do material

A participagdo neste projeto de pesquisa ¢ voluntdria. Independentemente de sua
escolha, seu tratamento ndo sera afetado e vocé tem o direito de se retirar deste estudo a
qualquer momento, bastando avisar ao pesquisador.

Qualquer duvida sobre a pesquisa pode ser esclarecida diretamente com o
pesquisador responsavel Dr. Manoel Sant’Ana Filho, no Servigo de Patologia Bucal,
sala 503 da Faculdade de Odontologia da UFRGS, telefone 51-3308 5023 ou com o
Comité de Etica em Pesquisa do Hospital de Clinicas de Porto Alegre, no 2° andar na

sala 2227, telefone 51-3359-7640 de segunda a sexta-feira, das 8h as 17h.
Consentimento

Eu confirmo que li o termo acima e que recebi as informagdes necessarias sobre
o estudo. Aceito participar deste estudo de maneira voluntéria e sei que posso retirar
meu nome a qualquer momento sem que haja qualquer prejuizo. Declaro que recebi

copia to termo.

Nome do participante Assinatura
Nome do responsével Assinatura
Nome do pesquisador Assinatura

Porto Alegre, de de 20




ANEXO A - Carta de Aprovagao do Projeto HCPA 14-0689

HCPA - HOSPITAL DE CLINICAS DE PORTO ALEGRE
GRUPO DE PESQUISA E POS-GRADUAGCAO

COMISSAO CIENTIFICA

A Comisséo Cientifica do Hospital de Clinicas de Porto Alegre analisou o projeto:

Projeto: 140689
Data da Verséo do Projeto:  15/12/2014

Pesquisadores:

MANOEL SANT ANA FILHO
ALESSANDRO MENNA ALVES
GRASIEL! DE OLIVEIRA RAMOS
MARCELO LAZZARON LAMERS
FRANCISCA AURINA GONCALVES

Titulo: Estudo do perfil oxidativo de leucoplasia e carclnoma espinocelular oral

Este projeto fol APROVADO em seus aspectos éticos, metodoldgicos, loglsticos e financeiros para
ser realizado no Hospital de Clinlcas de Porto Alegre. .

Esta aprovagéio esta baseada nos pareceres dos respectivos Comités de Etica e do Servigo de Gestéo
em Pesquisa.

- Os pesquisadores vinculades ao projeto néo participaram de qualquer etapa do processo de avaligdo
de seus projetos.

- O pesquisador deveré apresentar relatérios semestrals de acompanhamento e relatério final ao Grupo
de Pesquisa e Pés-Graduagéo (GPPG)

Porto Alegre, 20 de abril de 2015.
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