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RESUMO

O cancer de mama € a neoplasia mais comum em mulheres em todo o mundo.
Embora este tipo de cancer tenha bom prognostico na maior dos casos, altas taxas
de mortalidade tém sido associadas a metastase, um processo no qual as células
cancerosas se espalham do tumor primario para 6rgdos distantes e iniciam novos
tumores. A metastase pode ser ativada por meio de sinais provenientes do
microambiente tumoral que abrange uma variedade de células hospedeiras
interagindo com células tumorais. Os neutrdfilos infiltrados no tumor, sob condi¢bes
especificas, liberam armadilhas extracelulares de neutréfilos (NETS), uma estrutura
semelhante a uma teia composta por DNA de fita dupla e proteinas como elastase
neutrofilica, histonas e mieloperoxidase. As NETs tém sido propostas como
possiveis efetoras na progressdo tumoral. Neste estudo, buscou-se avaliar a
capacidade das NETs isoladas em promover a progressdo do tumor através da
ativacdo do programa de transicdo epitelial-mesenquimal (TEM) em linhagem de
células de carcinoma mamario humano. Os neutréfilos foram isolados do sangue de
doadores saudéaveis e posteriormente estimulados com PMA (Forbol 12-Miristato 13-
Acetato), indutor classico de NETose, para gerar NETs. Células MCF7 foram
privadas de soro fetal bovino por 10 horas e entdo estimuladas com NETs por 16
horas. Apds o tratamento, foram geradas amostras para analise de PCR em tempo
real, andlises de citometria de fluxo, ensaios de migracdo e imunocitoquimica.
Dados de RNAseq de pacientes com cancer de mama depositados no banco de
dados do Atlas do Genoma do Céancer (TCGA) também foram avaliados. O
tratamento nas células MCF7 com NETs purificadas promoveu mudancas
morfoldgicas marcantes nas células tumorais. Além disso, a incubacéo das células
MCF7 com NETs aumentou dramaticamente as propriedades migratérias das células
tumorais. Em seguida, os fatores de transcricdo relacionados a TEM foram
modulados por NETs juntamente com marcadores de TEM, como E-caderina,
Fibronectina, N-caderina e p-catenina. NETs foram capazes de modular os
marcadores de células-tronco tumorais CD24 e CD44. Além disso, a expressao de
MRNA de genes pro-tumorais e pro-inflamatorios foi aumentada por NETs. A analise
do TCGA revelou uma correlagdo positiva significativa entre a expressao de genes
de assinatura de neutréfilos e genes relacionados a TEM, bem como genes pro-
inflamatorios. Coletivamente, nossos dados sugerem as NETs como um importante
agente pré-tumoral e, desta forma, a interagdo entre NETs e células tumorais
emerge como um potencial alvo terapéutico para reduzir a progressao tumoral.



ABSTRACT

Breast cancer is the most common malignancy in women around the world. High
death rates have been associated with metastasis, a process in which cancer cells
spread from the primary tumor achieving distant organs and initiating new tumors.
Metastasis can be activated through signals from the tumor microenvironment that
encompasses a variety of host cells interacting with tumor cells. Infiltrated neutrophils
in the tumor, under specific conditions, release Neutrophils extracellular traps
(NETSs), a web-like structure composed by double strand DNA and proteins, such as
neutrophil elastase, histones and myeloperoxidase. NETs have been proposed as
possible effectors in the tumor progression. In this study, we sought to evaluate the
capacity of isolated NETs to promote tumor progression through activation of the
epithelial-mesenchymal transition (EMT) program in human breast carcinoma cell
lines. Neutrophils were isolated from blood of health donors and further stimulated
with PMA (Phorbol 12-myristate 13-acetate), a classic NETosis inducer, to generate
NETs. MCF7 cells were starved in serum-free medium for 10 hours followed by
stimulation with NETs for 16 hours. After the treatment, samples were generated for
real time PCR analysis, flow cytometry analyses, migration assays and
immunocytochemistry. RNA-seq data from breast cancer patients deposited in The
Cancer Genome Atlas (TCGA) database were assessed. The treatment of MCF7
cells with purified NETs promoted remarkable morphological changes in the tumor
cells. In addition, incubation of MCF7 cells with NETs dramatically increased the
migratory properties of the tumor cells. In order, EMT-related transcription factors
were modulated by NETs along with EMT markers such as, E-cadherin, Fibronectin,
N-cadherin and [B-catenin. NETs were capable to modulate cancer stem cells
markers CD24 and CD44. Furthermore, mRNA expression of pro-tumoral and pro-
inflammatory genes was increased by NETs. TCGA analysis revealed a significant
positive correlation between neutrophil signature gene expression and EMT-related
genes as well as pro-inflammatory genes in breast cancer patients. Collectively our
data demonstrate that NETs increase the pro-tumoral properties of the human
carcinoma cells.
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1. INTRODUCAO

1.1 Cancer

De acordo com a Organizacdo Mundial da Saude (OMS), o cancer € a segunda
principal doenca que leva a 6Obito adultos precoces entre 30-69 anos na maior parte
do mundo (WINTERS et al., 2017). A cada 8 mortes, 1 € devido a doenca. A
estimativa mais recente do niumero de casos de cancer foi de aproximadamente 18
milhdes ao redor do mundo, e 0 nimero de mortes causado pelo cancer foi de 9,6
milhdes em 2018, com expectativa de aumento significativo no nimero de Obitos
anuais (BRAY et al.,, 2018). Acredita-se que em algumas décadas, o niamero de
mortes por cancer deve superar o de mortes causadas por cardiopatia isquémica, a
principal causa de morte em todo mundo nos dias atuais (MATTIUZZI & LIPPI,
2019). A justificativa para o aumento da incidéncia do cancer deve-se ao aumento
da expectativa de vida da populagéo e ao crescimento demogréafico mundial (BRAY
et al., 2018).

A incidéncia do céancer € maior entre paises mais socioeconomicamente
desenvolvidos (JAYASEKERA & MANDELBLATT, 2020). O estilo de vida da
populacdo mais rica tem grande influéncia sobre os nimeros. Dentre os fatores de
risco que favorecem ao desenvolvimento da doenca destacam-se o sedentarismo,
obesidade, alimentos industrializados, consumo de alcool e tabaco. Além disso,
doencas infecciosas como, hepatites virais e papilomavirus humano, e também
exposicao a radiacdo solar séo fatores de risco incluidos na estatistica (WINTERS et
al.,, 2017; BERNARD & CHRISTOPHER, 2020). No entanto cerca de 70% das
mortes se concentram em paises com baixa e média renda, podendo justificar-se
pelo baixo investimento em medicina preventiva, diagnostico realizado no estagio
tardio da doenca, custo e acesso ao tratamento e baixo investimento em pesquisa

cientifica na area.

As altas taxas de pessoas afetadas pelo cancer ndo apenas sugere um problema
prioritario de saude publica mundial, mas também, um problema que afeta a
economia global, haja visto o custo médio anual investido, gerando um forte impacto
econdmico. O custo estimado com pacientes em tratamento € de 1 trilhdo de dolares

anuais. Além dos investimentos feitos em programas indiretos para reduzir a



incidéncia de cancer na populacdo, como programa de reducdo de alcool e tabaco
(BERNARD & CHRISTOPHER, 2020). A prevencao e o controle do cancer estao
entre os mais importantes desafios da humanidade deste século.

1.2 Cancer de mama

O Cancer de mama esta entre os trés mais incidentes no mundo, junto com
cancer de pulméao e colorretal, com uma taxa de incidéncia de 10,4 % dentre todos
os tipos de cancer (IACOVIELLO et al., 2020). Entre as mulheres, o cancer de mama
€ 0 mais incidente (representando 24,2% de todos os novos casos). Anualmente,
sdo diagnosticados aproximadamente 2,1 milhdes de novos casos. No Brasil,
estima-se mais de 198 mil novos casos de cancer de mama entre 2020-2022 (INCA,
2019).

O cancer de mama nao € apenas o0 mais incidente entre as mulheres, como
também representa a principal causa mundial de morte feminina. Essa estimativa
independe da condicdo socioeconémica do pais. Na América latina, a taxa de
incidéncia do Brasil e do México, mostram que o0s numeros de casos s6 vém
aumentando, 2,9% e 5,9% por ano, respectivamente. Um aumento observado de
maneira semelhante na Africa e na Asia. Isso provavelmente pode ser atribuido a
implementagdo dos programas de rastreamento do cancer de mama nos ultimos
anos (HARBECK & GNANT, 2017; BERNARD & CHRISTOPHER, 2020).

A taxa de mortalidade por cancer de mama ajustada pela populacdo mundial
foi de 13,84 6bitos a cada 100.000 mulheres no mundo em 2018 (INCA, 2019). Por
outro lado, nos Estados Unidos e na Unido Europeia a taxa de mortalidade do
cancer de mama tem diminuido a cada ano. Isso ocorre devido aos programas de
prevencdo e deteccdo precoce do tumor, aumentando as chances de eficacia dos
tratamentos. Além de outra parte ser atribuida a diminuicdo do protocolo de
tratamento de reposicdo hormonal em mulheres apdés a menopausa (BRAY et al.,
2018; FERLAY et al., 2019). Apesar dos nimeros ndo serem animadores no Brasil,
nos paises mais desenvolvidos as estimativas de sobrevida de pacientes com
cancer de mama tém sido favoraveis, apresentando uma tendéncia de aumento
médio de 5 anos. Pode-se atribuir estes resultados ao melhoramento das técnicas
de diagndstico, qualidade do tratamento local e sistémico e conhecimento

aprimorado sobre a doenca e suas caracteristicas para decisdo terapéutica
2



adequada (INCA, 2019). E quanto mais precocemente detectado, maiores sdo suas
chances de cura. No entanto, a mortalidade por cancer de mama ainda continua alta

e deve ser tratada como um problema de saude publica.

O tumor de mama apresenta dezenas de tipos histolégicos e moleculares de
carcinomas mamarios in situ e/ou invasivo (Figura 1). O tipo histolégico mais comum
€ o carcinoma ductal infiltrante, que representa 70-80% dos casos de cancer de
mama. O carcinoma lobular infiltrante € o segundo mais frequente, com cerca de 5-
15% de incidéncia (INCA, 2019).

FIGURA 1. Anatomia da mama. llustracdo adaptada de Patrick J. Lynch.

No cancer de mama, ha uma classificacdo molecular na qual os tipos
tumorais séo divididos de acordo com padrées de expressao molecular capazes de
diferenciar no desenvolvimento tumoral (DAl et al., 2015). Os subtipos sé&o
classicamente identificados pela expressao de marcadores moleculares: receptor de
estrogénio (ER), receptor de progesterona (PR) e receptor do tipo 2 do fator de
crescimento epidérmico humano (HER?2). Para diagnéstico clinico utiliza-se a imuno-
histoquimica como técnica principal (Tabela 1).



Tabela 1: Classificacdo molecular dos subtipos de cancer de mama. Adaptado de DAI et al,
2015.

SUBTIPOS MARCADORES IMUNOHISTOQUIMICOS AVALIADOS NA
TUMORAIS CLINICA
LUMINAL A ER+ elou PR+ HER2- < 14% Ki 67
HER2 + _
LUMINAL B ER+ e/ou PR+ > 14% Ki 67
HER?2 -
i ER- PR- HER2+
BASAL-LIKE/
ER- PR- HER2-
TRIPLO NEGATIVO

Os subtipos luminal A e luminal B, que sé@o positivos para os receptores ER e
PR, possuem menor potencial metastatico e, geralmente, respondem bem as
terapias disponiveis, sendo considerados de melhor prognéstico (ADES et al., 2014).
Sd8o0 o0s mais incidentes entre as mulheres afetadas pelo céncer de mama,
representando 75% dos casos diagnosticados. O subtipo luminal B pode ser
enriqguecido de HER2+ ou ndo, podendo alterar o comportamento do tumor e,
consequentemente, a terapia de escolha. Os subtipos que expressam HERZ2,
independente de expressarem ER e/ou PR, tém um progndstico intermediario. Entre

15-25% dos tumores de mama expressam HER?2.

Por fim, o subtipo negativo para os trés receptores ER, PR e HER2, também
chamado de triplo-negativo ou subtipo basal, € considerado de pior prognéstico,
mais agressivos e com maior potencial metastatico (GARRIDO-CASTRO; LIN;
POLYAK, 2019). Estes, representam 10% de todos os tumores de mama. Na pratica
clinica, também ha o uso do marcador de proliferacdo celular, Ki-67, onde a sua
quantificacdo auxilia na avaliagdo do grau de risco e prognostico do tumor. A
marcacao de no minimo 14% nas células tumorais para Ki-67 determina risco médio,
e acima de 30% de marcacéo, indica um pior prognostico (HARBECK & GNANT,
2017).



Essa variedade tumoral se da pela sua heterogeneidade morfolégica,
genética e a resposta diferencial as terapias. Esse conjunto de alteracdes podem
representar diferentes prognésticos da doenca. A heterogeneidade tumoral
representa mais um desafio para a eficacia do tratamento da doenga. Nos ultimos 10
a 15 anos, o sucesso de abordagens terapéuticas tém levado em consideracdo a
heterogeneidade do tumor visando melhorar o desfecho clinico dos pacientes com
cancer de mama (HARBECK et al., 2019; BERNARD & CHRISTOPHER, 2020).

A modulacdo da expressdo desses receptores hormonais podem resultar na
alteracdo de expressdao de genes envolvidos no crescimento tumoral, migracao,
invasdo, angiogénese e outras etapas do ciclo celular (MASOUD & PAGES, 2017).
A decisdo para o tratamento clinico vem sendo tomada com base na expresséo
desses marcadores, visto que a maioria das terapias tem como alvo um dos
receptores descritos. Por exemplo, para pacientes positivos para ER, o uso de
tamoxifeno como terapia hormonal e inibidores de aromatases é capaz de reduzir o
tamanho do tumor local, sua recorréncia e a mortalidade. Ainda, tumores também
positivos para PR costumam apresentar boa sensibilidade ao tratamento hormonal
(FRAGOMENI, 2018). A reducéo da expressao desses receptores pode dificultar o
tratamento da doenca, bem como seu progndstico e a sobrevida do paciente (LURIE
et al., 2020).

Ja para tumores que expressam HER2, o tratamento geralmente é feito com
trastuzumabe e lapatinibe que atuam na interrupcdo da sinalizacdo do receptor
HER2 (YEO & GUAN, 2018; HARBECK et al., 2019). HER2 é um receptor de tirosina
quinase que regula a capacidade de proliferacdo e sobrevivéncia através da
ativacdo da via MEK/ERK. Tumores enriquecidos de HER2 comumente apresentam

uma proliferacéo alta e determinam um pior progndstico (DAI et al., 2015).

O subtipo triplo negativo, que ndo expressa nenhum dos receptores descritos
acima, pode responder a inibidores de PARP1 (poli ADP ribose polimerase), enzima
responsavel pelo reparo de danos ao DNA. Também pode ter HER1 como um
potencial alvo terapéutico (MASOUD & PAGES, 2017). Terapias ndo adjuvantes s&o
altamente aceitas nesse tipo de tumor, seguido por cirurgia, irradiacdo e

guimioterapia (LOIBL et al., 2021). 40% dos tumores de mama invasivos expressam



EGFR (receptor do fator de crescimento epidérmico), fator responsavel pelo

comportamento agressivo do tumor e pior prognostico (MASOUD & PAGES, 2017).

Portanto, os subtipos do tumor indicam combinagdes terapéuticas ndo apenas
através de quimioterapia, mas também radioterapia, resseccdo cirargica e
imunoterapia (YIN et al., 2020). Atualmente, terapias utilizando anticorpos contra
inibidores de pontos de controle de morte celular (PD-1 e PD-L1) tém se mostrado
eficazes no tratamento para cancer de mama metastatico (ESTEVA et al., 2019)
Muito embora a heterogeneidade intratumoral possa representar um desafio para a
resposta terapéutica (HARBECK & GNANT, 2017), avancos tecnoldgicos estdo cada
vez mais identificando marcadores moleculares e caracterizando-os como alvos
terapéuticos em tumores de mama, estratégias essas que utilizam linhagens

celulares de cancer de mama humano in vitro como modelo experimental.

1.3 Microambiente tumoral

Até o inicio do século XX, o tumor soélido era visto como uma massa
homogénea formada apenas por células tumorais exibindo mutacfes aberrantes. No
entanto, seu papel na progressao tumoral foi realmente reconhecido no final dos
anos 80 (BIZZARRI & CUCINA, 2014). Nos dias atuais, sabe-se que o tumor € um
tecido heterogéneo complexo que abrange uma vasta quantidade de tipos celulares,
incluindo vasos sanguineos, que influenciam o comportamento do tumor (HANAHAN
& WEINBERG, 2011). O microambiente tumoral engloba também células endoteliais,
fibroblastos, células do sistema imune e adipdcitos (Figura 2). A interacdo entre
células malignas e ndo malignas, cria um ambiente propicio para alteracdo do
comportamento tumoral e a malignidade da doenca (MAO et al.,, 2013; MITTAL,
BROWN, HOLEN, 2018). Em carcinomas de mama, estbmago e pancreas, as
células do estroma podem contabilizar até 90% de toda a massa tumoral (DVORAK,
1986). Esta enorme variacdo da composicdo do microambiente tumoral contribui
para a heterogeneidade do tumor, complexidade e diferentes respostas a

quimioterapia.

Além dos diversos tipos celulares que integram o microambiente tumoral,

componentes da matriz extracelular, como glicoproteinas, colageno e enzimas,



assim como moléculas solaveis, como fatores de crescimento, horménios, citocinas
também séo encontrados. Esses fatores acelulares secretados no microambiente
permitem a interacdo entre as células do microambiente, desenvolvendo uma
resposta paracrina nas células periféricas (MITTAL, BROWN, HOLEN, 2018).

HANAHAN & COUSSENS (2012) revisaram as possiveis contribuicdes
funcionais que o microambiente poderia exercer sobre o perfil da célula cancerosa e
diversas etapas para o desenvolvimento tumoral. S&o elas: a sinalizag&o proliferativa
das células, repressao dos fatores supressores de crescimento, resisténcia a morte
celular, imortalidade replicativa, angiogénese, inflamacédo, invasdo e metastase,
reprogramacéo do metabolismo energético e evasdo da resposta imunoldgica. Essa
visdo permitiu compreender que nao sao apenas as mutacbes genéticas
acumuladas nas células malignas, mas também as células do estroma que atuam no

desenvolvimento da doenca.

As pesquisas cientificas vém enfatizando o papel de células do estroma no
crescimento do tumor primario, aumento da migracéo e invasao de células tumorais,
resisténcia a quimioterapia e pior prognostico do paciente. Devido essa influéncia do
microambiente tumoral na progressédo do tumor, diversos estudos sugerem que ele
também é um parametro a ser considerado na escolha terapéutica (SOYSAL,
TZANKOV, MUENST, 2015).

Diante desta complexidade, é imprescindivel o estudo aprofundado do
microambiente tumoral, sua composicao e suas func¢des sobre a biologia do tumor, a
fim de se obter maiores éxitos no tratamento do paciente com cancer. Em patrticular,
a atencdo da comunidade cientifica as células do sistema imune tém sido cada vez
maiores para entender melhor sua contribuicdo na progressao tumoral bem como o

papel da inflamacéo neste contexto.
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FIGURA 2. Microambiente tumoral e o estabelecimento da metastase. (HANAHAN &
WEINBERG, 2011). Um conjunto de diferentes tipos celulares constituem os tumores
soélidos, sejam neoplasicas ou ndo. Essa variedade celular tanto do parénquima, que
exercem funcdo, quanto do estroma, que sO permite a sustentacdo, é importante e
atuante na progressdo tumoral. Além da presenca das células inflamatérias no tumor.
A medida que o tumor vai progredindo, sucessivos microambientes sdo formados e
alterados conforme o tumor invade um novo tecido. Acredita-se que as células normais
do tecido onde o tumor metastético se instala, também pode exercer uma pressédo o

tumor, podendo alterar seu comportamento.



1.4 Inflamacgao

O processo inflamatorio é exaustivamente descrito como estratégia de defesa
do hospedeiro contra patdégenos, envolvendo a ativagcéo, recrutamento e acdo de
células do sistema imune. Além de contribuir para homeostase, no reparo tecidual,
remodelamento e regeneragédo (GRETEN & GRIVENNIKOV, 2019).

No século XIX, o patologista Rudolf Virchow foi o primeiro a observar células
do sistema imune infiltradas nos tumores sélidos (SINGH et al., 2019). O processo
inflamatorio crénico sé foi de fato associado ao cancer décadas apds a descricdo de
Virchow. Desta forma, os sitios de inflamag¢do onde o tumor se desenvolve foram
definidos como “feridas que nunca curam” (DVORAK, 1986). Diversos trabalhos tém
revelado a participagdo do sistema imune e inflamag&o na progressao tumoral,
participando de todos os estagios da tumorigénese (GRETEN & GRIVENNIKOV,
2019). A partir de estudos epidemiolégicos, estima-se que 15 a 20% das mortes
associadas ao cancer estejam ligadas as consequéncias da resposta inflamatoria
cronica (MANTOVANI et al., 2008; TANIGUCHI & KARIN, 2018).

Entretanto, a participacdo dessas células inflamatdrias tem apresentado
funcdes paradoxais no microambiente tumoral. De um lado, o sistema imune
apresenta papel antitumoral, desenvolvendo uma resposta inflamatéria classica,
enquanto as células imunes buscam responder ativamente contra a doenca. Em
contrapartida, a inflamacédo pode ter funcdo pré-tumoral, impedindo a acdo do
sistema imune para combate do tumor (GRETEN & GRIVENNIKOV, 2019). Neste
altimo contexto é que os pesquisadores tém se debrucado para compreender o

envolvimento das células inflamatdérias no desenvolvimento tumoral.

A inflamacéo ligada ao cancer esta geralmente ligada a um estado crénico de
inflamacgéo tecidual. Esse estado inflamatorio cronico pode ocorrer devido a
infeccbes persistentes como, virus da Hepatite B (HBV) e Hepatite C (HCV),
Papiloma Virus (HPV) e Helicobacter pylori, ou por inflamacéo estéril, ou seja, livre
de qualquer infecgéo, como exposicao ao tabaco e a inalacdo de amianto (MARELLI
et al., 2017), aléem de doencas autoimunes como lupus ou diabetes (TANIGUCHI &
KARIN, 2018). Essas doencas inflamatorias aumentam significativamente o risco de
desenvolver diferentes tipos de tumor como, cancer gastrico, hepético, intestinal,

esofagico, ovariano e de préstata. A inflamacdo crénica pode contribuir para a
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instabilidade gendmica, levando a formacdo do tumor, seu desenvolvimento,
angiogénese e disseminacdo da metastase (GRIVENNIKOV, GRETEN, KARIN,
2010).

O efeito da inflamacéao relacionado a progresséao da malignidade esta ligado a
ativacdo das células inflamatorias no microambiente tumoral, secretando citocinas
como, IL-18, TNF, IL-6, quimiocinas, fatores de crescimento e enzimas que
amplificam mais ainda o processo inflamatorio e recrutam ainda mais células imunes
para o microambiente tumoral. Geralmente esses fatores mediadores sdo regulados
por dois fatores transcricionais regulatorios principais: NFkB e STAT3 (MARELLI et
al., 2017). Com uma continua ativagédo de cascata inflamatoria se retroalimentando,
as células ficam expostas a diversos outros fatores como, espécies reativas de
oxigénio e nitrogénio, induzindo alteracBes epigenéticas nas células adjacentes ao
tumor, inibindo mecanismos de reparo de replicacdo de DNA, que favorece o
acumulo de mutacBes gendmicas, além de favorecer a capacidade das células
transformadas de inibir a morte por apoptose e de proliferarem ilimitadamente
(TANIGUCHI & KARIN, 2018). A ativacao dos fatores transcricionais NFkB e STAT3
podem se dar através do reconhecimento de padrbes moleculares associados a
patégenos (PAMPs) ou associados a danos (DAMPs). Esses padrdes séao
reconhecidos por uma familia de receptores do tipo Toll (TLRsS) ou do tipo NOD
(NLRs). Pode-se citar uma lista de classicos genes alvos do fator transcricional
NFkB previamente reconhecidos como atuantes na progressao tumoral. Sao eles: as
citocinas pro-inflamatérias TNF, IL-1, IL-6; fatores estimuladores de col6nias de
granuldcitos macréfagos (GM-CSF) e neutréfilos (GCSF); diversas quimiocinas como
CXCL8, CXCL2 e CCL5; metaloproteinases de matriz extracelular (MMP2 e MMP9);
proteinas pré-proliferativas (ciclina e MYC); proteinas anti-apoptoticas como BCL2 e
FLIP); enzimas pré-inflamatérias (como Ciclooxigenase 2); e fatores angiogénicos

como o fator de crescimento endotelial vascular (VEGF).

Para a comunidade médica, essas descobertas alteraram consideravelmente
a escolha terapéutica para tratamento contra o cancer. Estudos mostraram que o
uso diario de anti-inflamatdérios ndo esteroidais pode reduzir significativamente o
risco de desenvolvimento de cancer, especialmente cancer colorretal. Além disso,
alguns estudos mostram que o uso de anti-inflamatérios em pacientes com tumores

ja estabelecidos reduz a mortalidade de forma significativa (ROTHWELL et al., 2012;
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ROTHWELL et al., 2012; ALGRA & ROTHWELL, 2012). Um resultado mais sutil
também foi encontrado em pacientes com cancer de mama com expressdo dos
receptores hormonais. Anti-inflamatorios ndo esteroidais inibem a atividade da
enzima COX2, levando a reducédo da sintese de prostaglandinas. As prostaglandinas
sao lipideos bioativos que atuam como mediadores da resposta inflamatéria e no
cancer, aumentando a sobrevivéncia das células tumorais e a angiogénese (XU,
2002).

As terapias mais modernas para tratamento do cancer tém identificado a
inflamacdo como mais um alvo potencial, buscando ndo so inibir a progressdo do
tumor, como também impedir ou reverter a supressdo da resposta anti-tumoral
(MARELLI et al., 2017). Farmacos desenvolvidos para inibicdo de citocinas pro-
inflamatodrias ou atuando diretamente nas células imunes tém se mostrado eficazes
nos ensaios clinicos para determinados pacientes. Antagonistas de receptor de IL-6,
CCL2, CCR4 e CXCR4 estao em pesquisa clinica para uma variedade de neoplasias
epiteliais e hematopoiéticas. (MANTOVANI et al., 2008).

1.5 Neutréfilos associados ao cancer

Neutrofilos sdo as células inflamatorias mais abundantes no sistema
circulatério, representando 50-70% dos leucdcitos circulantes. De origem mieldide e
contendo nucleo polimorfico, sdo os primeiros leucdcitos a responder e migrar para
um sitio de infeccdo ou injaria. Os neutréfilos possuem 3 mecanismos distintos para
mediar uma resposta imunolégica: 1) fagocitose de patégenos 2) secrecdo de
granulos contendo peptideos antimicrobianos 3) liberacéo de redes extracelulares de
neutréfilos (TREFFERS et al., 2016). Os neutréfilos ndo s6 possuem um papel na
imunidade inata como também participam da resposta imune adaptativa atraves da
secrecdo de citocinas e quimiocinas e através da apresentacdo de antigenos.
Pacientes com neutropenia, ou seja, baixa quantidade de neutréfilos circulantes,
sofrem de grave imunossupressao, podendo morrer precocemente, vitimas de
infecgdes bacterianas ou flingicas (ERPENBECK & SCHON, 2017). Apesar de ser
uma célula de defesa natural do organismo, a ativacdo exacerbada do neutrofilo
pode levar a uma inflamagé&o croénica e dano tecidual, o papel oposto do que Ihe foi

proposto anteriormente (POWELL & HUTTENLOCHER, 2016).
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Nas ultimas décadas, diversos estudos tém buscado o entendimento do papel
dos neutrofilos no microambiente tumoral. Os neutréfilos representam uma parcela
substancial dentre os leucdcitos infiltrados no microambiente tumoral de diversos
tipos de cancer como céancer de pulméao, gastrico, renal, mama, melanoma, células
escamosas de cabeca e pescoco, entre outros. Os neutrofilos expressam o0s
receptores de quimiocinas CXCR1l e CXCR2, sendo estes receptores muito
importantes para o seu recrutamento. Algumas células tumorais secretam citocinas
e guimiocinas que executam o papel de recrutar os neutréfilos como CXCL8, CXCL5
e CXCL6 (POWELL & HUTTENLOCHER, 2016). GCSF também é um fator
imprescindivel na mobilizacdo de neutréfilos da medula 6ssea para a circulagcéao
(SENGUPTA, SUBRAMANIAN, PARENT, 2019).

Apos se infiltrar no tumor, os neutrofilos assumem diferentes perfis, podendo
apresentar acdo anti- ou pro-tumoral (COFFELT, WELLENSTEI, DE VISSER,
2016). Evidéncias tém mostrado que as ideias sobre a funcdo dos neutréfilos tem
conflitado porque existem subpopulacdo de neutrofilos no microambiente tumoral
(SHAUL & FRIDLENDER, 2019). Pesquisadores ja demonstraram que altas
quantidades de neutroéfilos infiltrados em cancer de pulméo se correlacionam com
maior sobrevida dos pacientes (TREFFERS et al., 2016). No entanto, a relevancia
no prognéstico vai depender do tipo do cancer e seu estagio de desenvolvimento
(SHAUL & FRIDLENDER, 2019). GRANOT et al (2011) observou que neutréfilos
infiltrados em céancer de pulmao inibem a formacédo do nicho pré-metastatico pela
liberacdo de espécies reativas de oxigénio (do inglés, reactive oxygen species -
ROS) e secrecdo de CCL2 pelas células tumorais. LOPEZ-LAGO et al (2013)
também mostrou que quimiocinas secretadas pelas células de cancer renal geravam

uma resposta anti-metastastica mediada por neutrofilos.

Em contrapartida, em muitos outros estudos, a presenca de neutréfilos no
microambiente tumoral esta relacionada com pior prognéstico do paciente. Um
estudo histopatoldégico em amostras de cancer de mama mostrou que os tumores do
subtipo basal possuem maior infiltrado de neutroéfilos. Estes sédo classificados como
tumores mais agressivos e com pior prognoéstico. Neutrofilos associados ao tumor
também ja foram descritos como promotores da angiogénese, e indutores de
proliferacdo, migragdo e invasdo de células tumorais (POWELL &

HUTTENLOCHER, 2016; MASUCCI, MINOPOLI, CARRIERO, 2019). Além de
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modular outras células imunes, interrompendo a resposta inflamatdria contra o
desenvolvimento do tumor (SHAUL et al., 2016).

Atualmente, entende-se que essa divergéncia de atuagdo sobre o
microambiente tumoral depende da polarizacéo de neutrofilos diferenciados em N1 e
N2 (Figura 3). O fendtipo que define seu perfil N1/N2 é baseado na sua atuacao
sobre as células tumorais, além dos marcadores de superficie diferencialmente
expressos entre os fenétipos, bem como as proteinas tipicamente secretadas por
eles (OHMS, MOLLER, LASKAY, 2020). Os neutréfilos N1 tem papel anti-tumoral,
apresentando um aumento citotéxico sobre as células tumorais e uma capacidade
de resposta imunoldgica. Ja os neutrdfilos N2 s@o caracteristicos por expressar

diversos fatores pré-tumorais e suprimir a resposta imunoldgica.

Propde-se que essa polarizacao dos neutrdfilos, distinguindo-se em dois tipos
de comportamento opostos sao regulados a partir de sinais advindos do
microambiente tumoral (COFFELT, WELLENSTEIN, DE VISSER, 2016). TGFB e G-
CSF sao fatores classicos que promovem metastase. TGFB disponivel em altas
concentracbes no microambiente tumoral leva a um acumulo de neutréfilos
polarizados em N2. Ja a quimiocina Interferon B (IFNBatua como regulador negativo
do fendtipo pro-tumorigénico. Com o bloqueio de TGFB no tumor primario e o
aumento de IFN, ocorre um balanceamento, aumentando a quantidade de
neutroéfilos antitumorais N1 (SHAUL et al., 2016). Camundongos deficientes de IFNf
apresentaram maior crescimento tumoral, angiogénese e metastase associada a
neutroéfilos do fenétipo N2. Enquanto que a presenca de IFNs reverteu o fenétipo N2
para N1, aumentando a citotoxicidade tumoral (SHAUL & FRIDLENDER, 2017).
Essa mudanca de fendtipos estd acompanhada com a alteragcdo de expresséo
génica e secrecdo de diferentes citocinas e quimiocinas. Os neutrofilos N1/N2
apresentam assinaturas génicas bem distintas. Infiltracdo de neutréfilos N1 no tumor
apresentam maior expressdo de TNFs, CCL3, molécula de adesédo intracelular
(ICAM-1) e baixos niveis de arginase 1 (GALDIERO, MARON, MANTOVANI, 2018).
Ja os neutrdfilos de perfil N2 sdo caracterizados por expressarem maior quantidade
de fatores imunossupressores como, CCL2 e CCL5, além de fatores pro-tumorais
como CXCR4, VEGF e metaloproteinases. Além disso, neutréfilos com perfil N2

exibem maior expressdo de elastase neutrofilica e catepsina G. Também
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apresentam elevados niveis de arginase 1, contrastando com o perfil N1 (WU et al.,
2019).

ANTI-TUMORAL PRO-TUMORAL
TGF-l;l | IF! - llFN-.:
Rejeicdo  Memoria ) Invasio
Citotoxicidade  tumoral  jmynolégica Angiogenese Metastase
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tumoral '\ ‘ /'imunolégica
CXCR4, arginase, CCL2, CCLS5,
FAS, TNF-q, . ICAM-1
4 Fas, TNFa, coL3, 1€ 4 VEGF. MMP-9, c-myc, STAT3
arginase, CCL2, CCLS5, VEGF, ‘
CXCR4, MMP-9, c-myc, STAT3 FAS, TNF-0, CCL3, ICAM-1

FIGURA 3. Polarizacdo de neutrofilos N1/N2 associados ao céancer. Os neutrofilos quando
estimulados pelo o ambiente, sdo capazes de adquirir um fendtipo com diferentes
funcionalidades, expressando genes distintos e secretando proteinas que podem destruir ou
coabitar com células tumorais. Adaptado de (PICCARD, MUSCHEL, OPDENAKKER, 2011).

A imunoterapia vem conquistando espaco nas possibilidades de tratamento
do cancer. O bloqueio farmacoldgico de fatores provenientes do tumor que atuam
sobre recrutamento e polarizacdo de neutréfilos é apresentado como uma nova
abordagem terapéutica. Essa estratégia somada a drogas anticancer ja usuais pode
obter um efeito sinérgico e mais eficaz para alguns tipos de tumor (MASUCCI et al.,

2020).
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1.6 Redes Extracelulares de Neutrofilos (NETS)

Ha quase duas décadas, BRINKMANN et al. (2004) descreveu um novo
mecanismo de resposta imunoldgica atribuida aos neutréfilos (Figura 4).
Denominada como redes extracelulares de neutrofilos, as NETs consistem na
liberacdo de cromatina descondensada decorada por diversas proteinas citosolicas,
granulares e nucleares como peptideos microbianos, mieloperoxidase, elastase
neutrofilica, catepsina G, histonas entre outras. Na época, a funcédo descrita para as
NETs envolvia um mecanismo de defesa contra invasdo de patdégenos, onde eles
permaneciam presos a esta “armadilna” de redes de DNA, impedindo que se
dissemine para além do local de entrada. Além disso, conduzindo-os a morte atraves

de sua atividade microbiana.

Com o passar do tempo, tornou-se claro que as NETs possuem poder de
atuacdo muito mais ampla, desde inflamacéo cronica estéril, cuja causa nao é de
origem infecciosa, até trombose e cancer (BRINKMANN, 2018). Atualmente sabe-se
que outros granuldcitos, como macrofagos, mastocitos e eosindéfilos, também séo
capazes de secretar redes extracelulares, participando da resposta inflamatéria local
(DANIEL et al., 2019).

FIGURA 4. Microscopia eletronica artificialmente colorida das redes extracelulares de
neutréfilos. Os neutrofilos (amarelo) foram cocultivados com bactérias Helicobacter pylori
(azul) por 2 horas, liberando fibras de DNA (verde). Imagem retirada de (THALIN et al.,
2019).



A formacédo das NETSs foi considerada primeiramente como um tipo de morte
celular. Este foi denominado como NETose. No entanto, hoje ja se sabe que existem
ao menos dois tipos de formacao e liberacdo das NETs. No primeiro, os neutréfilos
se mobilizam para um “suicidio” litico, onde sua membrana plasmética €
completamente rompida, liberando seu conteddo nuclear e citoplasmatico. Esta,
denomina-se NETose classica. No outro mecanismo, ndo ha ruptura da membrana
plasmatica, ndo levando a morte do neutrofilo (ERPENBECK & SCHON, 2017). A
este processo da-se o nome de NETose vital.

Diversos estimulos ja foram descritos como indutores de NETose, dentre eles,
uma longa lista de espécies de microorganismos como, virus, fungos, parasitas e
bactérias, interacao fisica com plaquetas ativadas e quimiocinas como Interleucina-8
e fator de necrose tumoral (TNFa). Nos ensaios controlados in vitro utilizam-se
outros tipos de componentes artificiais para inducdo da NETose: phorbol-12-
miristato-13-acetato (PMA), lipopolissacarideos provenientes de bactérias (LPS) e
ionoforos de calcio e potassio (PAPAYANNOPOULOS, 2018). Outros fatores fisico-
guimicos podem modular a ativacdo da NETose em tecidos periféricos como niveis
de CO2 e HCOs e pH (CAHILOG et al., 2020).

Durante o processo de formacdo classica das NETs, picos de Ca?*
desencadeiam a ativacdo das deaminases e as histonas nucleares entdo séo
citrulinadas pela enzima peptidil-arginina-deaminase 4 (PAD4), ou seja, um residuo
de arginina € convertido em citrulina. A citrulinizac@o leva a uma mudanca de carga
positiva das histonas, diminuindo a for¢ca de ligagdo entre elas e o DNA e
consequentemente levando a descondensacédo da cromatina. (Figura 5). Apesar de
recentes estudos in vitro mostrarem alguns mecanismos de NETose independentes
da citrulinizacéo, a inibicdo de PAD4 é suficiente para interromper a formacao das
NETs em diversas condigcbes in vitro e in vivo (DEMERS et al, 2016;
PAPAYANNOPOULOS, 2018).

Na formacdo de NETs por via litica, as espécies reativas de oxigénio (ROS)
sao essenciais no processo. O Ca2+ liberado no citosol, paralelamente a ativacéo de
PAD4, gera uma cascata de sinalizacdo intracelular que leva a ativacdo da proteina
guinase C (PKC), da via Raf-MEK-ERK, ativando NADPH oxidase, gerando ROS

intracelular. A mieloperoxidase (MPO) € ativada por ROS e recruta a elastase
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neutrofilica (NE) contida no granulo citoplasmatico do neutréfilo. Este, se liga aos
filamentos de F-actina no citoplasma e degrada-os para adentrar no ndacleo. Assim, a
NE exerce atividade proteolitica sobre as histonas, clivando-as e facilitando o
rompimento dos nucleossomos (estruturas formadas pela ligacdo da cromatina
(SYRENSEN & BORREGAARD, 2016; PAPAYANNOPOULOS, 2018; BRINKMANN,
2018; BOELTZ et al.,, 2019). A membrana nuclear se rompe juntamente com as
membranas granulares, permitindo a ligagdo da cromatina com conteddo dos

granulos citoplasmaticos. Assim, as NETSs séo liberadas para o meio extracelular.
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FIGURA 5. Processo de NETose classica através de diferentes estimulos. Adaptado de
Erpenbeck & Shon, 2017.

Dependendo do estimulo de ativacio a NETose e das condicbes
experimentais, muitas dessas proteinas descritas como essenciais para a geragao
de NETs podem ser dispensaveis (ERPENBECK & SCHON, 2017). Apesar de
estudos utilizando camundongos deficientes de NE demonstrarem a sua importancia
para geracdo de NETs em modelos de sepse e cancer (VAN AVONDT & HARTL,
2018), a NETose pode ser independente de ROS e nao requerer a atividade de NE.
A indugéo por Streptomyces hygroscopicus , por exemplo, ndo depende de NADPH
oxidase e mieloperoxidase (SOLLBERGER, TILLEY, ZYCHLINSKY, 2018). Além
disso, alguns indutores, como Trypanosoma cruzi, podem depender de receptores

do tipo Toll ou de integrinas para geracdo de NETose e neste caso, a ativacao da
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via de PCK se torna dispensavel (BRINKMANN, 2018). Recentemente, observou-se
o envolvimento de quinases dependentes de ciclina (CDKs) no processo de
formacdo de NETs. Quando CDK4 e CDKG6 foram silenciadas, o processo de
NETose ficou comprometido, mas os mecanismos de fagocitose e degranulacdo néo
foram afetados (AMULIC et al., 2017).

Alguns estudos demonstram a participacdao do DNA mitocondrial no processo
de formacdo das NETs. Neutrofilos sensibilizados primariamente com GCSF
(fator estimulante de colbnias granulociticas) e em seguida por LPS ou fator Va,
liberariam NETs que seriam formadas a partir de DNA mitocondrial ao invés de DNA
nuclear, como descrito classicamente (YOUSEFI et al.,, 2009). Esse estudo foi
corroborado por outro grupo mostrando que NETs enriqguecidas de  DNA
mitocondrial oxidado contribuem para doencas autoimunes semelhantes ao IUpus
(LOOD et al., 2016). Ainda ndo h4 mecanismo proposto para esse processo a partir
do DNA mitocondrial, haja visto que as histonas nucleares, uma das principais
proteinas das NETs, sdo ausentes nesse caso (BRINKMANN, 2018)

Em alguns casos, a NETose pode nao levar a morte celular. Em um estudo
utilizando neutréfilos cultivados com Staphylococcus aureus, os neutrofilos em
pouco tempo de contato sofreram uma forte dilatacdo do nudcleo entdo, formaram-se
vesiculas contendo DNA que se fusionaram com a membrana citoplasmatica e foram
posteriormente secretadas pela célula, porém, 0s neutrofilos continuaram
apresentando sinais vitais (BRINKMANN, 2018). Este processo ocorre através de
produtos bacterianos ou proteinas ligantes de TRL2, que estimulam os neutréfilos a
liberarem microvesiculas contendo parte da cromatina (ou possivelmente DNA
mitocondrial) e proteinas granulares através de brotamento a partir do envelope
nuclear, sem promover o rompimento da membrana celular (VAN AVONDT &
HARTL, 2018). A NETose vital ainda permite que os neutrofilos exercam suas

funcdes locais, como fagocitose e migracao celular.

Mais de 20 indutores de NETose ja foram reportados na literatura. A partir de
uma analise de protebmica em que os neutréfilos foram estimulados com PMA,
ionéforos de célcio A23187 ou lipopolissacarideos de Escherichia coli, observou-se
uma intensa heterogeneidade na composicdo das NETs, além de diferentes

modifica¢cdes pos-traducionais (PETRETTO et al., 2019). Diante disso, sabe-se que
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nao so as vias de ativacdo de NETose séo diferentes, mas também a composicéao
das NETs geradas e suas modificacbes pos-traducionais. Esta observagao prova a
complexidade do fenémeno, sugerindo que NETs podem ter diferentes efeitos
biolégicos. Ainda ha muitas lacunas para serem preenchidas em relacdo as NETS,

seus mecanismos e atuacdes fisiologicas e patoldgicas.

1.7 Redes extracelulares de neutréfilos e cancer

O processo de NETose vem sendo amplamente estudado por diferentes
vertentes. Sabe-se que DNA liberado em tecidos necréticos pode levar a um
exacerbado dano tecidual. Em 6rgéos lesionados como cérebro, figado, pulmé&o, rim,
coracdo, entre outros, ja foram observados envolvimento das NETs. Em doencas
ndo-infecciosas como ldpus eritematoso, artrite reumatoide, fibrose cistica,
aterosclerose, diabetes, periodontite, entre outras, as NETs apresentam um papel
relevante em seu desenvolvimento (SORENSEN & BORREGAARD, 2016;
MARTINEZ-ALEMAN et al., 2017; APEL, ZYCHLINSKY, KENNY, 2018; WANG et
al., 2019; THALIN et al., 2019; GRANGER et al., 2019; SALEMME et al., 2019;
MAGAN-FERNANDEZ et al.; GERCHEVA, 2020; HUANG et al., 2020). Em 2020, um
estudo mostrou que as NETs contribuem para formacao de microtrombos através da
interacdo entre plaquetas e neutréfilos em pacientes com sindrome respiratéria
aguda grave causada pela COVID-19 (MIDDLETON et al., 2020). Portanto, busca-se
compreender melhor a contribuicdo das NETs em diferentes patogéneses e as
implicagbes terapéuticas para conter a resposta imune exacerbada (LEE et al., 2017;
CAHILOG et al., 2020).

No contexto tumoral, a primeira proposta de atuacdo das NETs no cancer
humano foi publicada em 2013, por BERGER-ACHITUV e colaboradores. Utilizando
algumas amostras de sarcoma de Ewing observou-se a presenca de neutrofilos
infiltrados no microambiente tumoral, aléem do depdsito de NETs em 25% das
amostras. Esses mesmos pacientes, apresentaram recidiva precoce do tumor apos
resseccao do tumor e quimioterapia. O estudo sugeriu que pacientes contendo NETs

no tumor apresentavam um pior progndéstico. A partir dai, passou-se a correlacionar
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a agressividade da doenca com o infiltrado de neutroéfilos no tumor (ERPENBECK &
SCHON, 2017). Em um estudo com camundongos xenotransplantados com
carcinoma pulmonar de Lewis foi evidenciado um acumulo de neutréfilos no tumor,
além de cromatina extracelular e histonas citrulinadas em (HO-TIN-NOE et al.,
2009).

A partir dai, surgiram inumeros trabalhos associando NETs e seus
componentes a progressao tumoral, utilizando-se diferentes modelos e tipos
tumorais (COOLS-LARTIGUE et al.,, 2014) As NETs sdo capazes de sequestrar
células tumorais circulantes dando origem a um novo foco metastatico. COOLS-
LARTIGUE e colaboradores (2013) combinaram um modelo de sepse em
camundongos com a injecdo de células tumorais. ApGs 14 dias, observaram a
presenca dessas células no figado e no pulmdo dos animais, apresentando um
namero exacerbado de focos metastaticos. A administracao intravascular de DNase
ou inibidor de elastase impediu drasticamente a adesdo das células tumorais
circulantes nos capilares do pulmdo e figado. Posteriormente, este grupo
demonstrou que a interacdo entre as células tumorais e as NETs €&, em parte,
mediada via integrina 1 (NAJMEH et al., 2017).

As NETs também participam do estabelecimento do tumor e seu
microambiente. Em camundongos que sofreram inducédo de esteatose hepatica nao
alcoolica foi observada uma infiltracdo precoce de neutrdfilos, levando a formacéo
de NETs e subsequente montagem de uma resposta inflamatéria através do
recrutamento de macréfagos e secre¢do de citocinas pro-tumorais (VAN DER
WINDT et al., 2018).

Diversas evidéncias apontam para a atuacdo das NETs no crescimento do
tumor primario. Utilizando camundongos previamente tratados com GCSF,
neutréfilos foram sensibilizados e induzidos a NETose intratumoral, apresentando
uma vantagem significativa no crescimento do tumor (DEMERS et al., 2016). O
efeito das NETs no crescimento do tumor ja foi observado em diversos modelos
tumorais (VAN DER WINDT et al., 2018; YAZDANI, 2019; MILLER-OCUIN et al.,
2019).

As NETs também sado capazes de ativar células dormentes em estagios da
inflamacdo pulmonar. Um elegante estudo em camundongos mostrou que a
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exposicdo a fumaca do cigarro ou inalacdo de lipopolissacarideos induziu a
formacdo de NETs que remodelaram proteoliticamente a matriz extracelular, atraves
da clivagem de laminina, e induziram a proliferagdo de células tumorais dormentes

formando sitios metastéticos agressivos (ALBRENGUES et al., 2018).

Células tumorais com maior potencial metastatico também induzem a
formacao de NETs que servem de arcabouco para o estabelecimento da metastase.
Células tumorais de mama 4T1, do subtipo triplo-negativo, secretam a quimiocina
CXCL1 recrutadora de neutréfilo. O silenciamento génico da quimiocina, reduziu o
infiltrado de neutrofilos no tumor. Além disso, o tratamento com anti-GCSF reduziu a
formacao das NETs. A aplicacdo de injecdo de nanoparticulas cobertas de DNase |,
reduziu significativamente a metédstase espontanea pulmonar em camundongos

inoculados com células 4T1 de mama (PARK et al., 2016).

Pacientes com cancer sdo frequentemente afetados por eventos de
tromboembolismo venoso pela capacidade da célula tumoral ativar plaguetas e a
cascata de coagulacdo. Com o avanco da ciéncia, foi possivel tracar uma nova
associacdo entre trombose e cancer a partir da alta da capacidade trombogénica
das NETSs. Isso ocorre porque o estabelecimento de um processo inflamatério pode
ativar neutrofilos e liberar NETs que sequestram e ativam as plaquetas, e funcionam
como uma plataforma de adesdo de plaquetas ativadas e das hemacias,
contribuindo para a formacédo do trombo (DEMERS et al., 2012). Além disso, as
histonas que compdem as NETs sdo capazes de aumentar a hipercoagulabilidade
através da geracdo de trombina no plasma (JUNG et al., 2019; LI et al., 2019). A
ativacdo de neutrofilos pode ser sinalizada pelo préprio tumor. Exosomos derivados
de células metastaticas de cancer de mama foram capazes de acelerar a trombose
venosa em camundongos pré-tratados com GCSF (LEAL et al., 2017). Outro fator
preponderante na associacdo de NETs e trombose no céancer é o papel da
Interleucina 1B. O tratamento farmacolégico com bloqueador do receptor de IL1[ foi
capaz de abolir a trombose em modelo de camundongos inoculados com células
tumorais de mama (GOMES et al., 2019) (Figura 6).
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FIGURA 6. Papel das NETs no céncer. Células tumorais podem interagir com os neutréfilos
através de fatores mediadores inflamatérios (IL-8), fator de recrutamento e diferenciacéo de
neutréfilos (GCSF) e microvesiculas, induzindo a NETose. Os componentes das NETs séo
capazes de contribuir com a progressdo tumoral e amplificacdo da resposta inflamatoria.
Adaptado de YOUSEFI et al., 2020.

Pouco ainda se sabe sobre os mecanismos moleculares de ativacdo das
células tumorais induzida por NETs. TOHME e colaboradores (2016) buscaram
entender as vias relacionadas a resposta pré-tumoral. Utilizando um modelo de
isquemia e reperfusdo hepatica, observou-se que NETs eram capazes de formar
metastases apOs estresse cirargico por meio da ativacdo do receptor Toll-like 9
(TLR9) causada pela proteina nuclear HMGB1 contida nas NETs. Outro estudo
demonstrou que a progressao de linfoma difuso de grandes células B induzida por

NETs através da via de TLR9, ativando NFkB, STAT3 e p38 (NIE et al., 2019). TLR4
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também foi ativado pela elastase neutrofilica (NE) contida nas NETs em células
tumorais de cancer colorretal. Sua ativacdo levou ao aumento da biogénese
mitocondrial, atuando diretamente no metabolismo celular através de maior
producdo de energia e consequentemente aumento do tumor primério (YAZDANI,
2019)

NETs também induziram a resisténcia a morte celular em hepatocarcinoma
através da ativacao de receptores TLR 4/9 e expressao de COX2. A combinacéo de
DNAse | com anti-inflamatérios aspirina ou hidroxicloroquina reduziu drasticamente a

metastase em camundongos com hepatocarcinoma (YANG, Lu-Yu et al., 2020).

1.8 Transicdo epitélio-mesenquimal (TEM)

Descrito primeiramente como um processo fisiolégico essencial no
desenvolvimento embrionario (Hay, 1995), a transicéo epitélio-mesenquimal possui
um importante papel na diferenciacdo e na migracdo celular, responsavel pela
estrutura morfolégica celular e reorganizacdo dos folhetos embrionarios. Durante o
processo de TEM, as células diferenciadas perdem suas caracteristicas epiteliais e
adquirem um perfil mesenquimal. Atualmente, sabe-se que esse fendmeno nao
ocorre apenas na embriogénese, mas também em processos patoldgicos, como
fibrose, cicatrizacdo e cancer (YEUNG & YANG, 2017; MITTAL, 2018). O papel
funcional desse processo no cancer € complexo e inclui o aumento de motilidade
das células tumorais e da habilidade de invadir tecidos adjacentes, facilitando a
disseminacdo da célula tumoral e com isso, contribuindo para a metéstase
(BURGER, DANEN, BELTMAN, 2017). Além da metastase, o processo de TEM
promove outras caracteristicas nas células tumorais como aquisi¢éo de perfil tronco,
resisténcia a quimioterapia, habilidade de evadir a resposta imunologica e blogqueio
da senescéncia da célula (LU & KANG, 2019). As células induzidas por TEM
também sofrem alteracdo metabdlica, aumentando a glicolise aerbbica, a
glutamindlise, o catabolismo de pirimidinas e reduz a geracédo de ROS (LU & KANG,
2019)

Durante a transicdo, as células perdem suas propriedades epiteliais, como a

perda das juncdes célula-célula e de adesdo & membrana basal juntamente com sua
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polaridade apical-basal, adotando uma morfologia difusa, semelhante ao fendtipo
mesenquimal (Tabela 2). As células adquirem um comportamento mais migratorio,
podendo invadir novos tecidos. A principal proteina de juncdo que tem sua
expressao reprimida, € a E-caderina. Quando a célula perde essa proteina de
superficie, a estrutura celular é abruptamente afetada, justificando a alteracdo
morfologica (DONGRE & WEINBERG, 2019). Ocludinas, claudinas, desmossomos e
citoqueratinas sdo outras classes de proteinas de adesdo celular epitelial que
também tém sua expressdo reprimida durante a transicdo epitélio-mesenquimal
(YEUNG & YANG, 2017).

Simultaneamente a essas perdas, a célula aumenta a expressao dos genes
N-caderina, Vimentina e Fibronectina, conhecidos como marcadores mesenquimais
(Figura 7). Essa alteracdo molecular induz a formacéo de protusdes na membrana
celular que facilitam a invasao das células tumorais em outros tecidos. Além disso, a
expressdo de metaloproteinases (MMPs) é aumentada. As MMPs sd@o secretadas
pelas células e sdo capazes de degradar a matriz extracelular (YEUNG & YANG,
2017).

Tabela 2. Classicas diferencas entre células epiteliais e mesenquimais. Adaptado de Ye &
Weinberg Cell Press, 2015.

CELULAS
CARACTERISTICAS CELULAS EPITELIAIS
MESENQUIMAIS

Formato pollgonal Formato alongado

Apical-basal Antero-posterior
sem motilidade Movel e invasiva
Expressa citoqueratinas Expressa Vimentina

N&o forma jungdes
Forma juncbes aderentes e  aderentes e juncdes tight;
juncdes tight forma adesdes focais com

a matriz extracelular
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FIGURA 7. Representacdo do processo de transigdo epitélio-mesenquimal com os estagios
da transicao e as proteinas moduladas pelos fatores transcricionais. O processo de TEM é
marcado pela perda de carateristicas epiteliais, como a perda de jungcbes aderentes e 0
ganho de caracteristicas mesenquimais. A célula em transicdo também passa por um
remodelamento do citoesqueleto, apresentando uma morfologia diferenciada. Essas
caracteristicas sdo moduladas por familias de fatores transcricionais relacionados ao
processo. Adaptado de DONGRE & WEINBERG, 2019).

7z

No entanto, este processo é dinamico e transiente, o que dificulta a
visualizagdo dessa alteragéo fenotipica em amostras clinicas fixadas. 1sso ocorre
porque nem todas as células passam pelo processo classico de TEM. Mediante esse
dinamismo, estudos mais recentes tém tratado o processo de transicdo ndo somente
com dois fendtipos, mas também apresentando estagios intermediarios com
modulacdo de diferentes mecanismos (VAN STAALDUINEN et al., 2018). Essas
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células hibridas costumam apresentar perda de marcadores epiteliais, mas sem
ganho aparente de marcadores mesenquimais. Alguns estudos ja identificaram
células tumorais circulantes co-expressando marcadores epiteliais e mesenquimais
(LU et al., 2013; ZHANG et al., 2014; JIA et al., 2015; DONGRE & WEINBERG,
2019). Esses achados levaram a proposta de existéncia de uma transicao epitélio-
mesenquimal parcial. No entanto, o papel funcional das células que sofrem TEM

parcial ainda ndo € bem compreendido na progressao do tumor.

A transicdo epitélio-mesenquimal é regulada por diferentes superfamilias de
fatores transcricionais (Twist, Snail e Zeb). Quando ativados em resposta a algum
sinal, os fatores transcricionais sao capazes de alterar a programacgao celular,
reprimindo ou expressando genes de TEM. Sabendo que este processo € dinamico,
em estagios intermediarios do processo de transicdo as células podem apresentar

caracteristicas hibridas entre fenotipo epitelial e mesenquimal (NIETO et al., 2016).

A ativacédo de determinado fator transcricional modula diferentes efeitos no
processo de TEM. Um estudo mostrou que a delecdo de Snail e Twistl em céancer
pancreatico ndo afetou a metastase, mas foi capaz de gerar quimiorresisténcia.
Utilizando o mesmo modelo, mas deletando o fator Zeb 1, a metastase foi afetada
(KREBS et al.,, 2017). Isso mostra que as fungbes dos fatores transcricionais se
complementam no programa de TEM e fortalece a hipétese de subprogramas ou
estagios intermediarios de TEM. As familias Zeb e Snail sdo capazes de se ligar as
sequéncias promotoras do gene E-caderina e impedir sua transcricdo. Snail 1 e Zeb
2 regulam positivamente a expressdo de MMPs. A ativagdo de Twist tem sido
observada durante o processo de formacdo de protusbes especializadas
enriguecidas de actina na membrana plasmatica da célula tumoral (conhecidas
como invadopodias), levando a degradacdo da matriz extracelular (NIETO et al.,
2016).

Sinais morfogénicos e ambientais ja foram determinados como reguladores
iniciais do processo de TEM. TGFB é um classico indutor de TEM comumente
utilizado nos estudos envolvendo a transformacéo celular através da TEM. Sensores
intracelulares de oxigénio, os fatores indutores de hipéxia HIF-1 e HIF-2 também
ativam o programa de TEM. Além da via de Wnt, fatores de crescimento epidérmicos

(como o EGFR), fator de crescimento derivados de plaquetas (PDGF), receptores de
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integrinas (VAN STAALDUINEN et al., 2018). O processo inflamatério crénico
também esté intimamente associado a TEM, determinando uma maior agressividade
ao tumor (SUAREZ-CARMONA et al., 2017). Através de citocinas inflamatérias (IL-6
e IL-8) também liberadas no ambiente tumoral proveniente das células inflamatérias

infiltradas.

No cancer de mama, marcadores envolvidos no processo de TEM também
tém sido utilizados para distinguir o grau de malignidade do tumor e seu impacto no
progndéstico do paciente de acordo com o subtipo tumoral (FELIPE LIMA et al., 2016)
(Figura 8). Por exemplo, tumores com baixa marcacdo para proteina de juncao
oclusiva, claudina, geralmente ndo expressam nenhum dos receptores ER, PR ou
HER2 e possuem uma alta atividade de células-tronco tumoral (HENNESSY et al.,
2009). Esses tumores sao classificados pelo subtipo triplo-negativo e
frequentemente expressam o fator transcricional Slug enquanto os subtipos luminais
nao expressam (POMP et al., 2015). Por outro lado, os subtipos Iluminais
apresentam maior diferenciacdo celular e melhor progndstico. A expressao do
receptor de estrogénio no cancer de mama é capaz de inibir a TEM (SINGH &
CHAKRABARTI, 2019). Em linhagem MCF7 do subtipo luminal, o silenciamento de
ER resultou na alteracdo da morfologia celular, perda de citoqueratinas e expresséo
de vimentina (AL SALEH, AL MULLA, LUQMANI, 2011)
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Subtipos moleculares de cancer de mama
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FIGURA 8. Caracteristicas morfolégicas em diferentes subtipos moleculares. Os subtipos
luminais frequentemente apresentam um perfil de células mais diferenciadas e com melhor
resposta a terapia, apresentando bom prognéstico. Em subtipos HER2 e basal, a TEM
geralmente encontra-se ativa e as células tumorais sdo menos diferenciadas e maior
potencial metastatico, apresentando pior prognéstico. Adaptado de (HENG et al., 2016).

Portanto, a aquisicdo do fendtipo mesenquimal através da TEM, pode
associar-se a agressividade tumoral. Marcadores da TEM podem predizer o
prognoéstico do paciente, sendo um relevante fator a ser considerados em futura
abordagem terapéutica (YEUNG; YANG, 2017).
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1.9 Ceélulas-tronco tumorais

O tecido tumoral ndo é formado apenas por variados tipos celulares como
também é formado por subpopulacdes de células tumorais com diferentes graus de
diferenciacdo e malignidade. O que em parte justifica sua heterogeneidade
intratumoral e diferentes respostas terapéuticas. Dentre as células contidas no
microambiente tumoral, ha a presenca de uma subpopulagdo minoritaria de células
que tem sido denominadas células-tronco tumorais (do inglés, cancer stem cells -
CSC). As CSC sao uma subpopulacéo indiferenciada com capacidade regenerativa
e de proliferacao ilimitada, semelhante as células-tronco normais, mas com potencial
maligno (BATLLE & CLEVERS, 2017; PRAGER et al., 2019). CSCs possuem alta
resisténcia a estresse gerado no microambiente tumoral, como hipdxia, resisténcia a
quimioterapia e a radiacao, além de alta durabilidade, e sdo capazes de permanecer
em dorméncia por longos periodos (APONTE & CAICEDO, 2017).

Apesar dos desafios e limitacdes técnicas para purificacdo de subpopulaces
celulares, o conceito da existéncia dessas células foi proposta a partir de ensaios
experimentais isolando células-tronco (subpopulacdo CD34+/CD38-) de pacientes
com leucemia mieloide aguda que foram posteriormente enxertadas em
camundongos imunodeficientes, iniciando a formacédo de um tumor (LAPIDOT et al.,
1994). Conforme o desenvolvimento do tumor, as células-tronco tumorais sofrem
pressdbes do microambiente tumoral, gerando instabilidades genéticas que
estimulam sua expansdo, gerando novos clones de células-tronco ou células
progenitoras de células tumorais diferenciadas. Entretanto, estudos ja& mostraram
em alguns tipos de tumor, que o acumulo de alteracdes (epi)genéticas na
inicializacdo de um cancer pode também ocorrer em células ja diferenciadas
(PEITZSCH et al., 2017). Por conta desses diferentes achados cientificos, tragou-se

duas diferentes teorias para explica-los (Figura 9).

A primeira hipétese para explicar a heterogeneidade intratumoral € a evolugéo
clonal descrita por NOWELL (1976). Neste modelo, acredita-se que uma Unica célula
sofra alteracdes aleatorias gerando uma célula neoplasica, adquirindo capacidade
proliferativa superior a de células normais. Ao longo do desenvolvimento tumoral,
essas ceélulas neoplasicas sofrerdo novas mutacdes gerando novos clones. Outras

evidéncias comprovam que diferentes determinantes ndo genéticos também podem
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contribuir para a heterogeneidade intratumoral, como modificacbes epigenéticas
(metilacdo de DNA, modificacdo de histonas, microRNA (KRESO & DICK, 2014). E
de acordo com a teoria Darwinista, os clones com mais vantagens proliferativas,
como por exemplo, estarem em regides nutricionalmente abastadas, seriam
naturalmente selecionados, enquanto os clones com desvantagens a pressdo do
microambiente tumoral seriam eventualmente extintos (PRASETYANTI & MEDEMA,
2017).

A segunda hipotese propde que apenas uma pequena subpopulacdo de
células possuiria a capacidade infinita de auto renovacdo para iniciar e manter o
crescimento tumoral. Semelhantemente ao comportamento das células-tronco
saudaveis em tecidos normais, as células-tronco tumorais estariam no topo de uma
organizacao hierarquica, onde a subpopulacédo de CSC daria origem a novas células
com fendtipos diferenciados, gerando heterogeneidade intratumoral (PRASETYANTI
& MEDEMA, 2017). Esse processo nao é irreversivel, haja visto que células ja
diferenciadas podem por algum sinal proveniente do microambiente tumoral ou
mutacdo se desdiferenciar e retornar ao seu estado primitivo, adquirindo
propriedades de células-tronco e estabelecendo novos clones de CSCs, contribuindo

para a heterogeneidade do tumor.

Similarmente, evidéncias vém comprovando que subpopulacdes celulares
intratumorais se desdiferenciam em CSCs através da TEM. A plasticidade celular
das CSCs e 0 processo de TEM, estdo juntamente associados com a agressividade
tumoral, haja visto que mutagdes ou sinais do microambiente tumoral podem
sinalizar para ativacdo de ambos os processos (MANI et al., 2008; APONTE &
CAICEDO, 2017). Comumente, em canceres as vias associadas a auto renovacao
se encontram ativas continuamente, promovendo a progressao do tumor a

metastase.
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Células tumorais sao heterogéneas
mas somente as células-tronco
tumorais (CSCs) sao capazes de se
proliferar e formar novos tumores
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FIGURA 9. Comparativo entre modelos propostos para heterogeneidade intratumoral. A
primeira hipétese de evolucdo clonal suporta a ideia de que a célula-tronco pode surgir a
partir de células com acumulo de mutacdes, adquirindo a capacidade de auto renovagéo. A
segunda hipétese afirma que apenas as células-tronco tumorais sejam capazes de originar
as demais células. Adaptado de (BAUMANN, KRAUSE, HILL, 2008).

Com o avanco das pesquisas com células-tronco, muitas vias de sinalizacao
celular ja foram descritas pela sua capacidade de regulacdo e manutencdo. No
entanto, os efeitos pro-tumorais da ativacédo desregulada dessas vias em CSCs em
diferentes tipos tumorais podem ser decisivos no desenvolvimento do tumor (NUNES
et al.,, 2018). Dentre elas se encontram: 1) A via JAK/STAT esta envolvida no
processo de progressdo tumoral em varios tipos de cancer. Sua ativacdo esta
relacionada com tumorigénese, capacidade metastatica, diferenciacdo de CSCs e
quimiorresisténcia atraves da ativacdo de TEM (JIN, 2020). 2) A via Hedgehog
participa no processo embrionario e da homeostase tecidual, mas sua ativagéo
aberrante leva a transformacdes neoplasicas, tendo papel essencial na iniciacdo da
leucemia mieloide através das CSCs (SARI et al., 2018). 3) A sinalizagdo de Wnt/j3-
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catenina esta associada com metastase mediada por CSCs. Em céancer de
colorretal e leucemia, esta via costuma estar aberrante desregulando sua
capacidade proliferativa (REYA & CLEVERS, 2005). 4) A via de Notch, quando
superativada, sustenta a tumorigénese, aumentando o niumero de CSCs. Em céancer
de mama, sua ativacdo pode ser um diferencial na agressividade tumoral (MEISEL,
PORCHERI, MITSIADIS, 2020). 5) A via de sinalizacdo de PTEN (proteina homodloga
de tensina e fosfatase) / AKT / PI3K (fosfatidilinositol 3-quinase) tem um papel
importante no surgimento de CSCs no cancer de prostata. A via PI3K/AKT induz
migracdo e invasdo celular de células de cancer de mama através da secrecdo de
Interleucinas 6 e 8 (YANG et al., 2020). 6) O fator transcricional NFKB exerce um
papel central para a sobrevivéncia das células, inibindo a morte celular por
apoptose. Sua inibicdo impede o desenvolvimento de CSCs no cancer de mama e
aumenta sensibilidade a quimioterapia. (KALTSCHMIDT et al.,, 2019). 7) O eixo
MAPK (Proteinas-quinases ativadas por mitdégenos) / ERK, quando bloqueado,
observou-se inibicdo no crescimento do tumor de mama, levando a morte celular por
apoptose, aumentando a eficacia de radioterapia e quimioterapia (YIP et al., 2011).
8) A ativacao exacerbada de TGF-B, levou a ativagdo de SMAD, cuja resposta foi a
alteracdo da plasticidade das células-tronco, levando a sua diferenciacdo celular e
formacéo de CSCs. (YANG et al., 2020).

Essas diferentes vias podem contribuir para progressao tumoral de forma
conjunta. Por exemplo, no hepatocarcinoma agressivo, € comum encontrar as vias
de TGF-B, Notch e Wnt desreguladas, alterando seu perfil de auto renovacgao,
diferenciacdo e sobrevivéncia (APONTE & CAICEDO, 2017). O processo de
regulacéo de CSCs, assim como muitos outros processos no microambiente tumoral,
é bastante complexo, néo linear e extremamente dinamico. Essas vias interagem

entre si promovendo a manutencéo da populacdo de CSCs (YANG et al., 2020).

Células tumorais e células-tronco tumorais baseiam-se na expressao
diferenciada de marcadores (Tabela 3). Estudos demonstraram ser bastante
consistente o perfil de marcadores entre os pacientes, apesar de existir grande
variacdo de biomarcadores entre os diferentes tipos tumorais. Isto facilita a
identificacéo e o isolamento de CSCs para realizacao de estudos (CLARKE & HASS,
2004; WALCHER et al., 2020). Para uso clinico, ha uma limitacdo de biomarcadores

além do uso do CEA (antigeno carcinoembrionario), YFRA 21-1 (fragmentos de
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citoqueratinas 19) e AFP (alfa-fetoproteina que sdo expressos por CSCs, pois esses

biomarcadores também podem ser expressos por células-tronco de tecidos

embrionérios ou tecidos adultos. Portanto, é imprescindivel a combinacao de varios

marcadores de superficie e intracelulares para identificar e isolar células que

promovem a tumorigénese, resisténcia a terapia e recidiva do tumor (WALCHER et

al., 2020).

Tabela 3: Tipicos marcadores de células-tronco tumorais em diferentes tipos de tumor.

Adaptado de TURDO et al., 2019.

Tipo tumoral

Cancer de mama

Cancer colorretal

Céancer gastrico
Glioblastoma

Cancer de cabecga e pescogo
Leucemia (LMA)
Hepatocarcinoma

Cancer de pulméo

Melanoma

Cancer de ovario
Cancer pancreatico

Cancer de prostrata

Marcador de célula-tronco tumoral

CD133t, CD44t, CD24t, EpCAM™,
ALDHHhigh

CD133*, CD44+, CD24*, CD166T,
EpCAM*, ALDHMSh ESA*

CD133t, CD44+, CD24*
CD133*

SSEA-1*, CD44+, CD133*
CD34*, CD38~, CD123*

CD133*, CD44*, CD49f*, CD90,
ALDHMgh ABCG2*, CD24+, ESA™*

CD133*+, CD44*, ABCG2+, ALDHMgh
cp87+, cD9o

ABCBS5™*, CD20*
CD133t, CD44*

CD133*, CD44*, CD24t1, ABCG2™,
ALDH"O" EpCAMT, ESAT

CD133%, CD44+, a2p1+, ABCG2*,
ALDHMh
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Nas células-tronco tumorais provenientes do cancer de mama, os marcadores
CD44*/CD24'°%" foram os primeiros a serem utilizados. CD44 é uma glicoproteina
de membrana que reconhece e se liga ao &cido hialurénico. Este receptor
desempenha atividades bioldgicas relacionadas a migracdo e invasdo das células,
além de renovacdo da subpopulacdo de CSCs (DITTMER, 2018). Células com
potencial tumorigénico enquanto expressam altos niveis de CD44, h4 auséncia ou
baixa expressdo do marcador CD24. A expressdo deste marcador estd associada
com caracteristicas de células epiteliais (RICARDO et al., 2011). Adiante, a alta
atividade enzimatica de aldeido desidrogenase — ALDH1 também passou a ser um

marcador de CSCs, devido a capacidade tumorigénica das células ALDH1 high

(PARK, CHOI, NAM, 2019). ALDH1 é uma enzima intracelular com funcéo
metabdlica, cuja reacdo envolve oxidacao de aldeidos e retinéis (WALCHER et al.,
2020). No entanto, células-tronco hematopoiéticas e células-tronco neurais também
expressam e possuem alta atividade de ALDH1, ndo sendo um marcador exclusivo
de CSCs. Portanto, a combinacéo desses trés marcadores se tornou o padrdo ouro

para selecdo de células-tronco tumorais de mama (PARK, CHOI, NAM, 2019).

Novos marcadores vém sendo associados a CSCs, como a glicoproteina
CD133, marcador expresso em CSCs derivados de tumores deficientes para gene
BRCA1 (ZHOU et al., 2019). Resultados pré-clinicos utilizando as CSCs CD133
positivas como alvo tém sido promissores (WALCHER et al., 2020). Estudos
utilizando células de cancer de mama humano mostrou que CSCs CD44*/CD24'oW"
e positivas para EpCAM, molécula de adesdo celular epitelial, possuiam alto
potencial metastatico. (DITTMER, 2018). CSCs também possuem alta capacidade
de resisténcia a quimioterapia. Isso porque expressam transportadores
transmembrana do tipo ABC (como ABCG2 e ABCC1) sao capazes de expulsar
algumas drogas do meio intracelular (DITTMER, 2018). Os fatores transcricionais
Oct4, Sox2, c-Myc, Nanog e Kif4, relacionados ao ganho de atividades de células-

tronco, também ja foram avaliados no cancer de mama (SCIOLI et al., 2019).

O isolamento dessas células ainda se apresenta como um desafio dada a
quantidade de marcadores necessarios para identificar e selecionar uma pequena
populacao celular no universo tumoral (BATLLE & CLEVERS, 2017; SCIOLI et al.,

2019). No entanto, a resisténcia aos tratamentos e a reincidéncia do tumor tem sido
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fator critico para compreender a complexidade dos mecanismos de atuacdo e auto
renovacdo dessas ceélulas (PRAGER et al., 2019). Estratégias terapéuticas
baseadas neste nicho de CSCs tém sido propostas com o avanc¢o da nanotecnologia
associada a estratégia de gene-alvo (NUNES et al., 2018).

Baseado na literatura, as NETs sdo capazes de modificar o perfil das células
tumorais, levando a metéstase. No entanto, 0s mecanismos pelos quais este efeito
ocorre ainda permanecem desconhecidos. Neste trabalho, propomos avaliar a
habilidade das NETs em alterar o fenétipo das células luminais MCF7, adquirindo
um comportamento de maior agressividade tumoral e pré-metastatico através da
ativacado do programa de TEM.
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2. OBJETIVOS

2.1 Objetivo geral

Determinar o papel das redes extracelulares de neutrofilos sobre a aquisicdo do
fenotipo pro-metastatico em células de cancer de mama através da transicdo

epitélio-mesenquimal.

2.2 Objetivos especificos
e Compreender o efeito das NETs sobre a morfologia celular e o comportamento

migratorio das células tumorais de mama;

e Investigar a atuacdo das NETs sobre o processo de transicdo epitélio-

mesenquimal;

e Avaliar os efeitos das NETs na expressdo dos marcadores de células-tronco

tumorais;

e Avaliar a expressao génica de fatores pro-tumorais em ceélulas tratadas com ou

sem NETS;
e Analisar a relacdo entre os genes de assinatura neutrofilica e genes pro-

tumorais e associados a TEM através de dados de RNAseq de pacientes com

cancer de mama.
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3. MATERIAIS E METODOS

3.1 Cultura de células

Foram utilizadas as linhagens de células de cancer de mama MCF7,
HCC1954 e MDA-MB-231. As linhagens MCF7 e MDA-MB-231 foram cultivadas em
meio de cultura DMEM (Dulbecco’s Modified Eagle Medium, Thermo Fisher
Scientific) suplementado com HEPES (Sigma), 10% de soro fetal bovino - SFB
(Cultilab) e 1% de penicilina/estreptomicina (Thermo Fisher Scientific). Ja as células
HCC1954 foram cultivadas em RPMI (Thermo Fisher Scientific), com 10% de SFB e
1% de penicilina/estreptomicina. As culturas foram mantidas a 37° C com 5% de
CO2. Para manutencao das culturas, apos atingirem 80% de confluéncia, as células

eram dissociadas com tripsina.

3.2 Obtencao de neutrofilos

Para utilizacdo de amostras de sangue, o projeto primeiramente foi submetido
e aprovado pelo comité de ética e pesquisa do Hospital Clementino Fraga
Filho/UFRJ sob numero de registro 82933518.0.0000.525. Amostras de sangue
venoso obtidas de doadores saudaveis foram coletadas em tubos e/ou seringas

contento 100 mM citrato de sédio numa diluicdo de 1:10.

Todo o procedimento foi realizado em ambiente estéril para evitar
contaminagcdo externa. Sangue total obtido foi cuidadosamente transferido para
tubos cbénicos contendo Ficoll Histopaque (Sigma Aldrich) na proporcao de 2:1,
formando um gradiente de densidade. Os tubos foram centrifugados a 400 g por 30
minutos a temperatura ambiente. As células mononucleares do sangue periférico

foram desprezados juntamente com o plasma sanguineo.

Os neutrdfilos coletados foram submetidos a lise hipotonica a adicdo da
solugdo ACK (155 mM NHA4CI, 10 mM KHCO3, 0.1 mM EDTA, pH 7.4) para remogao
das hemacias por pelo menos 5 minutos sob suave homogeneizacdo. Os tubos
conicos contendo neutrofilos foram centrifugados a 400 g, por 10 minutos, a 4 °C e
mantidos no gelo desde entdo. O processo de lise foi realizado mais uma vez e

novamente o tubo foi centrifugado. Entdo, as células foram lavadas em PBS,
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centrifugadas e cuidadosamente ressuspendidas em meio RPMI 1640 sem adicéo
de soro fetal. Os neutroéfilos foram contados em camara de neubauer e a suspensao
foi ajustada para 1 x 107 neutréfilos/mL. O grau de pureza e viabilidade dos
neutrofilos obtidos foram mensurados através da coloragdo com Azul de metileno e

Azul de Trypan, respectivamente.
3.3 Geracéo e isolamento de NETs

Neutrdéfilos (1 x 107 células/mL) foram transferidos para placa de petri estéril e
incubados por 3 horas, a 37 °C e 5% CO2, com 500 nM de PMA - Phorbol 12-
myristate 13-acetate (Sigma Aldrich). Apés incubacéo, o meio foi cuidadosamente
removido e a camada formada no fundo da placa foi recuperada com adicdo de PBS
estéril gelado e tranferida para novos tubos cénicos. Os tubos foram centrifugados a
400 g, por 10 minutos, a 4 °C para remover o debri celular. O sobrenadante foi
transferido para tubos de 1,5 mL e centrifugados novamente a 18.000 g, por 10
minutos, a 4 °C. Entdo, o sobrenadente foi descartado e o pellet ressuspendido em
PBS estéril (50 pL — 100 pL dependendo do tamanho do pellet). As NETs isoladas
foram dosadas a partir da quantificacdo de DNA utilizando espectrofotdmetro
NanoDrop Lite (Thermo Fisher Scientific). Apds, as NETs ainda frescas, ou
armazenadas a 4 °C por no maximo 24 horas, foram utilizadas para os experimentos

posteriores.

Para ensaios utilizando NETs digeridas por DNAse, 500 ng de NETs foram
aliguotadas em microtubos de 1,5 mL e incubadas com 5U de DNAse |
(Pulmozyme®, Roche, Basel, Switzerland) por 5, 15 ou 30 minutos a 37° C. Para
testar a atividade e eficiéncia da DNAse sobre as NETSs, aplicou-se as amostras em
gel de Agarose 0,9%, ajustando-as para volume final de 20 pL com 1 uL de GelRed
(GelRed™ Nucleic Acid Gel Stain, 10.000x, Biotium) e g.s.q. de tamp&o de amostra
(Thermo Fisher). Para o tratamento das células MCF7, foram utilizadas NETs

isoladas previamente digeridas conforme descrito acima.
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3.4 Andlise de expressao génica por PCR em tempo real

3.4.1 Obtenc&o da amostra

Em placas de cultura de 6 pogos, 5 x 10° células de carcinoma mamario foram
semeadas por condi¢do e incubadas por 24 horas, a 37 °C e 5% CO2, em 1 mL de
meio de cultura contendo 10% de soro fetal bovino. Apds o periodo de incubacéo, as
células foram lavadas duas vezes com PBS estéril e a 37° C, em seguida mantidas
em 1 mL de meio DMEM sem soro por 8 a 10 horas. Apds o periodo de starving, o
meio foi renovado e 500 ng/mL de NETs foram adicionadas. Apds o tratamento com
NETs por 16 horas, a 37 °C em 5% COz2, as células foram cuidadosamente lavadas
com PBS por duas vezes e 500 pL de TRIzol (Thermo Fisher Scientific) foi
adicionado e homogeneizado diversas vezes para garantir a eficiéncia da extracao
de RNA.

3.4.2 Extracdo de RNA e sintese de cDNA

As amostras suspensas em TRIZol foram transferidas para tubos estéreis de
1,5 mL livres de RNA. Foram adicionados 100 uL de cloroférmio (Vetec), avidamente
agitados e incubados por 3 minutos a temperatura ambiente. Entédo, os tubos foram
centrifugados a 12000 g, por 15 minutos, a 4 °C. A fase aquosa (fase superior) foi
transferida para um novo tubo e 250 pL de isopropanol (Vetec) foi adicionado. Apos
leve homogeneizacao e incubacéo por 10 minutos a temperatura ambiente, os tubos
foram novamente centrifugados a 12000 g, por 10 minutos, a 4 °C. O sobrenadante
foi descartado cuidadosamente e 1 mL de etanol 75% foi adicionado sobre a
amostra. Novamente, os tubos foram centrifugados a 9000 g, por 7 minutos, a 4 °C.
O sobrenadante foi retirado ao maximo com a pipeta e os tubos foram deixados
abertos, por pelo menos 15 minutos, para secagem total das amostras. Entdo, 20 puL
de agua DEPC (Life Invitrogen) foi utilizada para ressuspender as amostras de RNA.
Os tubos foram alocados no termobloco por 10 minutos a 56 °C. O RNA foi

guantificado no espectrofotometro Nanodrop Lite (ThermoFisher).

Em microtubos de 0,2 mL, 1ug de RNA por amostra foi adicionado juntamente
com 1puL de DNAse I, 1 pL de Tampao DNAse | puL (ThermoFisher) e agua DEPC
g.s.p. 10 pL. E entdo incubados no termociclador por 30 minutos a 37 °C. Apdés, 1 pL

de EDTA (50 mM ThermoFisher) foi adicionado por microtubo e incubado por 10
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minutos a 65 °C. A partir dai, foi adicionado o kit de transcricdo reversa seguindo a

recomendacao do fabricante AppliedBiosystems para sintese de cDNA.
3.4.3 PCR em tempo real

Apbs a obtencdo do cDNA, utilizou-se mix de reacdo com volume final de 10
pl composto por tampéo (tris 20 mM, cloreto de potassio 50 mM, cloreto de
magnésio 5 mM; pH 8,0), SYBR® Green | 1x (Sigma), Reference dye for quantitative
PCR1x (Sigma), dNTPs (200 nM cada) e 5 U/ul da enzima JumpStart™ Taq DNA
Polymerase (Sigma). Ao mix de reacdo também foi adcionado cDNA diluido 10
vezes e 400 nM de oligonucleotideos. As reacdes foram realizadas no equipamento
StepOnePlus Real Time PCR (Applied Biosystems) e analisadas no programa
StepOne (Applied Biosystems). Para normalizacdo da expressao génica, utilizou-se
GAPDH como gene enddégeno e aplicou-se a férmula 2722C  para calcular a

expressao relativa do grupo tratado com NETs em relag&o ao grupo controle.

3.5 Citometria de fluxo

1 x 10°% células foram semeadas em garrafas de cultura de 25 cm? e
incubadas por 24 horas. Apés o periodo, foram lavadas duas vezes e incubadas por
mais 8 a 10 horas com meio de cultura sem soro. O meio foi trocado e as células
tratadas com 500 ng/mL de NETs por 16 horas. As células entdo foram
cuidadosamente lavadas com PBS, dissociadas com tripsina, contadas na camara
de neubauer e ressuspendidas em 1 x 10° células/mL. 5 x 10° células por condicéo
foram lavadas duas vezes com tampédo de FACS (PBS, 0,01% Azida sodica e 3%
SFB). As células foram centrifugadas e o sobrenadante foi descartado. As células
entdo foram incubadas no gelo com ou sem anticorpos conjugados 1:40 anti-CD24
conjugado com Phycoerythrin — PE (Clone ML5; Thermo Fisher Scientific) e 1:40
anti-CD44 com allophycocyanin — APC (Clone IM7; Thermo Fisher Scientific). Apds a
incubacéao, as células foram novamente lavadas com tampé&o FACS e a aquisi¢cédo do
sinal foi feita através do equipamento FACSCanto Il com o software FACSDiva (BD
Biosciences). Controles sem marcacado e com marcacao individual foram realizados
para calibracdo de cores. Para analise dos resultados, foi usado o software FlowJo

(BD Biosciences) e a média da fluorescéncia foi mensurada.
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3.6 Ensaio de migracao

Células MCF7 (1 x 10%) mantidas por 24 horas em meio com soro e em
seguida tratadas por 16 horas com NETs (500 ng/mL) a 37 °C em 5% CO:2. Entéo,
foram lavadas duas vezes com PBS, tripsinizadas, centrifugadas, ressuspendidas e
contadas em camara de Neubauer. Para o ensaio de migracao, utilizou-se a camara
de Boyden de 48 pocos e membranas de policarbonato com poros de 8 um (Neuro
Probe). No poco inferior da camara, foi adicionado meio DMEM com diferentes
concentracfes de SFB (0%, 2% e 10%) como quimioatraente. Células tratadas ou
ndo previamente com NETs foram ressuspendidas em meio sem soro (1 x 108
células/mL) e 50 pL desta suspenséo foram adicionados em cada pog¢o superior da
camara de Boyden. Cada condicdo foi realizada em triplicata. O ensaio foi
performado por 20 horas a 37 °C em 5% CO2. ApoOs o periodo de incubacéo, a
membrana foi cuidadosamente retirada e a face superior foi raspada para remocao
das células que ndo migraram. A membrana foi fixada e corada utilizando o kit
rapido Pandtico (Laborclin) e montada sobre uma lamina de vidro. Fotografias foram
obtidas com 200 x de magnificacdo em microscopio de campo claro. 10 campos por

condicao foram contados e a média das células migradas por campo foi calculada.

3.7 Analise por imunocitoquimica

2,5 x 10° células MCF7 foram plagueadas em placas de cultura de 35 mm de
didmetro cobertas com laminulas de Aclar de 22 mm (Pro-Plastics Inc) previamente
tratadas com colageno | proveniente da cauda de rato. Apos 24 horas de incubacao,
periodo para adesdo das células, estas foram lavadas duas vezes com PBS e, em
seguida incubadas por aproximadamente 10 horas em DMEM sem soro. Entdo, as
células foram tratadas por 16 horas com NETs (500ng/mL). Apos o tratamento, as
células foram lavadas cuidadosamente duas vezes com PBS e fixadas com 4% de
paraformaldeido diluido em 0,1 M de PBS. As células tratadas com NETs perdem
significativamente a adeséo a placa, portanto, a troca das solucdes foi realizada com
bastante cautela para ndo desprender as células do plastico. Apés fixadas, as

células foram lavadas mais duas vezes com PBS contendo 0,5% Triton e incubadas
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por 1 hora a 37 °C os seguintes anticorpos primarios: B-catenina (#C-2206, Sigma
Chemical, USA), E-caderina (#04-1103, Millipore Sigma, USA), Fibronectina (#F-
6140, Sigma Chemical, USA) e N-caderina (#C-3865, Sigma Chemical, USA).
Novamente, as células foram lavadas com PBS-Triton e incubadas com os
anticorpos secundarios por mais 1 hora, a 37 °C, e lavadas com PBS-Triton. Os
anticorpos secundarios utilizados foram Alexa Fluor 546 (#A-11010, #A11030), Alexa
Fluor 488 (#A-11008, #11001). Todos fabricados por Molecular Probes (USA). Ao
final, os nucleos foram marcados com DAPI (0,1 pg/mL em solugéo salina 0,9% de
NaCl) ou NucSpot (fabricados por Molecular Probes e Biotium Inc, USA,
respectivamente) por 5 minutos. Laminas foram montadas utilizando Prolong Gold
(Molecular Probes) e examinadas no microscépio invertido Axiovert 100 (Carl Zeiss,
Germany) ou microscopio confocal Spinning Disk (DSU, Olympus, Japan).

3.8 Western Blotting

NETs (500 ng/mL) foram incubadas com células MCF7 (1 x 10%) em garrafas
de cultura de 25 cm2, previamente mantidas em meio sem soro. Apés o tratamento,
as células foram cuidadosamente lavadas duas vezes com PBS gelado. Entdo, 80 —
100 uL de tampéo de lise (Tris-HCI 200mM pH 8,0, NaCl 3,04 M, Triton X-100 2%,
2% de deoxicolato, SDS 0,2%, EDTA 10 mM) foi adicionado em cada garrafa e com
auxilio do scraper para raspagem da garrafa, as amostras foram coletadas e
transferidas para tubos de 1,5 mL. As amostras foram mantidas no gelo por 20
minutos e centrifugadas por 15 minutos a 15000 g, a 4°C. O pellet foi descartado e a
guantidade de proteina por amostra foi dosada pelo método de Lowry, utilizando o

kit DC Protein Assay (BioRad), seguindo as recomendac¢des do fabricante.

Na corrida de eletroforese SDS-PAGE (6 — 12% de acrilamida), foram
utilizadas 30 — 60 pg de proteina/amostra. ApOs a corrida, as proteinas foram
transferidas para membrana de PVDF (GE Healthcare) por transferéncia molhada a
200 mA constantes por 2 horas. A membrana foi incubada 2 horas, a 4°C, com
solucéo de bloqueio (PBS, 0,05% NP40, 5% de leite Molico) e incubadas overnight
com o0s seguintes anticorpos primarios: E-caderina (1:10,000; #61082; BD
Biosciences, San Jose, CA, USA), Fibronectina (1:750; #F3648; Merck, Darmstadt,

Germany) , Vimentina (1:500; #M0725; DakoCytomation, Glostrup, Denmark) e -
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actina (1:1000; #8457; Cell Signaling Technology, Danvers, MA, USA). Apés o
periodo, as membranas foram incubadas por 1 hora a temperatura ambiente com
anticorpos secundérios conjugados com HRP (DakoCytomation) e revelados
utilizando reagentes de deteccdo de Western Blotting ECL® (GE Healthcare, Séo

Paulo, Brazil).

3.9 Andlise de expressao génica de pacientes com cancer de mama

Para realizar analise de expressdo de genes relacionados a neutréfilos,
utilizou-se dados de RNAseq de 1100 pacientes com cancer de mama depositados
no repositorio The Human Genome Atlas (TCGA). Valores dos transcritos (FPKM =
Fragments Per Kilobase Million) de cada gene de relacionado a neutréfilo foram
estratificados em diferentes subtipos de cancer de mama: Luminal A (lumA), Luminal
B (lumB), HER2+ (HERZ2) e subtipo Basal. Para analise de correlacéo entre os genes
de assinatura neutrofilica e os genes pro-tumorais, utilizou-se a plataforma
cBioPortal (https://www.cbioportal.org/), cujos graficos e o0s coeficientes de
Spearman juntamente com o valor estatisticos sdo fornecidos pela plataforma
(CERAMI et al., 2012; GAO et al., 2013). Para refinar a analise de co-expressao
génica, utilizou-se a ferramenta GEPIA 2 (http://gepia2.cancer-pku.cn/) a fim de
gerar andlises de correlacdo entre os genes alvo e um subset de genes de
assinatura neutrofilica (DEFA4, DEFA1B, MMP8, CEACAM6, CEACAMS, LTF, MPO
e ARG1). A partir da analise destes dados, gerou-se as tabelas das correlacdes

génicas apresentadas nos resultados.

3.10 Analise estatistica

O software de analise utilizado foi GraphPad Prism 5 (GraphPad Software,
San Diego, CA, EUA). Os dados representados nos graficos informam a média de
pelo menos trés experimentos independentes + desvio padrdo. Nos ensaios de RT-
PCR quantitativo, citometria de fluxo e ensaio de migracéo, o teste t ndo pareado foi

aplicado para determinar a diferenca estatistica entre células MCF7 tratadas ou ndo
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com NETs. No ensaio de RT-PCR quantitativo e migracdo testando o efeito da
DNAse nas células MCF7, utilizou-se o teste ANOVA Tukey. Para andlise da
expressao dos genes de assinatura neutrofilica em diferentes subtipos de tumor de
mama, foi aplicado o teste U de Mann-Whitney. As correlagdes dos valores de RNA-
seq (FPKM) obtidos pelo TCGA foram analisadas estatisticamente pelo método
Teste de Spearman n&o paramétrico. Os resultados foram considerados

estatisticamente significativos quando o valor de p < 0,05.
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4. RESULTADOS

4.1 Alteracdo da morfologia celular induzida pelas NETs em células
MCF7

De acordo com a classificacdo dos subtipos de cancer de mama, a linhagem
celular MCF7 é classificada como subtipo luminal (NEVE et al., 2006). Seu perfil
epitelial apresenta um formato poliédrico, capaz de formar ilhotas em cultura celular.
Durante o estimulo prolongado das células MCF7 com NETS, a partir de 8 horas de
tratamento, foi observado ao microscépio uma aparente alteracdo morfolégica
(dados néo apresentados). As células passaram a apresentar um formato mais
alongado, do tipo fibroblasto, apresentando uma quantidade expressiva de
prolongamentos. Um efeito de perda de adesdo dessas células a garrafa de cultura
apos 16 horas de tratamento com NETs também foi notado (Figura 10).

MCF7 + NETs

E? é’ *
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FIGURA 10. NETs altera a morfologia das células MCF7. Imagens representativas de células
MCF7 que foram cultivadas por 16 horas na auséncia (painéis a esquerda) ou a presenca
(painéis a direita) de NETs (500 ng/mL). Ampliacao da imagem: 100x e 400x. Barra de escala de
500 pm e 100 pum, respectivamente.
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4.2 NETs induzem aumento de migracédo celular em células MCF7

No avanco da malignidade do cancer, uma das etapas de transi¢cao epitélio-
mesenquimal e metastase envolve a habilidade da célula tumoral em migrar do sitio
primério, invadir um tecido adjacente para entdo se instalar num sitio distante ao
tumor primario. A dindmica do citoesqueleto levando a alteragdo morfolégica € um
forte indicio dessa nova habilidade da célula em migrar. Portanto, 0 comportamento

migratorio das células MCF7 também foi avaliado.

Através do ensaio de migracdo feito na camara de Boyden, utilizou-se
diferentes concentragdes de soro fetal bovino como quimioatraente (Figura 11). Nas
condicBes sem soro fetal, as células MCF7 tratadas com NETs (48,9 + 4,5 células
por campo) migraram quase 7 vezes mais do que as células mantidas apenas com
meio de cultura sem soro (7,39 £ 5,0). Na presenca de 2% de soro fetal bovino na
porcdo inferior da camara, as células tratadas com NETs (94,9 £ 20,3 células por
campo) migraram aproximadamente 3 vezes mais do que as células MCF7 sem
tratamento (34,9 £ 16,2). Ao utilizar 10% de soro fetal, observou-se um aumento da
migracao de células tratadas com NETs (174,6 = 49,4) duas vezes maior do que as
células MCF7 ndo tratadas (88,1 + 13,4).

Estes resultados apontam o efeito significativo das NETs sob a motilidade
celular, alterando o comportamento migratério das células epiteliais de cancer de

mama.
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FIGURA 11. NETs modula o padrao migratério das células MCF7. O ensaio de migracao foi
performado através da camara de Boyden. Células MCF7 que foram cultivadas por 16 h, na
auséncia ou na presenca de NETs (500 ng/mL), foram semeadas na parte superior camara (5 x
10* células / pocgo) e a migracéo avaliada apés 20 horas. Como quimioatraente, meio de cultura
suplementado com soro fetal bovino nas concentragdes de 2% ou 10% foi utilizado nas camaras
inferiores. Imagens representativas do ensaio de migracdo sdo mostradas acima (ampliacéo de
200x%). Contagem das células que migraram foram representadas no gréafico. Os dados sdo a
média * desvio padrdo de trés experimentos independentes. A analise estatistica de cada
condicédo foi avaliada por teste t ndo pareado. A significancia foi assumida para * p <0,05, *** p
<0,001.
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4.3 NETs aumentam a expressao génica dos fatores transcricionais de
TEM em células MCF7

O padrao de alteracdo morfolégica observado nas células MCF7 foi similar ao
que é relatado em diversos estudos envolvendo transicdo epitélio-mesenquimal
(TEM). A partir dai, investigou-se a possivel ativacdo do processo de TEM induzido
pelas NETs nas células de cancer de mama ndo metastaticas, MCF7. Por meio de
RT-PCR quantitativo, avaliou-se a expresséo de fatores transcricionais reguladores
de TEM. Nas células tratadas por 16 horas com NETs, observou-se um aumento
significativo na expressdo génica de Zebl (ZEB1) e Snail (SNAI1). Os niveis de
MRNA de ZEB1 foram aproximadamente 4 vezes maiores nas células MCF7
tratadas com NETs do que nas células ndo tratadas. Adicionalmente, o transcrito
SNAIL, foi 1,5 vezes aumentado nas células com NETs do que as células MCF7
(Figura 12). Sob a mesma analise, os demais fatores analisados, Slug (SNAI2) Sipl

(ZEB2) e Twist (TWIST1 nao sofreram modulacao génica induzida pelas NETS.

De acordo estes resultados, as NETs parecem ter um efeito significativo sobre

a ativacao da transicao epitélio-mesenquimal em células MCF7.
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FIGURA 12. NETs induz a expressao de fatores transcricionais associados a TEM. Analise da
expressao génica foi analisada por RT-PCR quantitativo. GAPDH foi usado como o gene de
referéncia. A expressao relativa do mRNA foi calculada usando o método AACT. As colunas
representam meédias * desvio padrdo de um minimo de trés experimentos independentes. O
teste t ndo pareado foi aplicado para andlise estatistica. ** p <0,01 e n.s., sem significancia.
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4.4 O tratamento com NETs modifica os marcadores de TEM em

linhagens tumorais de mama

Na transicdo epitélio-mesenquimal, as células perdem caracteristicas
epiteliais e adquirem fenotipo de células mesenquimais (LEGGETT et al., 2016).
Ocorre uma modificacdo na expressao de proteinas de adesao célula-célula, como
por exemplo, a E-caderina, que € um marcador classico de TEM, tendo seus niveis
reduzidos a medida em que o processo de TEM progride (NIETO et al., 2016; YANG
et al., 2020). No contexto deste trabalho, ocorreu a redugcéo de cerca de 35% da
expressdo génica de E-caderina (CDH1) nas células tratadas com NETs por 16
horas (Figura 13a). Os niveis proteicos, avaliados através de Western Blotting,
também apresentaram queda no decorrer do tempo de tratamento com NETSs
(Figura 13b), com uma perda de 30% do sinal de E-caderina apos 3 horas, 40%
apos 6 horas, 50% apds 12 horas, chegando a 60% de perda apds 24 horas. O
resultado foi corroborado com ensaio de imunocitoquimica, cuja intensidade do sinal
de fluorescéncia para E-caderina foi notoriamente menor nas células tratadas com
NETs por 16 horas (Figura 13c).
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FIGURA 13. NETs modifica o padrédo de expressao de E-caderina em células MCF7. A.
Andlise da expressao génica de E-caderina (CDH1) realizada por por RT-PCR quantitativo. B.
Imagem representativa do blotting dos niveis de proteina epitelial E-caderina em 1 x 10°
células MCF7 tratadas com NETs (500 ng / mL) por uma cinética de 3 a 24 horas (n=2). B-
actina foi usada como um controle de carregamento e células MDA-MB-231 (MDA) foi usado
como modelo de célula mesenquimal. A densitometria analisada por ImageJ e representada
abaixo do blot. (C) Analise de imunocitoquimica de E-caderina (verde, ampliagdo 630 X,
barras da escala 30 um); em células MCF7 que foram cultivadas por 16 horas na auséncia
(acima) ou a presencga (abaixo) de NETs (500 ng / mL). Os nucleos foram corados com 4’, 6-
diamidino-2-fenilindol (DAPI) (azul). O gréfico ao lado mostra a quantificacdo da
imunocitoquimica. Test T foi aplicado para andlise estatistica. *** p < 0.001.
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Devido ao efeito tdo expressivo das NETs sobre a reducao de E-caderina nas
células MCF7, decidimos avaliar se em outro tipo celular o mesmo efeito seria
encontrado. Utilizamos a linhagem celular HCC 1954, classificada como subtipo
HER2+ (NEVE et al., 2006). Em geral, esta linhagem apresenta um fendtipo
intermediario entre os subtipos luminais e basal, possuindo uma carateristica hibrida
epitelial e mesenquimal. A partir da analise de expressdo génica por RT-PCR,
observamos uma reducgédo de cerca de 28% do transcrito que codifica para proteina
E-caderina (CDH1) nas células tratadas com NETs por 24 horas (Figura 14a). Um
padrao similar nos niveis proteicos de E-caderina foi observado nas células tratadas
por NETs, pela analise de Western Blotting. O nivel proteico de E-caderina foi cerca
de 50% menor nas células tratadas com NETs em relacdo as células sem tratamento
(Figura 14b). Os resultados obtidos nas células MCF7 foram reproduzidos na
linhagem celular HCC 1954, sugerindo o papel das NETs na inducdo da transicao

epitélio mesenquimal a partir da perda de caracteristicas epiteliais.

FIGURA 14. NETs modifica o padréo de expresséo de E-caderina em células HCC1954.
Analise da expresséo de E-caderina em células HER2 + subtipo de cancer de mama. 5 x
10° células HCC 1954 foram tratadas com NETs (500 ng / mL) durante 24 horas. A. O
grafico & esquerda representa RT-PCR quantitativo do gene E-caderina (CDH1). As
colunas representam as médias + DP de trés experimentos independentes. Analise
estatistica Teste t ndo pareado. ** p < 0,01. B. A direita, imagem representativa de
Western Blotting de E-caderina (n=2). $-actina foi usada como controle de carregamento.
A densitometria analisada por ImageJ abaixo. Os valores foram normalizados por 6-52
actina.



Dentre os marcadores de fenotipo mesenquimal, foi analisado o nivel de
fibronectina. Uma glicoproteina soltvel no plasma que auxilia as células a aderirem
a matriz extracelular, participando da migragdo e invasdo de células tumorais
(Figura 15a). Através da analise por Western Blotting, observou-se um aumento dos
niveis proteicos nas células tratadas com NETs por 3 horas (4,8 vezes), 6 horas (2,6
vezes), 12 horas (6,1 vezes) e 24 horas (10 vezes). Similarmente, observou-se
através da imunocitoquimica um sinal significativamente maior (cerca de 50% de
aumento) nas células tratadas por 16 horas com NETs em relacdo as células sem

tratamento (Figura 15).
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Em seguida, foi analisado também o marcador mesenquimal tipico, N-

caderina. Através da técnica de imunocitoquimica, constatou-se maior intensidade

de sinal de N-caderina nas células cultivadas na presenca de NETs por 16 horas
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FIGURA 15. NETs modifica o padrédo de expresséo de fibronectina em células MCF7. A. (Figura  16).

Western blotting dos niveis de proteina mesenquimal fibronectina em células MCF7 tratadas Com

com NETSs entre 3 e 24 horas (n=2). B-actina foi usada como um controle de carregamento e
MDA-MB-231 (MDA) foi usada como modelo de célula mesenquimal. Densitometria do
blotting foi analisada por ImageJ B. Imunocitoquimica de Fibronectina (verde). Os nucleos
foram corados com 4’, 6-diamidino-2-fenilindol (DAPI) (azul). Ampliagdo 630 x, barra da
escala 30 um. Quantificacdo da imunocitoquimica é representada a direita da imagem (n=2).
Test T foi aplicado para andlise estatistica. ** p < 0.01.
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aumento de cerca de 30% no sinal fluorescente em relacdo as células MCF7 sem
tratamento com NETSs.
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FIGURA 16. NETs modifica o padrdo de expressdao N-caderina em células MCF7. A.
Imunocitoquimica de N-caderina (vermelho) de células MCF7 cultivadas por 16 horas na
auséncia (acima) ou a presenca (abaixo) de NETs (500 ng/mL). Os nucleos foram corados
com DAPI (azul) e as imagens mescladas sdo mostradas nos painéis a direita. Ampliacdo da
imagem: 630 x, barras da escala 30 um. B. Ao lado, o grafico mostra a quantificacdo da
fluorescéncia (n=2). Test T foi aplicado para andlise estatistica. *** p < 0.001.
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Por fim, analisamos os niveis de vimentina, outro marcador mesenquimal
classico adquirido no processo de TEM. Como visto na Figura 17, as células da
linhagem MCF7 possuem niveis basais de vimentina extremamente baixos, ao
contrario das células MDA-MB-231, de subtipo basal, que apresentam altos niveis
de vimentina. Curiosamente, ndo foi observado nenhum efeito da incubacdo de
NETs sobre a expressdo de vimentina pelas células MCF7, através da técnica de

Western Blotting.

FIGURA 17. NETs ndo altera o padréo de expressdo de vimentina em células MCF7. Niveis
proteicos de vimentina, marcador de célula mesenquimal, analisados por Western Blotting.
Células MCF7 (1 x 10°) tratadas com NETs (500 ng / mL) por 3 a 24 h. B-actina foi usada
como um controle de carregamento e MDA-MB-231 (MDA) foi usada como modelo de uma
célula mesenquimal. Imagem representativa de dois experimentos independentes.

A partir das analises realizadas com a proteina E-caderina, buscou-se
investigar a translocagdo e expressao de B-catenina. Sao proteinas que em
homeostase interagem na membrana plasmatica formando um complexo de adeséao
(ORSULIC et al., 1999). Quando a via de Wnt é ativada, esse complexo se rompe e
a B-catenina funciona como um transdutor de sinal intracelular, translocando-se até
0 nucleo e promovendo a transcricdo de varios genes pro-tumorais (SHANG et al.,
2017; BASU et al., 2018). Utilizando a ferramenta de imunofluorescéncia, observou-
se um maior sinal de marcagao de B-catenina (146%) nas células MCF7 tratadas por

16 horas com NETs em relag&o as células nado tratadas, como visto na Figura 18.
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FIGURA 18. NETs modifica o padrdao de expressdo de B-catenina em células MCF?7.
Analise de B-catenina (vermelho) por imunocitoquimica em células MCF7 que foram Os
nacleos foram corados com NucSpot (verde) e as imagens mescladas sdo mostradas logo
abaixo. Imagens representativas. Ampliagdo 630 %, barras de escala de 50 um). Ao lado, o
grafico mostra a quantificacdo da fluorescéncia (n=2). Test T foi aplicado para analise
estatistica. ** p < 0.005
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4.5 Expressédo de marcadores de células-tronco tumorais € modulada

pelas NETs

Recentes evidéncias vém associando a transi¢do epitélio-mesenquimal com a
aquisicdo de propriedades de células-tronco tumorais no contexto do cancer (MANI
et al., 2008; WEIDENFELD & BARKAN, 2018). Para avaliar se as células MCF7, de
carater epitelial, sofreram alteracdes na expressao de marcadores de células-tronco
tumorais, analisou-se por RT-PCR e por citometria de fluxo a expressao de
marcadores CD24/CD44. Estudos prévios ja apontaram a tipica diferenga do perfil
de expressao destes marcadores entre células do subtipo basal e luminal. Na figura
19, as células MCF7 (A1) possuem marcacao positiva tanto para CD24 quanto para
CD44. MDA-MB-231 (B2) apresenta marcacao positiva para CD44 e negativa para
CD24. Nota-se que a marcacdo de CD44 em células MCF7 é menor em relacao as
células MDA-MB-231. Em células que adquirem carater mesenquimal, espera-se a

perda da marcacéo para CD24 e aumento da expresséo de CD44.

Durante este estudo, observou-se uma queda na expressao génica de CD24,
cerca de 35%, ao tratar as células MCF7 com NETs por 16 horas (Figura 20a). Os
niveis proteicos do marcador também acompanharam a tendéncia de queda
(aproximadamente 30%), embora néo tenha sido estatisticamente relevante (Figura
20 b,c). Em contrapartida, constatou-se o aumento significativo do transcrito CD44 (7
vezes maior no grupo tratado com NETS), bem como sua expressao de proteina na
membrana das células apdés 16 horas de tratamento (aproximadamente 7 vezes

maior), conforme Figura 20d-f.
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FIGURA 19. Analise comparativa dos marcadores de células-tronco tumoral entre o0s
subtipos tipo basal e luminal de células de céncer de mama. Os painéis mostram graficos
obtidos de experimentos independentes da expressdo de CD24 e CD44 em linhagens
celulares MCF7 (Painel A) e MDA-MB-231 (Painel B). O painel Al, apresenta a expressao
de CD44 e CD24 em células MCF7 sem tratamento e A2, células MCF7 cultivadas com
NETs por 16 horas, mostrando um aumento de sinal de CD44. No painel B1, as células
MDA-MB-231 ndo contém nenhuma marcacao, enquanto no gréafico B2, observa-se o perfil
de expressao basal de CD24/CD44 nas células MDA-MB-231. As células foram incubadas
com anti-CD24 humano de camundongo conjugado com PE e anti-CD44 de rato conjugado
com APC.
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FIGURA 20. Marcadores de células-tronco tumorais sdo modulados pelas NETs. Expressao
génica de CD24 (A) e CD44 (D) foi analisado por RT-PCR quantitativo em células MCF7
cultivadas por 16 horas com NETs (500 ng/mL). Histogramas representativos de analise de
citometria de fluxo de CD24 (B) e CD44 (E). Representacao grafica da média relativa das
intensidades de fluorescéncia (MFI) de anticorpo CD24 marcado com ficoeritrina (PE) (C) e
anticorpo CD44 marcado com aloficocianina (APC) (F). Os dados mostrados sdo de dois
experimentos independentes. Teste t ndo pareado foi aplicado para andlise estatistica. A
significncia foi assumida para * p <0,05, *** p <0,001; n.s., sem significAncia.
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4.6 Analise de expressdo génica de fatores pro-tumorais moduladas

pelas NETs

Para avaliar o efeito das NETs sobre a resposta inflamatéria das células de
cancer de mama, testou-se através de RT-PCR, mRNA de genes que codificam
citocinas pro-inflamatorias. As NETs induziram um significativo aumento de
aproximadamente 15 vezes nos niveis de mRNA para IL-18 (IL1B), cerca de 10
vezes para a expressao de IL6 e 18 vezes para a expresséo de IL8 (CXCL8) em
relacdo as células ndo tratadas. Observou-se também o aumento da expressao

génica do receptor de IL8, CXCRL1 (cerca de 2 vezes), Figura 21.

Num contexto da progressdo tumoral, buscou-se avaliar se as NETs também
atuavam sobre as metaloproteinases, enzimas envolvidas no processo de
remodelamento da matriz extracelular, culminando na migracdo e invasdo das
células tumorais aos tecidos adjacentes. Por RT-PCR, constatou-se um expressivo
aumento génico de MMP2 e MMP9 nas células MCF7 tratadas por 16 horas com
NETs, ambos em torno de 120 vezes maior em comparagdo com as células nao

tratadas (Figura 21).

Para confirmar o efeito das NETS, avaliou-se alguns genes pro-inflamatorios e
pré-tumorais em outras linhagens de cancer de mama. Em MDA-MB-231, observou-
se um aumento de cerca de 20 vezes na expressado de IL-1B (IL1B) nas células
tratadas com NETs. Além disso, as NETs induziram um aumento em torno de 60
vezes do mRNA de CXCL8. Nas células HCC1954, linhagem do subtipo HER2+, o
nivel de expressao génica de MMP9 foi cerca de 10 vezes maior no grupo tratado
com NETs (Figura 22).
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FIGURA 21. NETs promove superexpressao de genes pro-inflamatérios e pré-tumorais em
células MCF7. Expressado do gene foi avaliada por RT-PCR quantitativo. Células MCF7 (5
x 10°%) mantidas em starving, foram cultivadas por 16 horas na auséncia ou na presenca de
NETs (500 ng/mL). GAPDH foi usado como o gene de referéncia. E a expressao foi
normalizada pelo método AACt. As colunas representam médias * desvio padrao de trés
experimentos independentes. A analise estatistica foi realizada usando o teste t ndo
pareado. * p <0,05 e ** p <0,01.

61



IL1B CXCL8 MMP9

<
= 301 * < 100+ S 40-
o x© (4 i
€ £ 80- % =
S 20 g 2 304
o 20
2 S 60 S
= © T 20-
o 10- S 40 -
@ a S 10-
o n 204 w
£ o o
% 0 % 2.
w = . w 0- L 0-
) A N % C)
¢ & é"’& & o"o’* &
3 N $) ¥
LAl v ) &
& & #

FIGURA 22. NETs promove superexpressdo de genes pro-inflamatérios e pro-tumorais em
outras linhagens celulares. Expressado do gene foi avaliada por RT-PCR quantitativo. 5 x 10°
Células das linhagens MDA-MB-231 e HCC1954 foram cultivadas por 3 e 16 horas,
respectivamente, na auséncia (barra cinza) ou na presenca (barra preta) de NETs (500
ng/mL). GAPDH foi usado como o gene de referéncia e a expresséao foi normalizada pelo
método AACt. As colunas representam médias + desvio padrdo de trés experimentos
independentes. Teste t ndo pareado foi aplicado para andlise estatistica. * p <0.05 e ** p

4.7 A integridade das NETs néo altera seus efeitos pré-tumorais

Considerando a composicdo das redes extracelulares de neutréfilos, a
cromatina compde parte significativa desse material e pode ser reconhecida por
receptores do tipo Toll expostos na membrana celular, ativando cascatas de vias
inflamatorias (TAKESHITA et al., 2001). A partir dai, decidiu-se investigar a
importancia da integridade do DNA dessas redes para ativacdo da resposta pro-
tumoral das células MCF7. Primeiramente, avaliou-se a eficiéncia da DNase | sobre
as NETs, através da migracdo em gel de agarose. A partir de 5 minutos de
incubacéo, ja se observava a perda da banda de DNA integro e o aparecimento das
bandas de DNA degradado ao final do gel. Portanto, concluimos que a quantidade
de 5U de DNase | era suficiente para degradar o DNA das NETs em todos os
tempos testados, com uma eficiéncia crescente com o passar do tempo (Figura

23a). Entéo, utilizou-se NETs incubadas com 5U de DNase | por 30 minutos, para
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avaliar o efeito das NETs com DNA degradado sobre o comportamento migratorio
das células MCF7 (Figura 23b).

Ensaios de migracdo realizados na auséncia de quimioatraente na porcao
inferior da camara de Boyden, demonstraram que as NETs degradadas com DNase
| apresentaram um efeito similar ao visto para as NETs sobre o comportamento
migratério das células. Por outro lado, quando se utilizou 2% ou 10% de soro fetal
como quimioatraente, a digestdo com DNAse | perceptivelmente reduziu o efeito pro-
migratorio promovido pelas NETs nas células MCF7. Em geral, os resultados
sugerem que o efeito das NETs sobre a migracdo das células tumorais depende

parcialmente da integridade de suas fibras de cromatina.

Em seguida, investigamos o papel da integridade do DNA na inducédo do perfil
de expressdo de moléculas pro-tumorais (Figura 23 c,d). Por meio de RT-PCR,
quantitativo, testou-se a expressdo génica de CXCL8 e MMP9, j& demonstrados
como positivamente modulados pelas NETs nas células MCF7. Assim como visto no
tratamento com NETSs integras, as NETs degradas por DNase | também induziram a
expressdo de CXCL8 (aproximadamente 12 vezes em relacdo as células sem
tratamento) e de MMP9 (em média 96 vezes maior do que visto nas células sem
tratamento). Diante disso, conclui-se que a integridade do DNA né&o tem influéncia
significativa no efeito pré-inflamatério promovido pelas NETs nas células de cancer

de mama da linhagem MCF7.
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FIGURA 23. Efeitos das NETs degradas por DNasesobre as células tumorais MCF7. (A)
Imagem do gel de agarose mostrando NETs de distintos doadores previamente tratados
com 5 U DNase | a 37° C por diferentes momentos. (B) Ensaio de migracado realizado na
camara de Boyden com NETs. Dnase | foi incubada previamente com NETs por 30 minutos.
Em seguida, células MCF7 mantidas em meio sem soro, foram incubadas com NETs ou
NETs com DNA degradado por 16 h para o ensaio de migragdo. (C-D) RT-PCR quantitativo
de células MCF7 mantidas em meio sem soro e tratadas com NETs ou NETs degradadas
com DNase | por 16h ONE-ANOVA e pos-teste de Tukey foram aplicados para analise
estatistica. A significancia foi assumida para * p <0,05, ** p <0,01; n.s., sem significancia.
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4.8 Anadlise in silico de marcadores génicos de neutrofilos, TEM e

genes pré-tumorais

Para investigar a relevancia clinica da relagdo das NETs e a progressao
tumoral promovida por TEM, utilizou-se os transcriptomas de pacientes com cancer

de mama depositados no The Cancer Genome Atlas — TCGA (www.cancer.gov).

Primeiramente, buscou-se analisar os niveis de expressao dos genes de assinatura
neutrofilica em diferentes subtipos de cancer de mama. Os genes relacionados a
neutréfilos foram pré-identificados a partir de um estudo com pacientes portadores
de lupus eritematoso sistémico com nefrite ativa (WITHER et al., 2018). Sao eles:
MPO, DEFA1B, MMP8, CEACAMS, LTF e DEFA4. Conforme a figura 24, a andlise
pelos dados de RNAseq mostrou que os genes MPO, DEFA1B, MMP8 e CEACAM8
foram significativamente mais expressos no subtipo basal em relagdo aos subtipos
luminais A e B. Os genes LTF e DEFA4 sdo mais expressos significativamente no
subtipo basal do que no subtipo luminal B, mas sua expressdo nado €
estatisticamente diferente do luminal A. Comparado ao subtipo HER2, apenas os
genes MPO e DEFA1B sao mais expressos no subtipo basal.

Sob um olhar clinico, o subtipo basal € mais agressivo e metastatico em
relacdo aos subtipos luminais. Os resultados apontam uma maior expressao dos
genes de assinatura neutrofilica no subtipo basal em relagdo aos subtipos luminais,

sugerindo uma infiltracdo maior de neutréfilos nos subtipos mais agressivos.
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FIGURA 24. Analise de genes de assinatura relacionados a neutrofilos nos diferentes
subtipos de cancer de mama. Valores de seq de RNA (fragmentos por quilobase de
milhdes, FPKM) de 1100 amostras de cancer de mama, depositados no banco de dados
TCGA, foram estratificados em Luminal A (lumA), Luminal B (lumB), HER2 + (HERZ2) e
subtipos basais. Cada gréafico representa um gene relacionado a neutréfilo. O teste de
Mann-Whitney foi usado para testar a significancia estatistica. *p <0,05, **p <0,01, ***p
<0,001 e n.s.: sem significancia
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Para tentar estabelecer uma relacdo entre a presenca de neutréfilos no

microambiente tumoral e a progressao tumoral, utilizamos a plataforma cBioPortal,

baseada nas amostras de RNAseq de pacientes de cancer de mama, para analisar a

correlacdo entre expressdo de cada gene de neutrofilos e genes pro-tumorais

avaliada anteriormente nos ensaios in vitro. As analises mostraram uma correlacao

positiva entre os genes pro-tumorais CXCL8, CXCR1, IL1B, IL6 e MMP9 com pelo

menos 4 genes relacionados a neutréfilos. Apenas MMP2 apresentou correlagdo

com 3 genes de neutréfilos (tabela 4).

Tabela 4: Andlise de correlacdo entre genes de assinatura neutrofilica e genes pré-tumorais

em amostras de pacientes com cancer de mama depositadas no TCGA

Genes CEACAM8| DEFA1B | DEFA4 LTF MMP8 MPO
r=-
r=0.0114 | r=0.0351 | r=0173 | r=0286 | r=0.154
MMP2 (MMP2) 0.00765 | '5 5705 | P=0245 | P<0.0001 | P<0.0001 | P<0.0001
P = 0.800

r=0.012 | r=0114 | r=0120 | r=0.0315 | r=0.408 r=0.21

MMP9 (MMP9) P=0692 | P=0.0002 | P<0.0001 | P=0297 | P<0.0001 | P<0.0001

. r=0.0983| r=0197 | r=0124 | r=0232 | r=0208 | r=0.314
Interleucina 6 (IL6) | 5 _50011 | P<0.0001 | P<0.0001 | P<0.0001 | P<0.0001 | P <0.0001
nterleucina 16 (L1g) | = 00767 | r=0.116 | r=00655 | r=0255 | r=0225 | r=0183
P=00109 | P=0.0001 | P=0.0297 | P<0.0001 | P<0.0001 | P <0.0001

r=0.0445 | r=0141 |r=-0.0277 | r=0.0963 | r=0.39 r=0.156
CXCL8 (CXCL8) P=014 | P<0.0001 | P=0359 | P=0.0014 | P<0.0001 | P <0.0001
r=0.0242 | r=0117 | r=0.0879 | r=0.131 | r=0.0677 | r=-0.008

CXCRI(CXCR1) | 50422 | P<0.0001 | P=0.0035 | P<00001 | P=00248 | P=0.788

Sem correlagéo

Correlacéo positiva
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Subsequentemente, analisou-se 0s genes relacionados a transicao epitélio-

mesenquimal e sua correlagdo com genes de neutréfilos (tabela 5). Apenas o0 gene

SNAI1 (Snail) obteve correlagdo positiva significante em 5 dos 6 genes de neutrofilos

analisados. A B-catenina (CTNNB1) apresentou correlagdo positiva com 3 genes

relacionados a neutrdfilos. Conforme o esperado, observou-se uma significativa

correlacdo negativa entre o gene que codifica E-caderina e 4 genes relacionados a

neutrdfilos.

Tabela 5: Analise de correlagdo entre genes relacionados a neutréfilos e genes relacionados com
TEM em amostras de pacientes com cancer de mama depositadas no TCGA através do cBioPortal.

Genes CEACAMS8 DEFA1B DEFA4 LTF MMP8 MPO
C024(C024) | Llomo | 'mioner | peorez | Po0706 | P=000E | P=0047
coaa (€04 | DIt | ke | meoade | poosiz | Po0602 | Pe00sss
snail SNAID | 52 G0t | p<oooos | Poo0%as | P<0000L | P<0000L | P <0001
zep1(zeBy) | '3 0041 =05 | P=00022 | P<0000L | P 0002
Fivonecina (1) | 1005 5o v goue [NEEEE 505
N-Caderina (COHZ) | "3 0067 | L1005 | Boonm p=00001 | P -0316
p-Catenina (CTNNBD) | "5 2500® | 101" | "B 000 | peaonor | p<oooor | P00
E-Caderina (CDH1) rP= : (?_ '107‘21 r; :00(141773

Sem correlagéo

Correlacgéo positiva

- Correlagao negativa

68




Como um facilitador dessa andlise de correlacdo, utilizou-se uma outra

plataforma de analise, Gepia 2 (http://gepia2.cancer-pku.cn/), a fim de reunir todos

0s genes relacionados a neutréfilos em uma Unica analise simultanea e correlacionar
com 0s genes-alvo (Tabela 6). Para isso, determinou-se o total de 8 genes como
genes de assinatura neutrofilica. Sado eles: DEFA4, DEFA1B, MMP8, CEACAMS,
LTF, MPO, CEACAMG6 e ARGL. Esses dois ultimos genes foram adicionados a esta
nova andlise. Através da correlagdo de Spearman, observamos que todos 0s genes
pro-tumorais apresentam correlacdo positiva com os genes de neutréfilos. Os genes
CD24 e CD44 nao apresentaram correlacdo com a assinatura génica de neutrofilos,
corroborando com resultado da analise anterior. Dos demais genes relacionados a
TEM analisados pela plataforma cBioPortal, os genes SNAI1 (Snail). ZEB1, FN1
(Fibronectina) e CTNNB1 (B-catenina) apresentaram correlacdo positiva com 0s

genes de assinatura neutrofilica.

Tabela 6: Andlise de correlagdo entre genes de assinatura neutrofilica em amostras de pacientes
com cancer de mama depositadas no TCGA através do GEPIA 2.

Genes Correlacéo R
MMP2 (MMP2) 0.2
MMP9 (MMP9) 0.03
Interleucina 6 (IL6) 0.13
Interlucina 1B (/L1B) 0.2
CXCL8 (CXCL8) 0.11
CXCR1 (CXCR1) 0.25
CD24 (CD24) -0.024
CD44 (CD44) 0.015
Snail (SNAI1) 0.086
Zeb1l (ZEB1) 0.2
Fibronectina (FN1) 0.11
N-caderina (CDH2) 0.019
B-catenina (CTNNB1) 0.22
E-caderina (CDH1) 0.019

Sem correlagéo Correlacéo positiva
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Com base nessas analises de bioinformatica, observou-se uma importante
correlagdo entre a expressao de genes de assinatura neutrofilica e genes envolvidos
na progressdo tumoral além de genes relacionados com a transicdo epitélio-
mesenquimal. De forma geral, as analises in silico concordam com os achados
observados nos ensaios in vitro.

Cada vez mais, os neutréfilos tém sido apontados como atores coadjuvantes
na progressao tumoral. A possivel relagdo entre NETs e a ativagdo do programa de
TEM, levando ao aumento da agressividade tumoral e um pior progndéstico ao
paciente, aponta para uma maior relevancia deste estudo e um avanco na

compreensao sobre os mecanismos de acdo das NETSs sobre as células tumorais.
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5. DISCUSSAO

A Inflamacdo vem sendo reconhecida como uma das caracteristicas
essenciais na progressao tumoral promovida pela acdo do microambiente tumoral,
independentemente de qualquer foco infeccioso. A vasta variedade de células
imunes infiltradas no microambiente tumoral tem sido aceita como componentes do
tumor. Diversos estudos apontam o efeito da inflamacao crénica no desenvolvimento
do tumor, desde a sua formacado, proliferacdo e aumento da sobrevida celular,
migracdo, aumento da angiogénese e metastase. Isso se da pela presenca de
mediadores no microambiente tumoral como por exemplo, fatores de crescimento,
citocinas proé-inflamatoérias e outros fatores pro-tumorais (MANTOVANI et al., 2008;
KORNILUK et al., 2017).

Dentre as células imunes, destaca-se os neutréfilos, que junto com o0s
macrofagos e células NK, podem totalizar 80% das células inflamatorias no
ambiente tumoral. Os neutrofilos presentes no tumor podem transitar entre
diferentes fenoétipos, conhecidos como N1 e N2. De acordo com o estimulo recebido,
os neutréfilos podem polarizar para um fenétipo anti-inflamatério e com o potencial
de inibir a progressao tumoral e a metastase (LAMBERT & PATTABIRAMAN, 2017).
Neutrofilos com acdo antitumoral sdo associados ao perfil N1. Entretanto, nos
trabalhos cientificos recentes, os neutréfilos tém sido apontados como coadjuvantes
no ganho de agressividade tumoral. Os neutréfilos ao serem ativados, podem sofrer
um processo denominado NETose, cujo processo envolve a secrecdo de redes de
cromatina decoradas com diferentes proteinas. Essas estruturas sdo chamadas de
redes extracelulares de neutréfilos, mais conhecidas como NETs. Ainda ha muita
investigacdo ocorrendo sobre a categorizagdo do mecanismo de NETose de acordo
com o fenaotipo dos neutrofilos no microambiente tumoral. Estudos mostrando a agao
das NETs na progressdo do tumor, teoriza o enquadramento dos neutréfilos que
sofrem netose no perfii N2 (ERPENBECK & SCHON, 2017), embora estudos
posteriores ja tenham mostrado que ambos os neutréfilos N1/N2 podem produzir
NETs (HONDA & KUBES, 2018).

Assim como neutrofilos com atividade pro-tumoral de perfil N2, as NETs ja
foram associadas a diversas etapas da progressdo tumoral (POWELL &
HUTTENLOCHER, 2016). Fatores pro-tumorais secretados pelas NETSs, incluindo
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catepsina G, elastase neutrofilica e metaloproteinase 9, podem justificar o potencial
tumorigénico das NETs, como ja sugerido em alguns estudos. Sua participacéo vai
desde o seu papel no sequestro de células tumorais circulantes, crescimento do
tumor primario, interagdo direta com as ceélulas tumorais até varias etapas da
metastase. No entanto, sdo necessarios estudos adicionais para caracterizar melhor
o perfil dos neutréfilos geradores de NETs e suas principais funcdes no

microambiente tumoral.

No processo de metastase, a transicao epitélio-mesenquimal (TEM) € um dos
principais mecanismos requeridos para a transformacéo de perfil de agressividade
tumoral, contribuindo para aquisicdo de um comportamento celular migratério e
invasivo. Esse processo é dinamico e transiente, que envolve a perda de classicas
caracteristicas epiteliais, como por exemplo a proteina de membrana E-caderina,
enquanto adquire diversos marcadores mesenquimais: N-caderina, Fibronectina e
Vimentina. Essas caracteristicas sdo moduladas pela ativacdo de varios fatores
transcricionais: as familias ZEB1/2, SNAIL1/2 e TWIST1/2. Além disso, 0 processo
de desdiferenciacdo, envolve uma mudanca drastica na morfologia da célula, uma
das primeiras alteracdes notificadas neste trabalho observadas em células
essencialmente epiteliais tratadas com NETs. Além da perda de aderéncia das
células, soltando muito facilmente dos frascos de cultura. Isso pode ser justificado
pela perda de polaridade apical-basal na fase inicial da TEM e remodelamento
citoplasmatico de certas proteinas de juncdo (YANG et al., 2020). Outra
caracteristica chave do processo é a capacidade das células romperem a matriz
extracelular e migrarem para um tecido distante da sua origem. Neste trabalho, a
habilidade migratéria foi induzida nas células MCF7 tratadas com NETS,
observando-se maior migracdo — apesar de ndo ser uma caracteristica exclusiva de
células alteradas pelo processo de TEM. No entanto, esse processo ndo é uniforme
e podem existir diferentes etapas intermediarias, onde as células encontram-se num
estagio hibrido, exibindo a co-expressdo de marcadores epiteliais e mesenquimais
(NIETO et al., 2016; BRABLETZ et al., 2018). Estudos demonstraram que a inducao
ou repressao de qualquer um dos fatores transcricionais que modulam TEM é capaz
de ativar parcialmente o processo. A ativacdo parcial da TEM pode ser transiente,
retornando ao estado de origem da célula (BRABLETZ et al., 2018). Por isso,

discute-se o0 papel né@o redundante dos fatores transcricionais, agindo
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diferentemente em cada tecido e tipo tumoral (STEMMLER et al., 2019). Alguns
fatores transcricionais por exemplo, podem ser fortes repressores epiteliais mas séo
fracos promotores mesenquimais (NIETO et al., 2016). Como € o caso de ZEB1 e
SNAI1, que estdo mais ativados nos estagios intermediarios de TEM. Neste estudo
observou-se uma significativa inducdo dos fatores transcricionais promotores da
transicao epitélio-mesenquimal, ZEB1 e Snail (SNAI1) gerada pelas NETs, mas nao
de Sipl (ZEB2), Slug (SNAI2) e Twist (TWIST1). Juntamente com essas
observacgbes, as NETs promoveram uma drastica perda da proteina E-caderina nas
células MCF7 e HCC1954. As familias do fatores Zeb e Snail sdo capazes de se
ligar a sequéncia E-box do promotor do gene de E-caderina, reprimindo diretamente
sua transcricdo (YEUNG & YANG, 2017). No processo de metastase, essa proposta
da plasticidade celular é bem aceita entre a comunidade cientifica por acreditar ser
necessaria para ganho de motilidade da célula tumoral e habilidade de invadir
tecidos e depois aderir e se instalar em 6rgaos distantes do tumor primario, iniciando
um sitio metastatico (GOETZ et al., 2020).

Neste trabalho, marcadores mesenquimais como fibronectina e N-caderina
foram positivamente modulados. No entanto, vimentina ndo passou a ser expressa
nas células MCF7 tratadas com NETs, mantendo uma baixa expressdo basal dessa
proteina. A vimentina contribui para a ativacdo do fator transcricional Slug, induzindo
TEM através organizacdo da adesdo focal e do citoesqueleto (LIU et al., 2015).
Estudos in vitro de carcinoma ovariano mostraram células em estagio intermediario
de TEM com baixa expressao de E-caderina e alta expresséo de vimentina (HUANG
et al., 2013). Em alguns modelos de cancer, Twistl é capaz de regular positivamente
a expressdo de vimentina (LIAO & YANG, 2017). Diferentemente da nossa
observacao, indutores classicos de TEM, como EGF e TGFf3, foram capazes de
aumentar a expressao de vimentina nas células MCF7 (ZHANG et al. 2013; KIM et
al., 2016). E possivel que o tratamento com NETs por 16 horas com NETs tenha
levado a uma ativacdo parcial da TEM, justificando a ndo inducdo de todos os
fatores transcricionais e a proteina de fenétipo mesenquimal, vimentina. Além disso,
a regulacdo epigenética tem se mostrado um importante fator para justificar a
plasticidade de TEM e a existéncia de diferentes fendtipos celulares. Acredita-se que
o desenvolvimento completo de perfil celular, mantendo o processo de TEM estavel,
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precisa ser suportado pelas modificacdes epigenéticas apropriadas (TAM &
WEINBERG, 2013).

A ativacdo da via de Wnt/B-catenina leva a inducdo de SNAI1 e
consequentemente a diminuicdo da expressao de E-caderina. Esta via encontra-se
frequentemente subregulada no céancer, mas sob diversos estimulos do
microambiente tumoral ela pode ser ativada e esta associada com diversos aspectos
do céancer: da tumorigénese até a metastase. Quando a via de Wnt/B-catenina é
ativada, ocorre um acumulo de B-catenina no citoplasma e transientemente no
interior do nucleo, onde atua como fator transcricional de diferentes oncogenes. [3-
catenina também € uma proteina que participa da interacdo entre as células e da
estrutura do citoesqueleto. Em condicbes de homeostase, B-catenina esta ligada a
um complexo transmembrana formado por GSK3[ (glicogénio sintase quinase-3[3),
AXIN (axina) e APC que regula sua atividade. Este complexo se encontra conectado
a proteina de superficie E-caderina. Quando ocorre a disrupgdo do complexo pela
perda da E-caderina ha um aumento dos niveis de [(B-catenina livre no citoplasma
que pode translocar até o nucleo e promover a transcricao génica. B-catenina livre
no citoplasma também é capaz de favorecer a migracao celular e metastase. Além
disso, acumulagao de B-catenina no nucleo leva a um aumento de expressao do
marcador CD44 em cancer colorretal (BASU, CHERIYAMUNDATH, BEN-ZE'EV,
2018). Aqui, observou-se através de imunocitoquimica o aumento dos niveis
proteicos de B-catenina nas células MCF7 tratadas com NETs dispersos no seu
interior. Entretanto, nas células MCF7, a localizagao de B-catenina é dificil de ser
visualizada devido a auséncia de um mecanismo de retencao e acumulacdo do fator
transcricional 3-catenina no nucleo mediada pelos fatores transcricionais LEF-1/TCF
ou até pela rapida degradacdo proteolitica desses cofatores (JAMIESON et al.,
2016; SERGIO et al., 2020).

Um dos fatores indutores de células-tronco tumorais é ativacdo do programa
de TEM (MANI et al., 2008; MOREL et al., 2008; WEIDENFELD & BARKAN, 2018).
CSCs e TEM estdo associados ao ganho de resisténcia contra morte celular,
resisténcia a quimioterapia, recorréncia do tumor primario e metastase (TANABE et
al., 2020). Para selecdo das CSCs, biomarcadores tém sido definidos na literatura e
se diferenciam por tipo tumoral. No cancer de mama, os biomarcadores de CSCs

frequentemente utilizados sédo CD44, a perda de sinal de CD24 e a alta atividade de
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ALDH1. Subpopulagées celulares com perfil CD44*CD24'°- geralmente apresentam
propriedades tumorigénicas e maior agressividade tumoral (FILLMORE &
KUPERWASSER, 2008; RICARDO et al., 2011). Neste estudo, utilizou-se células
MCF7, de subtipo luminal, que tipicamente apresenta perfil CD44*/CD24*. Com o0
tratamento com as NETs, observou-se maior expressdo génica e proteica do
marcador CD44. Estudos prévios utilizando TGFB para induzir TEM em células
tumorais de mama mostrou que a transcricdo de ZEB1 aumenta a subpopulagéo de
células CD44"e" juntamente com propriedades de CSCs (PRASETYANTI &
MEDEMA, 2017). Em nosso estudo, também se observou uma queda significativa
na expressao de mRNA de CD24, mas ndo dos niveis proteicos. Acredita-se que
isso se deve ao tempo de turnover da proteina presente na membrana celular, o que
justifica os niveis da imunomarcacao de CD24 nao reduzirem apds 16 horas de
tratamento com NETs. Sob outro aspecto, a marcacao positiva de CD24 pode ser
associada a um pior prognostico (MOON et al.,, 2018). Estudos mostraram que
células HEK, embrionarias de rim, CD24* ndo tinham propriedade tumorigénica
como as CD24" mas apresentavam perfil mais mesenquimal, o programa de TEM
mais bem estabelecido e um perfil pré-inflamatério (ORTIZ-MONTERO et al., 2018).
Portanto, os efeitos das NETs sobre aquisicdo de caracteristicas de CSCs, como

tumorigénese, quimiorresisténcia e proliferacdo ainda necessitam ser alisados.

TEM é capaz de estimular a producédo de fatores pro-tumorais, como TGFp,
IL-6, IL-1B, IL-8, pelas células presentes no microambiente tumoral (SUAREZ-
CARMONA et al., 2017). A secregao desses fatores no tumor tem sido relacionada
com a agressividade tumoral e pior prognéstico em pacientes com cancer de mama
(FERNANDEZ-GARCIA et al., 2016). A inflamacé&o pode ser regulada pelos proprios
fatores transcricionais relacionados a TEM. Através de andlises de bioinformética e
ensaios de imunoprecipitagdo foram identificados inUmeros sitios de ligagéo para o
fator NFkB na regido promotora de Snail (SNAI1), Slug (SNAI2), Sipl (ZEB2) e Twist
(TWIST1) (PIRES et al., 2017). A atividade de NFkB é essencial na migragao celular,
angiogénese, e metastase em diferentes tipos tumorais (HUBER et al., 2004;
KALTSCHMIDT et al., 2019). Estudos prévios mostraram que o silenciamento de
ZEB1 em células tumorais de mama MDA-MB-231 diminuiu a producao de IL-6 e IL-
8 (KATSURA et al., 2017). Além disso, citocinas pro-inflamatérias secretadas no sitio
primério do tumor, especificamente IL-6 e IL-8, podem induzir TEM (DOMINGUEZ,
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DAVID, PALENA, 2017). Neste trabalho, observou-se um significativo aumento de
citocinas proé-inflamatérias IL-6, IL-8 e IL1B juntamente com a expressao aumentada
de ZEB1 e SNAI1 em células tratadas com NETs. Juntamente com o aumento da
expressédo de IL-8, a expressao de CXCR1, receptor da citocina IL-8, foi aumentada
nas ceélulas tratadas com NETs, sugerindo uma retroalimentacdo do sinal
inflamatorio nas células MCF7, amplificando a resposta inflamatéria e
consequentemente, levando a progressao tumoral. Esses resultados podem sugerir
uma relacdo entre TEM e inflamagdo em células de cancer de mama. TOHME e
colaboradores (2016) mostraram que NETs promovem metastase hepatica em
modelo murino através da ativacao do eixo TRL9/NFkB. Mais recentemente, Yang e
colaboradores (2020) descreveram o efeito das NETs sobre células hepaticas,
promovendo metastase através da resposta inflamatéria induzida através da
ativagdo de TLR4/9, via NFkB. Os receptores do tipo TLR reconhecem padrdes
moleculares associados a danos, como DNA contendo sequéncias CpG que é
reconhecido por TRL9 (TAKESHITA et al., 2001) e histonas e elastase neutrofilica
que podem ser reconhecidas por TLR4 (DEVANEY et al., 2003; XU et al., 2011).
Novas evidéncias apontam para um receptor transmembrana, identificado como
ccdc25 que reconhece o DNA das NETSs, ativando a via de sinalizagao ILKB/Parvin,
e consequentemente, aumentando a motilidade celular (YANG et al., 2020). A
expressdo deste receptor em pacientes é associada a um pior prognostico. No
entanto, ainda ha pouco entendimento sobre as vias de sinalizacdo ativadas pelas

NETs em células tumorais de mama culminando a progressao tumoral.

A integridade das fibras de DNA que compdem as NETs é uma condicdo
essencial para algumas das atividades biolégicas que exercem. Ensaios utilizando
tratamento com DNase mostraram inibicdo da progressao tumoral. Em modelo
murino de cancer de colorretal, o tratamento com DNase atenuou os efeitos pro-
tumorigénicos, diminuindo o crescimento do foco metastatico (TOHME et al., 2016).
Efeitos antimetastaticos semelhantes foram observados em modelos de carcinoma
hepatocelular e de cancer de mama (Park et al., 2016; L. Y. Yang et al., 2020). Além
disso, a degradacdo das NETs reduz substancialmente a trombose associada ao
cancer em modelos de cancer de mama e pancreas relacionados a neutrofilia.
(HISADA et al.,, 2018; SNODERLY, BOONE, BENNEWITZ, 2019; GOMES et al.,

2019). A enzima DNase passou a ser utilizada para terapia clinica em pacientes com
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fibrose cistica desde os anos 90 (HONDA & KUBES, 2018). Por isso, 0 uso da
DNase para opcOes terapéuticas em outras doencas tornou-se muito mais viavel
(SORVILLO et al., 2019). Embora a enzima seja capaz de desmontar a estrutura de
cromatina das NETs, a DNase ndo € capaz de remover 0os demais componentes,
como histonas e elastase neutrofilica e outras proteases, que sdo considerados
componentes causadores de dano tecidual (ERPENBECK & SCHON, 2017;
SORVILLO et al., 2019). Estudos com pacientes com lapus eritematoso sistémico
observaram que a maioria dos pacientes com alta atividade da DNase apresentou
recidiva da doenca (SKILJEVIC et al., 2013).

Essas limitacdes podem justificar a necessaria combinacdo de drogas para
tratamento de doencas potencializadas pelas NETs. Outros inibidores de NETS,
como inibidor de PAD4 e elastase neutrofilica tém se mostrado relevante nos
ensaios in vitro e modelo murino por evitar a formacdo das NETs e ndo sO a
degradacéo das NETs preexistentes (ERPENBECK & SCHON, 2017). Apesar disso,
a DNase tem apresentado 6timos resultados na reducéo da metastase em diferentes
modelos tumorais (ALEKSEEVA et al., 2020). Neste trabalho, observamos que a
degradacdo das NETs com o tratamento com DNase teve uma reducdo parcial
sobre seu efeito na migracdo de células tumorais, bem como na expressdo dos
genes CXCL8 e MMP9. Portanto, acreditamos que, em nossas condicbes
experimentais, a integridade do DNA nédo é essencial para a efetividade das NETs
sobre as células tumorais MCF7, pois o efeito das NETs ndo € completamente
revertido quando o DNA é degradado. Outro fator consideravel é a metodologia de
tratamento utilizada. Comparado com os estudos ja publicados, a concentracdo da
DNAse | utilizada em nosso trabalho é inferior (5 U/mL). YANG e colaboradores
(2020) utilizaram 100 U/mL nos ensaios in vitro. Nossa escolha se baseou num
ensaio previo para analisar a partir de um gel de agarose a eficacia da DNAse sobre
a degradacao das NETs. Além disso, os ensaios utilizam a DNAse para degradar as
NETs durante o estimulo dos neutrofilos com PMA e utilizam o meio condicionado
para estimular as células tumorais (TOHME et al., 2016). Futuramente, pretendemos
realizar analises mais aprofundadas do papel dos componentes das NETs, como
elastase neutrofilica e HMGB1, sobre a inducdo da TEM em células de céancer de

mama.
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Altos niveis de neutréfilos infiltrados no sitio do tumor primario foram
associados a menor sobrevida e recorréncia em varios tipos de cancer, como
carcinoma hepatocelular, cancer de pulméo de células ndo pequenas, cancer
cervical, entre outros (SHEN et al., 2014). Mais recentemente, um estudo relacionou
o acumulo de neutrofilos em diferentes subtipos de cancer de mama, sugerindo
haver uma quantidade maior de neutrofilos em subtipos mais agressivos (SOTO-
PEREZ-DE-CELIS et al., 2017). Utilizando modelo murino, PARK et al (2016)
demonstrou que células de tumor de mama mais metastaticas recrutam mais
neutroéfilos para o microambiente tumoral e, consequentemente, formam mais NETS.
Para avaliarmos a relevancia clinica deste modelo, utilizamos dados de
transcriptoma de pacientes com cancer de mama depositados no TCGA e
demonstramos uma correlacdo positiva entre genes relacionados a neutrdfilos e
varios genes que codificam para fatores pro-tumorais que foram regulados
positivamente in vitro apdés o tratamento com NETSs, incluindo fatores proé-
inflamatoérios e relacionados a TEM analisados previamente neste estudo. Numa
primeira analise utilizando a ferramenta do cBioPortal, analisamos os genes
individualmente para avaliar a co-expressao desses genes. Para refinar nossa
analise, utilizamos posteriormente uma outra ferramenta, GEPIA 2, capaz de
analisar a co-expressao dos genes-alvo e um subset de genes de assinatura
neutrofilica. Esse tipo de analise foi inspirado em estudos de sequenciamento single-
cell que é capaz de clusterizar tipos celulares de acordo com o grupo de genes mais
expressos (TANG et al., 2019). Os resultados obtidos corroboram com a primeira
analise, sendo a ferramenta de escolha para futuras analises de correlacdo génica.
Nossos resultados mostrando o efeito das NETs na aquisicdo de um perfil pré-
metastatico em células de carcinoma mamario reforcam a contribuicdo dos
neutrofilos para ativagdo do processo de TEM sugerida anteriormente em diferentes
tipos de cancer, como cancer de ovario e adenocarcinoma de pulméao. (HU et al.,
2015; Mayer et al., 2016). Com base nessas analises, 0os genes de assinatura
neutrofilica poderiam ser utilizados como marcadores de agressividade tumoral.
Diante disso, € imprescindivel buscar alternativas terapéuticas para controle da
resposta inflamatoria dos neutréfilos no microambiente tumoral e a secrecéo

exacerbada das NETs impedindo a sua atividade na progressao do tumor.

78



6. CONCLUSAO

As redes extracelulares de neutréfilos em tumores solidos tém sido associadas a um
pior prognoéstico. Os mecanismos de atuacéo das NETs sobre a progressdo tumoral
ainda sao pouco compreendidos. Este estudo propds avaliar a atuacdo das NETs
isoladas na inducdo da transicdo epitélio-mesenquimal em células tumorais MCF7
em cultura e definir a correlacédo entre a presenca de neutrofilos e a expresséo de
genes de TEM e genes pro-tumorais em pacientes com tumor de mama. Com base

em nossos temresultados, conclui-se que:

¢ NETs modificam a morfologia de células tumorais da linhagem de carcinoma

mamario MCF7 promovendo alterag6es celulares tipicas de TEM,;

e O comportamento migratorio das células MCF7 foi aumentado mediante o
tratamento com NETS;

e NETs foram capazes de induzir a expresséo dos fatores transcricionais Snail
e Zeb e modular marcadores da transicao epitélio-mesenquimal E-caderina,

Fibronectina, N-caderina e -catenina;

e Marcadores de células-tronco tumoral foram diferencialmente modulados
pelas NETs, reduzindo os niveis de CD24 e aumentando a expressdo de

CD44, apontado para um fenédtipo mais agressivo das células MCF7;

e NETs induziram uma resposta pro-inflamatéria nas células de tumor de mama
com a superexpressdo de citocinas IL1B3, IL-6 e IL-8 e genes pro-tumorais
MMP2/9;

e Genes pro-tumorais e pro-inflamatérios correlacionam positivamente com
genes de assinatura neutrofiica em pacientes com céancer de mama,
sugerindo a medicdo de genes relacionados a neutréfilos como possiveis

biomarcadores no cancer de mama.
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Abstract: Neutrophil extracellular traps (NETs) have been associated with several steps of tumor
progression, including primary growth and metastasis. One of the key features for the acquisition of
the metastatic ability is the epithelial-mesenchymal transition (EMT), a complex cellular program.
In this study, we evaluated the ability of isolated NETs in modulating the pro-metastatic phenotype
of human breast cancer cells. Tumor cells were treated with isolated NETs and then samples were
generated for cell migration, quantitative RT-PCR, western blotting, immunofluorescence, and flow
cytometry assays. RNA-seq data from The Cancer Genome Atlas (TCGA) database were assessed.
NETs changed the typical epithelial morphology of MCF7 cells into a mesenchymal phenotype,
a process that was accompanied by enhanced migratory properties. Additional EMT traits were
observed: increased expression of N-cadherin and fibronectin, while the E-cadherin expression
was repressed. Notably, NETs positively regulated the gene expression of several factors linked to
the pro-inflammatory and pro-metastatic properties. Analyses of TCGA data showed that samples
from breast cancer patients exhibit a significant correlation between pro-tumoral and neutrophil
signature gene expression, including several EMT and pro-metastatic factors. Therefore, NETs drive
pro-metastatic phenotype in human breast cancer cells through the activation of the EMT program.

Keywords: epithelial-mesenchymal transition; neutrophil extracellular traps; breast cancer; metastasis

1. Introduction

Breast cancer is the most prevalent with the highest mortality rate in women worldwide [1].
Immunohistochemical markers, as well as genomic data, allow classifying breast cancer into subtypes
that are biologically distinct and behave differently concerning therapeutic response and clinical
outcome [2,3]. Breast cancer subtypes include luminal A, luminal B, human epidermal growth factor
receptor-2 positive/estrogen receptor-negative (HER2+/ER-), and triple-negative (which includes
basal-like). These subtypes are associated with distinct patterns of metastatic spread with significant
differences in survival after relapse, in which luminal A and triple-negative represent the less
and the more aggressive subtypes, respectively [4,5].

The ability of cancer cells to disseminate from primary tumors to form new tumor colonies in distant
tissues is defined as metastasis, one of the hallmarks of cancer [6]. Acquisition of the metastatic capacity

Cancers 2020, 12, 1542; doi:10.3390/cancers12061542 www.mdpi.com/journal/cancers


http://www.mdpi.com/journal/cancers
http://www.mdpi.com
https://orcid.org/0000-0002-2789-7116
https://orcid.org/0000-0001-8350-173X
https://orcid.org/0000-0003-3432-8453
https://orcid.org/0000-0002-8897-8526
https://orcid.org/0000-0002-5260-2332
http://www.mdpi.com/2072-6694/12/6/1542?type=check_update&version=1
http://dx.doi.org/10.3390/cancers12061542
http://www.mdpi.com/journal/cancers

Cancers 2020, 12, 1542 2of 16

is a complex process that may involve an intricate cellular program named epithelial-mesenchymal
transition (EMT). EMT is driven by a set of transcriptional factors, including Snail (also known as
SNAIL), Slug (also known as SNAI2), Twist-related protein 1 (TWIST1), zinc-finger E-box-binding
homeobox 1 (ZEB1) and ZEB2, that regulate gene expression alterations which culminate with enhanced
tumor cell migration, invasion, and metastatic properties [7,8]. EMT program is strongly influenced by
stromal cells in the tumor microenvironment, which include endothelial cells, fibroblasts, inflammatory,
immune cells, and others [9-11].

Among the immune cells, neutrophils are the most abundant and the first inflammatory cells
recruited to the sites of tissue damage and infection [11,12]. Several lines of evidence indicate that
tumor-associated neutrophils are important players in cancer progression [12,13]. More recently, it has
been proposed that neutrophils may influence the tumor properties through the release of neutrophil
extracellular traps (NETs) [14-17]. Primarily described as an antimicrobial mechanism, NETs are
composed of a double-stranded DNA decorated with neutrophil nuclear and granular proteins,
such as citrullinated histones, myeloperoxidase, metalloproteinases, and elastase [18]. Subsequent
studies have demonstrated that NETs have several pro-tumoral capabilities, including the ability
to sequester circulating tumor cells and contribute to metastasis [19,20], to support primary tumor
growth [21,22], to modulate the pro-inflammatory tumor microenvironment [23,24] and to establish
the cancer-associated prothrombotic state [25-27]. It is unclear, however, whether NETs may influence
EMT to support tumor progression.

In the present study, we evaluated the ability of isolated NETs in modulating the pro-metastatic
phenotype of human breast cancer cells. Incubation of isolated NETs with the luminal cell line,
MCF7, altered the epithelial morphology into a mesenchymal phenotype. In accordance with
the acquisition of the mesenchymal phenotype, MCF7-treated cells showed enhanced migratory
properties. Morphological changes were accompanied by enhanced gene expression of the EMT-related
transcriptional factors, ZEB1 and Snail (SNAI1). Notably, the treatment of MCF7 cells with NETs
increased the expression of N-cadherin and fibronectin, while the E-cadherin expression was
repressed. NETs positively regulated gene expression of several factors linked to the pro-inflammatory
and pro-metastatic properties of breast cancer cells, including interleukin-1{ (IL-1/IL1B), interleukin-6
(IL-6/IL6), interleukin-8 (IL-8/CXCL8), CXCR1, matrix metalloprotease-2 (MMP-2/MMP2), MMP9,
and CD44. Further analyses of data from The Cancer Genome Atlas (TCGA) showed that samples from
breast cancer patients exhibit a significant correlation between neutrophil signature and pro-tumoral
genes, including several EMT and pro-metastatic factors. Our results suggest that NETs released
in the primary tumor may contribute to the acquisition of metastatic properties during breast cancer
progression. Taken together, the modulation of NETs formation during tumor progression might
represent an attractive therapeutic target to decrease the metastatic spread.

2. Results

2.1. NETs Alter the Morphology and Enhance the Migratory Pattern in MCF7 Cells

The MCF?7 cell line, which has been classified as a luminal subtype [28], displays an epithelial
phenotype, with polyhedral form, and can form islets in vitro. Incubation of MCF?7 cells with NETs for
16 h promoted drastic morphological changes (Figure 1a).

After 8 h of treatment with NETs, MCF7 cells began to acquire a more elongated fibroblast-like
shape, presenting an expressive amount of membrane protrusions. We also noticed the loss of cell
adhesion to the cell culture flasks after treatment with NETs. Previous findings showed that NETs increase
the migratory pattern of tumor cells including colorectal, lung carcinoma, and lymphoma [15,19,29].
Then, we sought to evaluate the effect of NETs on the migratory behavior of MCF7 cells. Treatment of
MCF?7 cells with NETs enhanced the tumor cell migration either in the absence or in the presence of 2 or
10% fetal bovine serum (FBS) used as a chemoattractant (Figure 1b). Thus, isolated NETs promoted MCF7
migration in all conditions tested in this study.
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Figure 1. Neutrophil extracellular traps (NETs) alter cell morphology and enhance MCF7 migration
in vitro. (a) Representative images of MCF7 cells that were cultured for 16 h in the absence (left) or
the presence (right) of NETs (500 ng/mL). Magnification 100x and 400X, scale bar 500 pm and 100 pm,
respectively. (b) Tumor cell migration was evaluated employing the Boyden chamber assay. MCF7 cells
that were cultured for 16 h in the absence or the presence of NETs (500 ng/mL) were seeded in the upper
chamber (5 x 10* cells/well) and further allowed to migrate for 20 h. As chemoattractant, medium
supplemented with fetal bovine serum (FBS) (2% or 10%) was used in lower chambers. Representative
images of the migration assay are shown on the left panel (200X magnification). Migrated cells were
quantified, and results are shown on the right panel. Data are presented as mean + SD from three
independent experiments. Statistical analysis of each condition was evaluated by unpaired ¢-test.
Significance was assumed for * p < 0.05, *** p < 0.001.

2.2. NETs Promote EMT in Breast Cancer Cells

Changes in cell morphology induced by NETs seemed a typical EMT process [30]. To investigate
the possibility of a transition from epithelial to mesenchymal features induced by NETs in MCF7
cells, we next evaluated the expression of transcriptional factors known to regulate the EMT process.
Quantitative RT-PCR analyses showed a significant increase in the expression of ZEB1 (ZEB1) and Snail
(SNAI1) genes upon treatment of MCF7 cells with NETs (Figure 2a). No changes in the expression pattern
of ZEB2, Slug (SNAI2), or Twistl (TWIST1) were observed. The EMT process is marked by the loss of
epithelial markers, such as E-cadherin, along with the enhancement of expression of mesenchymal
markers, such as N-cadherin, fibronectin, and vimentin [7]. We further employed western blotting to
evaluate the protein levels of E-cadherin, fibronectin, and vimentin. As expected, luminal-like MCF7
cells express E-cadherin and failed to express fibronectin and vimentin while basal-like MDA-MB-231
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cells present a mesenchymal profile with no E-cadherin and high fibronectin and vimentin expression
patterns (Figure 2b and Figure Sla—d). Interestingly, E-cadherin levels gradually reduced over
time in MCF7 cells upon treatment with NETs (Figure 2b and Figure Sla,d). A similar result was
observed upon treatment of the HER2+ breast cancer cell line, HCC 1954 (Figures Sle and S2), both at
the protein and gene expression levels. On the other hand, fibronectin levels were progressively
increased in MCEF7 cells over the incubation time (Figure 2b and Figure S1b,d). Vimentin expression,
which is usually not observed in MCF7 cells, appeared to be not modulated upon incubation with
NETs (Figure 2b and Figure Slc,d).

a zesr SNAI snarz b
P a " i5
i 4
§ g
:’ : o 2 NETS
L i P MDA MCF7 3h  6h 12h 24h
£ o £
N i
. J y ¥ ol ® ool E-Cadherin i -—— .- —l 120 kDa
& & & & & &
A" 3
+ « & Fibronectin | w=— - -‘-lllo kDa
ZEB. TWIST
L 28 ey .
§.. . 3 Vimentin [ - |57 kDa
bl
z 2 B-actin 45 kDa
e 308
& s
il Eak
& & v"“ &
¥ +*

Figure 2. NETs promote epithelial-mesenchymal transition (EMT) in MCF?7 cells. (a) Gene expression
of EMT transcription factors was analyzed by quantitative RI-PCR. GAPDH was used as the reference
gene. Relative expression of mRNA was calculated using the AACT method. Columns represent
means + SD of a minimum of three independent experiments. Unpaired t-test was applied for statistical
analysis. ** p < 0.01 and n.s., no significance. (b) Western blot analysis of the EMT markers protein levels
(E-cadherin, fibronectin, and vimentin) in MCF?7 cells (1 x 10°) treated with NETs (500 ng/mL) for 3 to
24 h. B-actin was used as a loading control and MDA-MB-231 (MDA) was used as a mesenchymal cell
model. Representative image from two independent experiments. Immunocytochemistry analysis of
(c) E-cadherin (green, magnification 630x, scale bars 30 um); (d) fibronectin (green, magnification 400X,
scale bars 30 um); (e) N-cadherin (red, magnification 630X, scale bars 30 um); and (f) -catenin (red,
magnification 630X, scale bars 50 pum) in MCF?7 cells that were cultured for 16 h in the absence (above)
or the presence (below) of NETs (500 ng/mL). Nuclei were stained with 4’,6-Diamidino-2-Phenylindole
(DAPI) (blue) or NucSpot (green) and merged images are shown on the right panels.

Changes in the expression pattern of E-cadherin and fibronectin were confirmed by
immunofluorescence assays (Figure 2¢,d and Figure S3). The typical E-cadherin downregulation
observed in the EMT process is usually accompanied by an increase in the N-cadherin expression,
a process known as “cadherin switching”. Here, we also employed immunofluorescence to demonstrate
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an increase in the N-cadherin expression pattern in MCF7 cells cultured in the presence of NETs
(Figure 2e and Figure S3).

E-cadherin is a cell surface protein that may associate with the multifunctional protein, 3-catenin,
at the cell membrane. f-catenin commonly acts as a signal transducer of the canonical Wnt pathway,
also related to EMT [31,32]. Earlier works suggest that E-cadherin can physically sequester 3-catenin at
the cell membrane. Thus, E-cadherin-associated (3-catenin represents a reserve pool of 3-catenin that
can potentially feed into Wnt signaling activity [33]. In this context, immunofluorescence assays
revealed higher expression of 3-catenin in MCF7 cells treated with NETs, as compared to untreated
cells (Figure 2f and Figure S3). Together, these results support the capacity of NETs to promote EMT
in the breast cancer cell line, MCF7.

2.3. Stem Cell Markers are Modulated by NETs

There is strong evidence that the EMT program is associated with the maintenance of cancer
stem cells (CSCs) in solid tumors [34]. In breast cancer, the combined expression of CD44 and CD24,
commonly reveals enrichment of the CD44~-CD24" and CD44+CD24%/~ cell phenotypes in luminal
and basal-like breast cancer cell lines, respectively [35,36]. We then investigated if isolated NETs
could interfere with stem cell features of MCF7 cells by analyzing the expression of the cell surface
markers, CD44 and CD24. As seen in Figure 3, NETs promoted a significant reduction in CD24 gene
expression as well as a trend to decreased cell surface protein expression in MCF7 cells, according to
flow-cytometric analysis (Figure 3a—c).
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Figure 3. Cancer stem cell markers are regulated by NETs. Gene expression of CD24 (a) and CD44 (d)
was analyzed by quantitative RT-PCR in MCF7 cells that were cultured for 16 h in the absence
(gray bar) or the presence (black bar) of NETs (500 ng/mL). GAPDH was used as the reference gene.
The relative expression level of the mRNA was calculated using the AACT method. Values represent
means + SD of three independent experiments. Representative histograms of flow cytometry analysis
of CD24 (b) and CD44 (e). Graphic representation of relative mean of fluorescence intensities (MFI) of
phycoerythrin (PE)-labeled CD24 antibody (c) and allophycocyanin (APC)-labeled CD44 antibody (f).
Data shown are from two independent experiments. Unpaired ¢-test was applied for statistical analysis.
Significance was assumed for * p < 0.05, *** p < 0.001; n.s., no significance.

On the other hand, MCF7 cells treated with NETs showed significant enrichment
in the CD44 marker, as evaluated by quantitative RT-PCR and flow cytometry (Figure 3d-f).
Changes in the expression pattern of CD24 and CD44 markers in NETs-treated MCF7 cells lead us to
suggest that along with EMT activation, NETs may promote enrichment in cells with CSC-like features.
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2.4. NETs Induce a Pro-Inflammatory Response in Breast Cancer Cells

The activity of the EMT-related transcriptional factors has been linked with the production of
pro-inflammatory cytokines that play key roles in the metastatic process [37]. In this context, we next
evaluated the ability of NETs in modulating the expression of a set of cytokines described to be
crucial for breast cancer development. As shown in Figure 4, quantitative RI-PCR analysis revealed a
significant increase in the gene expression of IL-13/IL1B (~15-fold), IL6 (~10-fold), and IL-8/CXCLS8
(~10-fold). The upregulation of CXCL8 expression in MCF7 cells was accompanied by the induction of
CXCR1 expression (~2-fold increase), which encodes for a major IL-8 receptor (Figure 4). We further
evaluated the impact of NETs on MMPs gene expression, since these enzymes regulate the remodeling
of the extracellular matrix, thus favoring invasion and metastasis [9,38]. Remarkably, the expression of
MMP2 and MMP9 was ~100-fold higher in NETs-treated MCF7 cells as compared to the untreated cells
(Figure 4). As seen with MCF7 cells, incubation of HCC 1954 with NETs enhanced MMP9 expression
(Figure S2b). We also employed isolated NETs to treat the basal-like MDA-MB-231 cell line, known to
secrete high levels of IL-1 and IL-8. Treatment of MDA-MB-231 cells upregulated IL1B and CXCLS8
gene expression, as well as cyclooxygenase-2 (COX-2/PTGS2) (Figure 4). Together, these results indicate
that NETs induce a pro-inflammatory response in breast cancer cells.
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Figure 4. Pro-tumoral and pro-inflammatory mediators are regulated by NETs. MCF? cells (5 x 10°)
were starved and further cultured for 16 h in the absence (grey bar) or the presence (black bar) of
NETs (500 ng/mL). Genes analyzed: interleukin-1p (IL-13/IL1B), interleukin-6 (IL-6/IL6), interleukin-8
(IL-8/CXCL8), CXCR1, matrix metalloprotease-2 (MMP-2/MMP2), and MMP9. MDA-MB-231 cells
(5 % 10°) were cultured for 3 h in the absence or the presence of NETs (500 ng/mL). Genes analyzed: IL1B,
CXCLS, and cyclooxygenase-2 (COX-2/PTGS2). Gene expression was evaluated by quantitative RT-PCR
using the AACT method. GAPDH was used as the reference gene. Columns represent means + SD of
three independent experiments. Statistical analysis was performed using unpaired t-test. * p < 0.05
and ** p < 0.01.
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2.5. Neutrophil-Related Genes Correlate with Pro-Tumoral and EMT Genes in Breast Cancer Patients

To investigate the relevance of our in vitro findings for cancer patients, we used transcriptome
data deposited in TCGA database. For this purpose, we first analyzed a set of genes defined as
a neutrophil-related signature in the different breast cancer subtypes. These neutrophil-related
genes (MPO, DEFA1B, MMP8, CEACAMS, LTF, and DEFA4) were identified and evaluated in a
previous study [39]. The MPO gene encodes myeloperoxidase, an abundant enzyme in the neutrophil
azurophilic granules, which has microbicidal activity through the generation of hypochlorous acid [40].
DEFA1B and DEFA4 encode a-defensins found in azurophil granules of neutrophils. These defensins
are small cationic peptides that promote the permeabilization and disruption of cell membranes,
killing pathogens [41]. Matrix metalloproteinase-8 (MMPS$) is an endopeptidase mainly produced by
neutrophils. When neutrophils are activated, MMP-8 is released from intracellular granules and cleaves
some extracellular matrix proteins, such as collagen, as well as other substrates [42]. CEACAMS,
also known as CD66b, is a glycoprotein that plays a role in cell adhesion. CD66b is exclusively expressed
on human granulocytes and is recognized as a granulocyte activation marker [43]. LTF gene is a member
of the transferrin gene family and its protein product, lactotransferrin, is found in the secondary
granules of neutrophils. Lactotransferrin released by neutrophils acts as a first-line defense against
pathogens through the chelation of iron [44]. As seen in Figure 5, most of the neutrophil-related genes
were increasingly expressed from luminal A to basal breast cancer subtypes. This observation agrees
with an enhanced neutrophil accumulation in more aggressive breast cancer subtypes [45].
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Figure 5. Analysis of neutrophil-related signature genes in the different breast cancer subtypes.
RNA seq values (Fragments Per Kilobase Million, FPKM) of 1100 breast cancer samples, deposited
in The Cancer Genome Atlas (TCGA) database, were stratified into Luminal A (lumA), Luminal B
(lumB), HER2+ (HER2), and Basal subtypes. Genes analyzed: MPO (myeloperoxidase), DEFA1B
(a-defensin 1B), MMP8 (MMPS), CEACAMS (CD66b), LTF (lactotransferrin), and DEFA4 (a-defensin 4).
The Mann-Whitney U test was used to test for statistical significance. * p < 0.05, ** p < 0.01, *** p < 0.001,
and n.s.: no significance.
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Next, we analyzed the neutrophil-related signature gene expression versus genes encoding
pro-inflammatory and pro-metastatic factors (Table 1). We found a positive correlation between
neutrophil genes and several pro-tumoral factors that were upregulated in vitro. CXCLS, CXCR1, IL1B,
IL6, MMP2, and MMP9 showed a positive correlation with at least 3 out of 6 neutrophil signature genes.
We have also analyzed EMT-related genes with the neutrophil signature genes (Table 1). We noticed a
positive correlation between the neutrophil signature genes with Snail (SNAI1) and (3-catenin (CTNNB1)
genes. As expected, the E-cadherin (CDH1) gene expression showed a negative correlation with
the neutrophil signature genes, since NETs decreased E-cadherin expression in MCF7 cells. ZEBI,
fibronectin (FN1) and N-cadherin (CDH2) correlations were inconclusive. No correlation between
the expression of CD24 and CD44 genes with the neutrophil signature genes was observed, possibly
reflecting the heterogeneity of CSC markers in the primary tumors.

Table 1. Correlation analysis between neutrophil signature genes and pro-tumoral genes in human
breast cancer samples from The Cancer Genome Atlas (TCGA).

Genes CEACAMS  DEFA1B DEFA4 LTF MMPS MPO
. r=0.0767 r=0116 r = 0.0655 r=0255 r=0225 r=0.183

Interleukin-1B (L1B) ) _ 00100 p=00001  p=00297  p<00001  p<0.000l  p<0.0001
Interleuking (IL6) r = 0.0983 r=0.197 r=0124 r=0232 r=0208 r=0314

p=00011  p<00001  p<00001  p<00001  p<0.0001  p<0.0001

. r = 0.0445 r=0141  r=-00277 | r=0.0963 r=0.39 r=0.156

Interleukin-8 (CXCL8) 14 p < 0.0001 p =0.359 p=0.0014 p < 0.0001 p < 0.0001

r = 0.0242 r=0117 r = 0.0879 r=0.131 r=00677  r=-0008

CXCRI1 (CXCRI) p=0422 p<00001  p=00035  p<00001  p=0.0248 p=0788
r=-000765  r=00114 r = 0.0351 r=0173 r=0286 r=0.154

MMP-2 (MMF?2) p =0.800 p=0.705 p=0245 p<00001  p<00001  p<0.0001
r=0.012 r=0.114 r=0.120 r =0.0315 r = 0.408 r=0.21

MMP-9 (MMP9) p=0.692 p=00002  p<0.0001 p=0.297 p<00001  p<0.0001
Snail (SNAIT) r = 0.0959 r=0.162 r = 0.0522 r=0179 r=0.281 r=0211

p=00014  p<00001  p=00834  p<00001  p<00001  p<0.0001

r = —0.0491 r=00183 r=0.0921 r=0.132 r = 0.0499

ZEB1 (ZEB1) p=0.103 p=0544 | p=00022  p<00001  p=00982

E-cadherin (CDH1) rpzz‘(f'l%il rpzz—g:;)zgs
8 e e R
oo | o e B
B-catenin (CTNNBI) r;;gggfz r;;gg‘ll? r ; ;00090904 prjgg()g(?l pr<: (5)0107061 ;z (())gg;:;
ooy T e e
e [ N S

Grey: No correlation; green: Positive correlation; red: Negative correlation. r = coefficient of correlation.

3. Discussion

Inflammation is one of the hallmarks of cancer [6]. The presence of leukocytes in the tumor
microenvironment is well described and is extremely dynamic during the disease progression. Several lines
of evidence support a role for the sustained chronic inflammation in promoting the tumor aggressiveness,
including the metastatic potential. Among the immune cells found in the tumor microenvironment,
neutrophils have been pointed out as important mediators of tumor progression [12,13,46]. More recently,
neutrophil extracellular traps (NETs) have been associated with several steps of tumor progression,
including primary growth and metastasis [19-22].

One of the key mechanisms supported by the immune/inflammatory microenvironment is
the epithelial-mesenchymal transition (EMT) [37]. Key features during the EMT process include
the loss of epithelial markers, such as E-cadherin, along with the enhancement of expression of
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mesenchymal markers, such as N-cadherin, fibronectin, and vimentin. This process has been pointed
as a dynamic gradient of loss and gain of cellular features and there are several pieces of evidence
for the existence of intermediate stages, wherein both mesenchymal and epithelial markers might be
co-expressed [7,8] This is in part explained by the concerted action of different transcription factors that
modulate the EMT features, in which Snail and ZEB1, which are strong epithelial repressors, seem to be
more activated in the intermediate EMT stages [7]. Herein, we observed that NETs promote a significant
decrease in the E-cadherin expression by MCF7 cells, with minor changes in the vimentin expression
pattern. This was accompanied by increased ZEB1 (ZEB1) and Snail (SNAI1) gene expression, while no
changes in the expression pattern of ZEB2 (ZEB2), Slug (SNAI2) or Twistl (TWIST1) were observed.
In this context, vimentin expression is regulated by Slug in breast cancer models [47]. On the other hand,
Huang and co-workers [48] have shown that some ovarian carcinoma cell lines exhibit intermediate
EMT states presenting low E-cadherin and high vimentin expression patterns [48]. Interestingly, other
EMT inducers, such as epidermal growth factor (EGF) and transforming growth factor-beta (TGF-f3),
were able to induce vimentin expression in MCF7 cells within 24 h of treatment [49,50]. These data
suggest that the mechanism triggered by NETs seems to be slightly different from the other inducers
and/or that the NET-evoked EMT occurs in a partial way. The chronic effect of NETs on EMT induction
after prolonged treatments deserves further investigation.

Aberrant activation of the Wnt/f3-catenin signaling pathway has been associated with several
aspects of cancer biology, including tumor initiation, EMT, and metastasis [31]. As a result of
the excessive Wnt/[3-catenin signaling, 3-catenin accumulates in the cytoplasm or within the nucleus
of tumor cells, serving as a transcriptional factor, along with other partners, of pro-tumoral genes [31].
Moreover, Kim and colleagues [51] provided data showing that cell membrane-bound (3-catenin evokes
pro-tumoral responses by enhancing the signaling of growth factor receptors such as the epidermal
growth factor receptor (EGFR) [51]. Therefore, -catenin may exhibit pro-tumoral functions regardless
of its subcellular location. Herein it was observed that treatment of MCF7 cells with NETs significantly
enhanced (-catenin expression although showing a minor impact on the subcellular location of
this protein. Whether NETs-induced changes in the -catenin expression pattern accounts for
the upregulation of pro-tumoral factors have yet to be evaluated.

The EMT program has been correlated with cancer stem cell (CSC) traits, including the expression of
stem cell-associated antigens, enhanced chemotherapy resistance, and self-renewal properties [34,52,53].
Among the CSC surface markers, CD44 and CD24 phenotype have been widely employed in breast
cancer research [35,36]. CD44 is a cell-surface glycoprotein receptor that recognizes several ligands
including extracellular matrix components, such as hyaluronic acid, osteopontin, metalloproteinases,
and others [54]. CD44 has been associated with migration and metastasis, being upregulated
in the triple-negative breast cancer subtype [54]. Remarkably, CSC subpopulations that exhibit
the CD44*CD24°/~ phenotype usually display increased tumorigenic properties and a higher capacity
to metastasize [55]. Here, we show that the treatment of MCF7 cells, which typically exhibits
the CD449/~CD24" phenotype, upregulates the gene and protein expression levels of CD44. It remains
to be determined whether these changes parallel with the acquisition of additional CSC features,
including additional CSC markers, enhanced tumorigenic properties, and drug resistance.

The major components of NETs (histone, DNA, and granule proteins) are recognized as
damage-associated molecular patterns (DAMPs). DAMPS can be recognized through the Toll-like
receptors (TLRs). For example, extracellular histones can activate TLR2 and TLR4, while TLR9 is a cell
surface receptor of CpG motifs in DNA [56,57]. All TLR signaling pathways culminate in the activation
of the transcription factor nuclear factor-kappa B (NF-kB), which controls the expression of several
inflammatory cytokine genes [58]. Herein, we observed that the treatment of breast cancer cell lines with
NETs upregulates the expression of several pro-inflammatory genes, including IL-8 (CXCLS8), IL6, IL-1/3
(IL1B), and CXCR1. Furthermore, bioinformatics tools and chromatin immunoprecipitation assays
identified many NF-«B binding sites along with the promoters of SNAI1, SNAI2, ZEB2, and TWIST1
genes [59]. Indeed, NF-kB is essential for EMT and metastasis in a model of breast cancer [60]. In this
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same line, inflammatory factors in the tumor microenvironment, including TGF-§, IL-6, IL-13, IL-8,
and others can induce EMT [61-63]. On the other hand, EMT-transcription factors can modulate
inflammation during the EMT process. For example, Katsura and colleagues [64] have shown that
knockdown of ZEB1 in MDA-MB-231 cells decreases the in vitro production of IL-6 and IL-8 [64].
Interestingly, we observed a significant increase in ZEB1 (ZEB1) and Snail (SNAIT) gene expression by
MCEF?7 cells that were treated with NETs. Together, these data suggest an important linkage between
inflammation and EMT signaling in breast cancer cells. Indeed, pro-inflammatory cytokine expression
has also been associated with malignant progression and poor prognosis in breast carcinomas [65].

The DNA integrity of NETs has been pointed out as an essential condition for promoting some of
their biological activities. Therefore, treatment with DNase, which efficiently degrades NETs, attenuates
the development and progression of liver metastases in a murine model of colorectal cancer [15].
Similar antimetastatic effects have been observed in hepatocellular carcinoma and breast cancer
models [20,23]. Moreover, the degradation of NETs substantially reduces cancer-associated thrombosis
in neutrophilia-related breast and pancreas cancer models [26,66]. Interestingly, we observed that
the digestion of NETs with DNase had a minor impact on tumor cell migration as well as in the CXCLS8
and MMP9 gene expression (Figure 54). Therefore, we believe that, under our experimental conditions,
DNA integrity is dispensable for the effect of NETs towards MCF7 cells.

The presence of neutrophils in primary tumors has been correlated with poor prognosis in human
cancer [67]. Thus, increased infiltration of intratumoral neutrophils was associated with unfavorable
survival and recurrence in several cancer types, including hepatocellular carcinoma, non-small-cell
lung cancer, cervical cancer, and others [67]. More recently, it was reported an enhanced neutrophil
accumulation in more aggressive breast cancer subtypes [45]. Here, we analyzed transcriptome data
from breast cancer patients and showed a positive correlation between neutrophil signature genes
and several pro-tumoral factors that were upregulated in vitro upon treatment with NETs, including
pro-inflammatory and EMT-related factors. Remarkably, the contribution of neutrophil for the EMT
process has been previously suggested in different cancer types, including lung adenocarcinoma
and ovarian cancer [68,69].

4. Materials and Methods

4.1. Cell Culture

Breast cancer cell lines (MCF7, HCC 1954, and MDA-MB-231) were from the Rio de Janeiro
Cell Bank (Rio de Janeiro, R], Brazil). Cells were maintained in DMEM (Dulbecco’s Modified Eagle
Medium, Thermo Fisher Scientific, Waltham, MA, USA) supplemented with 10% fetal bovine serum
(FBS) (Cultilab, Campinas, Brazil) and 1% penicillin/streptomycin (Thermo Fisher Scientific) at 37 °C
in 5% CO, atmosphere. For all experiments, after seeding, cells were starved for 10 h before treatment
with NETs.

4.2. Neutrophils Isolation and NETs Obtention

Venous blood from healthy donors was collected in sodium citrate tubes. Neutrophils were
purified from whole blood using Histopaque-1077 based (Merck, Darmstadt, Germany) density
gradient centrifugation. Isolated neutrophils were stimulated with 500 nM Phorbol 12-myristate
13-acetate (Merck, Darmstadt, Germany) for 4 h. NETs were isolated following a previously described
procedure [70], resuspended in sterile phosphate-buffered saline (PBS), and quantified using NanoDrop
Lite Spectrophotometer (Thermo Fisher Scientific). Isolated NETs were kept at 4 °C for no more
than 24 h. This protocol followed ethical standards and was approved by an institutional committee
(Clementino Fraga Filho University Hospital, Federal University of Rio de Janeiro) under registry
82933518.0.0000.525.
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4.3. Migration Assay

Boyden chamber assay was used to evaluate tumor cell migration employing 8 um pore
polycarbonate membranes (Neuro Probe, Gaithersburg, MD, USA). MCF7 cells (5 x 10*) were
cultured in the absence or the presence of NETs (500 ng/mL) for 16 h. Cells were further resuspended
and seeded to the upper chambers into 50 pL serum-free medium. DMEM medium in the absence or
the presence of 2 or 10% FBS was added in the lower compartment. After 20 h of incubation at 37 °C
in 5% CO,, non-migrated cells on the upper surface of the membrane were removed and the membrane
was fixed and stained using Fast Panoptic Staining (Laborclin, Nova Iguacu, Brazil). The average
number of migrated cells was calculated from ten random fields counted per condition.

4.4. Quantitative RT-PCR

5 X 10° cells were washed twice with PBS and starved in serum-free medium for 10 h followed by
treatment with NETs (500 ng/mL). After 16 h, cultured cells were washed twice with PBS to remove
NETs, and total RNA was extracted using TRIzol Reagent (Thermo Fisher Scientific, Waltham, MA,
USA). From each sample, 1 pug of RNA was submitted to DNase I treatment and reverse transcription
PCR. Next, real-time PCR was performed on cDNA with SYBR Green Real-Time PCR Master Mix
(Thermo Fisher Scientific, Waltham, MA, USA), using the StepOnePlus Real-Time PCR System
(Thermo Fisher Scientific). All reagents and primers were purchased from Thermo Fisher Scientific
and showed reaction efficiencies between 90-110%. The primer sequences are shown in the Table S1.
Gene expression was normalized using GAPDH as the reference gene. To analyze the relative fold
change, we employed the 22T method.

4.5. Western Blot

1 X 10° cells were starved in serum-free medium and treated with NETs (500 ng/mL) for 3,
6, 12, or 24 h. After the treatment, cells were washed, lysed and proteins were quantified using
the Lowry method (DC protein assay, Bio-Rad, Hercules, CA, USA). Protein lysates (30 ug) were
run on 6-10% polyacrylamide gel electrophoresis under denaturing conditions in the presence of
sodium dodecyl sulfate and transferred onto PVDF membranes (GE Healthcare, Sao Paulo, Brazil).
Membranes were blocked and incubated overnight, at 4 °C, with the following primary antibodies
against: E-cadherin (1:10,000; #61082; BD Biosciences, San Jose, CA, USA), fibronectin (1:750; #F364S;
Merck, Darmstadt, Germany), vimentin (1:500; #M0725; DakoCytomation, Glostrup, Denmark) or
-actin (1:1000; #8457; Cell Signaling Technology, Danvers, MA, USA). Then, the membranes were
incubated with HRP-conjugated secondary antibodies (DakoCytomation) for 1 h, at room temperature,
and immunoblots were detected using the ECL reagent (GE Healthcare, Sao Paulo, Brazil).

4.6. Immunofluorescence Microscopy

MCF?7 cells (2.5 x 10°) were seeded on 22 mm-Aclar plastic coverslips (Pro-Plastics Inc., Linden,
NJ, USA) previously coated with rat-tail collagen. After treatment with NETs (500 ng/mL) for
16 h, cells were fixed with 4% paraformaldehyde diluted in PBS (pH 7.4), permeabilized with PBS
containing 0.5% Triton X-100 and incubated with primary antibodies against: (3-catenin (1:50, #C-2206,
Sigma Chemical Co, Saint Louis, MO, USA), E-cadherin (1:50, #04-1103, Millipore, Burlington, MA,
USA), fibronectin (1:50, #F-6140, Sigma Chemical Co, Saint Louis, MO, USA) or N-cadherin (1:50,
#C-3865, Sigma Chemical Co, Saint Louis, MO, USA) for 1 h at 37 °C. Cells were washed and incubated
for 1 h at 37 °C with secondary antibodies Alexa Fluor 546 or Alexa Fluor 488 (1:100), all purchased
from Thermo Fischer Scientific. Nuclei were labeled with 0.1 pg/mL DAPI (Thermo Fisher Scientific) or
NucSpot (1:500, Biotium, Hayward, CA, USA) for 5 min. Slides were mounted in ProLong Gold antifade
reagent (Molecular Probes, Eugene, OR, USA) and examined in an Axiovert 100 inverted microscope
(Carl Zeiss, Oberkochen, Germany). Images were acquired with an Olympus DP71 digital camera
(Olympus, Shinjuku City, Japan). The overall fluorescence intensity was quantified using the Image]
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software (NIH, Bethesda, MD, USA), and results were expressed as a percentage, considering untreated
cells as 100%.

4.7. Flow Cytometry Analysis

After treatment with NETs (500 ng/mL) for 16 h, cells were harvested and counted. A suspension
with 1 X 10° cells/mL in serum-free medium was washed twice with flow cytometry buffer
(PBS containing 0.01% sodium azide and 3% FBS). Next, conjugated antibodies were added, and cells
were incubated for 30 min on ice. For this assay, mouse anti-human CD24 antibody conjugated
with phycoerythrin (Clone ML5; Thermo Fisher Scientific) and rat anti-CD44 conjugated with
allophycocyanin (Clone IM7; Thermo Fisher Scientific) were used. Flow cytometry acquisition
was performed using a FACSCanto II with FACSDiva software (BD Biosciences, San Jose, CA, USA).
The analysis was done using FlowJo software (BD Biosciences, San Jose, CA, USA) and the mean
fluorescence intensity (MFI) of CD24 and CD44 was evaluated.

4.8. Gene Expression Correlation Analysis

Transcriptome data from 1100 breast cancer samples available at The Cancer Genome Atlas (TCGA,
Firehose Legacy Study) were accessed using the cBioPortal [71,72]. The cBioPortal platform provided
visualization, analysis, and the ability to download large-scale cancer genomics data sets. In our study,
we analyzed the correlation between the expression of a previously defined set of neutrophil-related
genes (DEFA4, DEFA1B, MMPS8, CEACAMS, LTF, and MPO) [39] and the expression of genes involved
in inflammation, metastasis, EMT, and stemness in this database.

4.9. Statistical Analysis

For statistical analysis was applied the GraphPad Prism 5 (GraphPad Software, San Diego, CA,
USA). Data are shown as mean + standard deviation. The unpaired t-test was used to determine a
significant difference between MCF7 cells and MCF7 cells treated with NETs in quantitative RT-PCR,
flow cytometry, and migration assay. The details of the statistics are indicated in the figure legends.
The correlation of the RNA-seq values (FPKM) was statistically analyzed by the non-parametric
Spearman test. Results were considered statistically significant when p-value < 0.05.

5. Conclusions

Together, the present study shows, for the first time, that isolated NETs promote
epithelial-mesenchymal transition (EMT) in cultured breast cancer cells. Our findings suggest
that NETs released in the primary tumor may influence the acquisition of metastatic properties during
breast cancer progression. Overall, the modulation of NETs formation in the tumor microenvironment
might represent an attractive therapeutic target to decrease or even prevent the metastatic spread.

Supplementary Materials: The following are available online at http://www.mdpi.com/2072-6694/12/6/1542/s1,
Figure S1: Uncropped blots for analysis of EMT markers, Figure S2: Effects of NETs on HER2+ breast cancer cells,
Figure S3: Quantitative analysis of immunocytochemistry assays for EMT markers in NETs-treated MCF?7 cells,
Figure S4: The pro-tumoral effects of NETs are independent of DNA integrity, Table S1: qRT-PCR primer sequences.
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ABSTRACT ARTICLE HISTORY

Leishmania amazonensis is a species causative of cutaneous and Received 11 June 2020

anergic diffuse cutaneous leishmaniasis, treatment-resistant form, Accepted 5 September 2020

in the New World. Plants essential oils exhibit great potential as

microbicide agents. We described the composition of the

essential oils of two plants native from Brazil, Myrcia ovata, with

geranial and neral as major constituents, and Eremanthus erythro- A ; .
. R . X . essential oils; Myrcia ovata;

pappus, with a-bisabolol. In vitro effects of these essential oils on Eremanthus erythropappus;

L. amazonensis promastigotes growth and ultrastructure were ana- chemotherapy

lysed as well as their cytotoxicity to murine macrophages. Both

oils were highly active with ICs0/96h of 8.69 and 9.53 pg/mL for

M. ovata and E. erythropappus against promastigotes and caused

ultrastructural alterations including mitochondrial enlargement.

Cytotoxicity for murine macrophages varied with the oil concen-

trations. The 1C5o low values of both M. ovata and E. erythropap-

pus oils against L. amazonensis and their relative low cytotoxicity

to mammal host cells support their potential use against cutane-

ous leishmaniasis.
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1. Introduction

Leishmaniasis consists of a group of neglected diseases, among other 17 recognized
by World Health Organization, caused by protozoan parasites belonging to the genus
Leishmania (Trypanosomatidae family) and transmitted by dipteran insect vectors,
sandflies. Brazil is endemic for the three clinical forms of the disease: visceral, cutane-
ous, and mucocutaneous (Anversa et al. 2018). The treatment has been mainly based
on pentavalent antimonials (Glucantime®) for decades and more recently amphotericin
B and pentamidine. However, due to toxic effects on multiple organs, resistant para-
site lineages development and drugs high costs, treatment alternatives, vaccines, diag-
nostics and vector control agents strategies must be supported (Hotez et al. 2016;
Burza et al. 2018). Plant derivatives such as extracts, essential oils, or isolated compo-
nents present antileishmanial potential effects (Rodrigues et al. 2015; Hamarsheh et al.
2017, Mathlouthi et al. 2018). Leaves of Myrcia ovata Cambess (Myrtaceae), native
plant and popularly known as “laranjinha-do-mato” in Brazil, are frequently used as an
infusion in folk medicine. Its EO presents several activities, such as insecticide, antibac-
terial, antibiofilm, fungicide (Sampaio et al. 2016) and anti-inflammatory (Dos Santos
et al. 2014). Eremanthus erythropappus (DC) McLeisch (Asteraceae), also known as
Vanillosmopsis erythropappa Schultz-Bip, popularly called “candeia-da-serra”, is found
at South, Southeast, West Central and Northeast regions of Brazil. It is used as a heal-
ing agent and in the treatment of infections and stomach ulcers (Silvério et al., 2013).
The EO isolated from the stem exhibits antiphlogistic, antimycotic, healing, antibacter-
ial, antioxidant, antiulcerogenic, and antispasmodic properties (Sousa et al. 2008). In
the present work, essential oils of Myrcia ovata leaves (EoMo) and Eremanthus erythro-
pappus stem (EoEE) were extracted and their compositions were characterized. Then,
essential oils effects against Leishmania amazonensis promastigotes were evaluated.

2. Results and discussion

The components of EOMo and EOEe were identified and are listed in Supplementary
Table 1 with their correspondent compositions percentage and retention indexes. GC-
MS and GC-FID analyses of EOMo led to the identification and quantification of seven
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different components, representing 93.55% of oil total composition. The chemical
composition of EOMo found in this work (Figure S1A, B, Table S1, supplementary
material) was similar to that previously reported (Lima et al. 2011), once the isolated
oil presented geranial and neral monoterpenes as major components with percen-
tages of 50.4 and 35.8%, respectively. The analysis of EOEe revealed the presence of
thirteen constituents, corresponding to 94.22% of oil composition with a-bisabolol as
the major constituent (Figure S1A,C, Table S1, supplementary material) and varying
when compared to previously described for this plant in Minas Gerais, Brazil (Dos
Santos et al., 2015). EOMo caused L. amazonensis growth inhibition at the tested con-
centrations in a dose-dependent manner with a considerable difference at 20 and
30 ng/mL compared to untreated control. Both higher concentrations caused 100% of
growth inhibition since day zero of treatment. The calculated 1C5,/96 h was of 8.69 ng/
mL for EOMo (Figure S2A,C). EOEe at 5 and 10 ug/mL caused around 35% of parasite
growth inhibition, but also presented a more significant effect against L. amazonensis
promastigotes at 20 and 30 pg/mL with almost 100% of growth inhibition after 96 h
treatment. The calculated IC5¢/96 h was of 9.53 ug/mL for EOEe (Figure S2B, D, supple-
mentary material). Comparing both oils, the inhibition effect of EOMo started earlier at
promastigotes (48 and 72 h) than EOEe, as demonstrated for concentrations of 5 and
10 ug/mL (Figure S2, supplementary material). Essential oils of different plants have
been tested for their anti-L. amazonensis promastigote forms properties. Chenopodium
ambrosioides EO led to an ICs¢/72 h of 3.7 ug/mL (Bosquiroli et al. 2017), Lippia sidoides
caused inhibition with 1C50,/48 h of 44.38 ug/mL and Ferula galbaniflua with 1C5,/48 h of
95.7 pg/mL (Sampaio et al., 2016). The effectiveness varies enormously within distinct
oils composition and proportion of the different constituents. The treatment of L. ama-
zonensis promastigotes with EOMo and EOEe led to morphological alterations (Figure
S3C, D, E, supplementary material), when compared to untreated controls (Figure S3A,
B, supplementary material). After three-day incubation with 10 ug/mL EOEe, parasites
presented lipid bodies’ accumulation (Figure S3C, supplementary material). EOMo at
5ug/mL caused mitochondrial swelling after four days of treatment (Figure S3E, sup-
plementary material) and at the higher concentration of 10pug/mL for three days,
EOMo caused nucleolus disorganization and the appearance of autophagosome sug-
gestive structures (Figure S3D, supplementary material). Santin et al. (2009) tested the
effect of citral, major component of Cymbopogon citratus EO and which is the mixture
of geranial and neral isomers and also the major constituent of EOMo, on L. amazo-
nensis. Ultrastructural alterations included mitochondrial damage and parasites with
two or more flagella among other effects. Balb/c mice peritoneal macrophages were
incubated with different concentrations of EOMo and EOEe (1 to 20 ug/mL) for 48 h
when XTT viability assay was performed. For EOMo, the lowest concentrations of 1
and 5 pg/mL maintained 100% of the viability compared to non-treated control, never-
theless the concentrations of 10, 15 and 20 pug/mL reduced the viability around 50%
(Figure S4A, supplementary material). For all tested concentrations of EOEe, the viabil-
ity remained around 60% of the non-treated control (Figure S4B, supplementary
material). Nevertheless, the results concerning cytotoxicity of EOEe on mice macro-
phages were not fully conclusive, requiring further analyses. As perspective, it is worth
analysing the action of the oils constituents alone or their combined potential synergic


https://doi.org/10.1080/14786419.2020.1827402
https://doi.org/10.1080/14786419.2020.1827402
https://doi.org/10.1080/14786419.2020.1827402
https://doi.org/10.1080/14786419.2020.1827402
https://doi.org/10.1080/14786419.2020.1827402
https://doi.org/10.1080/14786419.2020.1827402
https://doi.org/10.1080/14786419.2020.1827402
https://doi.org/10.1080/14786419.2020.1827402
https://doi.org/10.1080/14786419.2020.1827402
https://doi.org/10.1080/14786419.2020.1827402
https://doi.org/10.1080/14786419.2020.1827402
https://doi.org/10.1080/14786419.2020.1827402
https://doi.org/10.1080/14786419.2020.1827402
https://doi.org/10.1080/14786419.2020.1827402
https://doi.org/10.1080/14786419.2020.1827402

4 (&) G. AMORIM GOMES ET AL.

effect on Leishmania and therefore identifying the more efficient chemotherapy as
well as achieving less toxicity on host cells. Furthermore, additional studies are needed
to evaluate the activity of these compounds against amastigote forms.
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Abstract

Objectives The aim of this study was to evaluate the ability of lapachones in disrupting the fungal multidrug resistance (MDR)
phenotype, using a model of study which an azole-resistant Saccharomyces cerevisiae mutant strain that overexpresses the ATP-
binding cassette (ABC) transporter Pdr5p.

Methods The evaluation of the antifungal activity of lapachones and their possible synergism with fluconazole against the mutant
S. cerevisiae strain was performed through broth microdilution and spot assays. Reactive oxygen species (ROS) and efflux pump
activity were assessed by fluorometry. ATPase activity was evaluated by the Fiske and Subbarow method. The effect of f3-
lapachone on PDR5 mRNA expression was assessed by RT-PCR. The release of hemoglobin was measured to evaluate the
hemolytic activity of (3-lapachone.

Results o-nor-Lapachone and (3-lapachone inhibited S. cerevisiae growth at 100 pg/ml. Only (3-lapachone enhanced the anti-
fungal activity of fluconazole, and this combined action was inhibited by ascorbic acid. 3-Lapachone induced the production of
ROS, inhibited PdrSp-mediated efflux, and impaired PdrSp ATPase activity. Also, [3-lapachone neither affected the expression of
PDRS5 nor exerted hemolytic activity.

Conclusions Data obtained indicate that 3-lapachone is able to inhibit the S. cerevisiae efflux pump PdrSp. Since this transporter
is homologous to fungal ABC transporters, further studies employing clinical isolates that overexpress these proteins will be

conducted to evaluate the effect of 3-lapachone on pathogenic fungi.

Keywords Fluconazole - Lapachone - Multidrug resistance - Yeast

Introduction

Infections caused by azole-resistant fungi are a matter of ex-
treme concern to public health, due to the high mortality as-
sociated with them, mainly in immunocompromised individ-
uals [1]. Nevertheless, a low number of drugs is available to
treat fungal infections, and there are several disadvantages
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related to their use, such as the increasing incidence of resis-
tance to azole and echinocandin drugs, and the toxicity in-
duced by amphotericin B [2].

The multidrug resistance (MDR) phenotype is majorly re-
sponsible for the failure of antifungal treatments. It confers to
the microorganism a high degree of resistance to structurally
and functionally unrelated compounds [3]. In fungi, the main
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MDR mechanism relies on the overexpression of efflux trans-
porters within the plasma membrane [4]. These proteins, also
called efflux pumps, extrude the drugs from the cell, avoiding
them to reach the intracellular concentration required to a suc-
cessful antifungal activity [S]. The co-administration of an an-
tifungal agent, such as fluconazole, and a substance capable of
inhibiting efflux pumps would preclude antifungal resistance,
therefore ensuring the proper outcome of the treatment [6].

MDR transporters related to antifungal resistance belong
mainly to the ATP-binding cassette (ABC) superfamily, which
consists of primary active transporters that use ATP hydrolysis
as an energy source for the transport of substances against a
concentration gradient [7]. Besides Candida spp.,
Cryptococcus spp., and Aspergillus spp., MDR transporters
are also found in Saccharomyces cerevisiae [8]. Moreover,
S. cerevisiae MDR transporters are homologous to efflux
pumps of pathogenic fungi. For example, the ABC pumps
CaCdrlp [9] and CaCdr2p [10], the major Candida albicans
MDR transporters, are homologous to S. cerevisiae Pdr5p,
Snqg2p, and Yorlp. The high similarity shared by these pro-
teins enables the use of S. cerevisiae as a model of study of
antifungal resistance in pathogenic fungi [11].

Lapachones are natural naphthoquinones that possess sev-
eral pharmacological activities [12, 13]. In a previous work,
our group aimed to study the effect of lapachones on
C. albicans virulence factors. It was observed that f3-
lapachone and «-nor-lapachone were able to inhibit
C. albicans growth, yeast-to-hyphae transition, biofilm forma-
tion, and cell wall mannoprotein expression [14].

Considering the relevance of fungal infections caused by
resistant strains, the urgent need of discovering new therapeu-
tic options, and the in vitro effectiveness of lapachones against
C. albicans growth and virulence factors, the aim of this study
was to evaluate the ability of lapachones in inhibiting Pdr5p-
mediated antifungal resistance, using a model of study which
an azole-resistant Saccharomyces cerevisiae mutant strain that
overexpresses this transporter.

Materials and methods
Strains and culture conditions

In this study, two mutant strains of S. cerevisiae were used.
The first strain, namely, AD124567 (PdrSp+), overexpresses
PdrSp, while the genes encoding the Pdr3p regulator and the
other five ABC transporters (Yorlp, Snq2p, Pdr10p, Pdrllp,
and Ycflp) have been deleted. The second one, namely,
AD1234567 (PdrSp—), had all the six genes related to ABC
transporters deleted, and also the gene that encodes the Pdr5p
transporter [15]. Consequently, Pdr5p+ strain shows
fluconazole resistance, while PdrSp— strain is sensitive to
this antifungal agent. Both strains were grown in yeast

@ Springer

peptone dextrose (YPD) medium (2% glucose, 1% yeast
extract, 2% peptone) at 30 °C with agitation and were
harvested in the exponential phase of growth whenever
experiments were about to be performed. At growth
experiments, cells were incubated in the presence of (3-lap
for 48 h. In previous studies, it was observed that 90 min is
a suitable incubation time considering the functioning of
Pdr5p, and then, it was chosen to be used at the subsequent
assays using intact cells. At experiments employing purified
membranes and erythrocytes, 60 min of incubation time was
chosen because it is optimal to observe PdrSp ATPase activity
and hemolytic effects, respectively. Cellular concentrations
were evaluated by optical density measurements (600 nm)
and expressed as “cells/ml”.

Chemicals

Fluconazole was obtained commercially from the university
pharmacy (UFJF, Juiz de Fora—MG, Brazil). Fluconazole
stock solutions were prepared in distilled water, sterilized by
filtration (0.22 wm), and maintained at — 20 °C. «-Lapachone
(x-lap), a-nor-lapachone (x-nor), (3-lapachone (3-lap), and
[3-nor-lapachone (3-nor) (Fig. 1) were synthesized by the
Laboratory of Heterocyclic Chemistry from the Institute of
Natural Products Research (IPPN/UFRJ) and dissolved in di-
methyl sulfoxide (DMSO) (Sigma-Aldrich®, St. Louis, USA,
D4540) to a final concentration of 10 mg/ml [16]. 2',7'-
Dichlorodihydrofluorescein diacetate (DCFH-DA) (D6883),
Nile red (19193), ascorbic acid (200.06), JumpStart Taq
DNA Polymerase (D9307), SYBR Green (S9430), PCR
Reference dye (R4526), and dNTP set (GE-28-4065) were
also purchased from Sigma-Aldrich®, and stock solutions
were prepared in distilled water and stored at 2—8 °C.

a-lapachone

B-lapachone

a-norlapachone

Q

B-norlapachone

Fig. 1 Structure of the compounds tested in this study: «-lapachone; oc-
nor-lapachone; (3-lapachone; 3-nor-lapachone
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Antifungal susceptibility test

The minimal inhibitory concentration (MIC) was determined
according to the M27-A3 methodology for broth
microdilution from CLSI [17] with slight modifications.
Briefly, 2 x 10* cells/ml of Pdr5p+ strain were inoculated into
YPD medium and incubated at 30 °C for 48 h with agitation
(75 rpm), in the presence of serial concentrations (100—
6.25 pg/ml) of lapachones. Cell growth was measured using
a microplate reader at 600 nm (Fluostar Optima, BMG
Labtech, Offenburg, Germany).

Checkerboard assay

The ability of lapachones to enhance fluconazole activity was
evaluated through the checkerboard assay as described else-
where [18] with slight modifications. Briefly, 2 x 10* cells/ml
of PdrSp+ strain were inoculated into YPD medium and incu-
bated at 30 °C for 48 h with agitation (75 rpm), in the presence
of combinations of serial concentrations of lapachones (100—
6.25 pg/ml) and fluconazole (500-31.25 pg/ml). Cell growth
was measured using a microplate reader at 600 nm (Fluostar
Optima, BMG Labtech, Offenburg, Germany). The interac-
tion between lapachones and fluconazole was evaluated by
the fractional inhibitory concentration index (FICI) model.
The FICI is defined as the sum of the FIC of each drug, while
FIC is the ratio MIC in combination/MIC alone. Synergistic,
additive, indifferent, and antagonistic interactions were de-
fined by a FICI < 0.5, 0.5-1.0, 1.0-4.0, or > 4.0, respectively.

Spot assay

The spot assay was performed as described elsewhere [19].
Briefly, 5-fold serial dilutions of 6 x 10° cells/ml of Pdr5p+
were spotted onto YPD agar plates in the presence or absence
of 125 pg/ml fluconazole, 12.5 pg/ml B-lap, and 25 mM
ascorbic acid. Then, plates were incubated at 30 °C for 48 h
and photographed.

Reactive species oxygen measurement

The fluorescent probe DCFH-DA was used in order to assess
the production of reactive species oxygen (ROS) induced by
[3-lap and the combination of (3-lap/fluconazole [20]. Briefly,
107 cells/ml of PdrSp+ strain were incubated at 30 °C for
90 min in the presence of 100 pg/ml (3-lap, 125 pg/ml flucon-
azole, 100 pg/ml B-lap + 125 pg/ml fluconazole, and
100 pg/ml B-lap + 125 pg/ml fluconazole + 25 mM ascorbic
acid. Untreated cells were used as the negative control. Cells
were harvested by centrifugation at 5000g for 3 min and pel-
lets were resuspended in PBS containing 10 uM DCFH-DA
and incubated for 15 min in darkness. Fluorescence was mea-
sured at 485/538 nm (excitation/emission) (Fluostar Optima,

BMG Labtech, Offenburg, Germany), and results were
expressed as mean intensity fluorescence.

Nile red accumulation assay

The effect of 3-lap on the efflux activity of Pdr5p was
assessed as described elsewhere [21], with slight modifica-
tions. Briefly, Pdr5p+ cells (107 cells/ml) were harvested by
centrifugation at 5000g for 3 min and washed twice with cold
PBS 10 mM at pH 7.2. Afterward, cells were incubated in a
96-well black polystyrene microplate for 60 min at 30 °C in
the presence of 100 pg/ml 3-lap, followed by the addition of
7 uM of Nile red and incubation at 30 °C for 30 min. Lastly,
cells were resuspended in PBS containing 0.2% glucose and
incubated for 30 min at 30 °C. The Pdr5p— strain was used as a
blank control. Fluorescence was measured at 485/538 nm (ex-
citation/emission) (Fluostar Optima, BMG Labtech,
Offenburg, Germany), fluorescence of the blank systems
was discounted, and results were expressed in comparison to
the untreated system.

Preparation of plasma membranes

S. cerevisiae plasma membranes were obtained from mutant
strain Pdrp5+ and from the null mutant PdrSp— as previously
described elsewhere [22]. Briefly, cells in the exponential
phase of growth were harvested and washed with 10 mM
sodium azide. Then, yeast cell wall was digested and differ-
ential centrifugation was performed in order to remove con-
taminants (4500g for 10 min, 12,000g for 12 min, and
20,000g for 40 min, respectively). Plasma membrane prepa-
rations were stored in liquid nitrogen and thawed immediately
prior to use in the PdrSp ATPase activity assays.

ATPase activity

The effect of 3-lap on the ATPase activity of Pdr5p was eval-
uated by incubating membranes containing Pdr5p (0.013 mg/
mL final concentration) in a 96-well plate at 37 °C for 60 min
in a reaction medium containing 100 mM Tris-HCI (pH 7.5),
4 mM MgCl,, 75 mM KNO;, 7.5 mM NaN3, 0.3 mM ammo-
nium molybdate, and ATP (1 mM, 2 mM, or 3 mM) in the
presence of different concentrations of the compound (100—
6.25 ug/ml). After incubation, the reaction was stopped by the
addition of 1% SDS [23], and the amount of released inorgan-
ic phosphate (Pi) was measured through the Fiske and
Subbarow method [24]. Briefly, 100 uL. of ammonium mo-
lybdate was added to the wells, and inorganic phosphate re-
leased from ATP hydrolysis was measured spectrophotomet-
rically at 660 nm (Fluostar Optima, BMG Labtech, Offenburg,
Germany). Preparations containing plasma membranes ob-
tained from the null mutant strain AD1234567 (Pdr5p— mem-
branes) were used as controls, and the difference between the
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ATPase activity of the PdrSp+ and Pdr5Sp— membranes repre-
sents the ATPase activity that is mediated by PdrSp. A
Lineweaver-Burk plot was designed in order to assess the type
of inhibition promoted by (3-lap.

Mitochondrial membrane potential measurement

The effect of (3-lapachone on the mitochondrial membrane
potential of PdrSp+ strain was evaluated as described by
Hwang et al. [25], with slight modifications. Briefly, 10’
cells/ml of Pdr5p+ strain were incubated at 30 °C for 90 min
in the presence of 100 pg/ml (3-lap and 10 uM sodium azide.
Untreated cells were used as negative control. Cells were har-
vested by centrifugation at 5000g for 3 min and pellets were
resuspended in PBS containing 2.5 pg/ml JC-1 and incubated
for 15 min in darkness. Fluorescence was measured at 485/
530 nm (excitation/emission) and at 485/590 nm (SpectraMax
13X, Molecular Devices, CA, USA), and results were
expressed as the JC-1 fluorescence ratio (590 nm/530 nm).

RT-PCR

Quantification of mRNA expression levels was performed as
previously described [26]. Briefly, Pdr5p+ cells (10 cells/ml)
were incubated in the presence or absence (calibrator system)
of 100 pg/ml B-lap, 125 pg/ml fluconazole, and 100 pg/ml (3-
lap + 125 pg/ml fluconazole for 90 min at 30 °C. Then, cells
were harvested by centrifugation at 5000g for 3 min and
washed twice with PBS 10 mM pH 7.2. The pellet was resus-
pended in an RNA lysis buffer (10 mM Tris-HCI pH 8.0;
0.5 M EDTA; 0.5% SDS; 1% 2-mercaptoethanol), mixed for
30 s and incubated at 65 °C for 1 h. Afterwards, RNA was
extracted using a homemade TRIzol Reagent (38% phenol
pH 4.3, 0.8 M guanidine thiocyanate, 0.4 M ammonium thio-
cyanate, 0.1 M sodium acetate pH 5.0, 5% glycerol) [27].
From each sample, 1.0 pug of total RNA was subjected to
RNase-free DNase I (Thermo Fisher Scientific, MA, USA)
treatment, and complementary DNA was synthesized using
the high-capacity cDNA reverse. Quantitative PCR was per-
formed using a SYBR Mix, consisting of 20 mM Tris, 50 mM
potassium chloride, 5 mM magnesium chloride, 5 uL
JumpStart Taq DNA polymerase, 0.5 SYBR Green, and
200 nM dNTP. Gene expression profile was evaluated using
the StepOnePlus™ Real-Time PCR System (Thermo Fisher
Scientific, MA, USA) under default parameters. The 2 AACT
method was adopted to calculate the relative abundance of the
samples employing TFC1 as a housekeeping gene to normal-
ize the expression of PDR5 gene. The following real-time
PCR primers (0.4 uM) were used: PDR5F: 5'-CCCA
AGTGCCATGCCTAGAT-3'; PDR5R: 5'-CGTT
AGCAACACCAACAGCC-3"; TFCIF: TGGATGAC
GTTGATGCAGAT-3'; TFCIR: 5'-GCTCGCTTTTCATT
GTTTCC-3".
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Human erythrocyte viability

The effect of 3-lap on human erythrocyte viability was assessed
as described elsewhere [18]. Cells were washed three times and
resuspended in PBS to a final of concentration of 2% v/v. Then,
cells were incubated in the presence of different concentrations
of (3-lap (128-0.5 pg/ml) for 60 min at 37 °C. Afterward, cells
were harvested by centrifugation at 3000g for 5 min and 100 pl
of supernatant was transferred to the wells of a 96-well micro-
plate. The absorbance of hemoglobin released from human
erythrocytes was measured at 540 nm (Fluostar Optima,
BMG Labtech, Offenburg, Germany). Controls of 100% and
0% hemolysis were performed by incubating the cells in PBS in
the presence or absence of 1% Triton X-100, respectively.

Statistical analysis

All the experiments were performed at least three times, and
the results were expressed as mean + standard deviation. Data
were analyzed by Student’s ¢ test, and P values lower than
0.05 were considered significant.

Results

Antifungal susceptibility test

While o-nor and (3-lap completely inhibited S. cerevisiae
growth at 100 pg/ml, o-lap inhibited fungal growth in 28%
at 100 pg/ml. Moreover, (3-nor did not present antifungal

activity against PdrSp+ cells (Fig. 2). Furthermore, Fig. 2

120

Cell growth (% in comparison to control)

—8— a-lap
—O= a-nor
—¥— [-lap
—&— [-nor
0 T T v T T Ll d
0 20 40 60 80 100 120

Concentration (ug/ml)

Fig. 2 Evaluation of the growth of PdrSp+ cells in the presence of the
tested compounds. Cells were grown in the presence of o-lapachone, -
nor-lapachone, (3-lapachone, and (3-nor-lapachone at 6.25-100 pg/ml at
37 °C for 48 h. Cell growth was measured spectrophotometrically
(600 nm). Data represent mean + standard error of three independent
experiments. Black circle for «-lapachone. Whit circle for a-nor-
lapachone. Inverted black triangle for {3-lapachone. White triangle for
[3-nor-lapachone. *p <0.05
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shows that the inhibition of cell growth by «-lap, x-nor, and
[3-lap was dose-dependent.

Checkerboard assay

Data obtained by checkerboard assay are summarized in
Table 1. Combining o-lap, x-nor, or 3-nor with fluconazole
did not enhance the antifungal activity of the compounds, and
FICI values ranged from 1.5 to 2.0, indicating no interaction.
Nevertheless, the association between (3-lap and fluconazole
promoted a 4-fold decrease in their MIC values, with a FICI of
0.5, indicating synergism.

Spot assay

The combined activity between [3-lapachone and fluconazole
was also evaluated through the spot assay. Results presented
in Fig. 3 show that Pdr5p+ cells grew in the absence and
presence of 125 pg/ml fluconazole (positive control). Cells
were able to grow at all yeast concentrations tested. On the
other hand, the combination of 3-lap and fluconazole
completely inhibited cell growth.

Reactive species oxygen measurement

Pdr5p+ cells produced a basal concentration of ROS after
incubation in the absence of any substances (Fig. 4a).
Treatment with 125 pg/ml fluconazole did not change signif-
icantly the fluorescence emitted by DCFH-DA, indicating that
this antifungal agent did not stimulate ROS production by
Pdr5p+ cells. Nonetheless, treatment with 100 pg/ml 3-lap
led to an approximately 2-fold increase of ROS concentration.
Combining {3-lap with fluconazole did not augment the ROS
production in comparison with treatment with 3-lap alone.
Ascorbic acid significantly diminished ROS production, be-
ing used as a negative control. Moreover, combining (3-lap,
fluconazole and ascorbic acid promoted cell growth compara-
ble with a positive control (Fig. 4b).

Table 1 Checkerboard assays of S. cerevisiae mutant strain
overexpressing the multidrug efflux pump Pdr5p

Lapachone (pg/ml) Fluconazole (ng/ml) FICI Outcome

MICa MICc¢ FIC MICa MICc FIC

«-Lap >100 1
«-Nor 100 50 0.5 500 500 1 1.5 1
[3-Lap 50 12.5 0.25 500 125 025 05 S
3-Nor >100 >100 1 500 500 1 2 I

>100 1 500 500 1 2

MIC a, MIC of compound alone; MIC ¢, MIC of compound combined;
FIC, fractional inhibitory concentration; F/CI, fractional inhibitory con-
centration index; /, indifferent; S, synergistic

In this methodology, 3-lap was used at a concentration
(100 pg/ml) higher than its MIC in combination with flucon-
azole, due to the increase in the number of yeasts used.
Toxicity was not observed when 107 cells/ml was incubated
with 100 pg/ml 3-lap at 30 °C for 48 h, a period higher than
the used in the present methodology (data not shown).

Nile red accumulation assay

Nile red is a highly fluorescent phenoxazine derivative and is
also a substrate for MDR transporters. In a cell where efflux
pumps are either blocked or low expressed, Nile red incorpo-
rates into the cytoplasm and stains it red. However, a cell that
overexpresses MDR transporters extrudes Nile red from the
intracellular environment, diminishing fluorescence.
Treatment of PdrSp+ cells with 100 pg/ml (3-lap increased
Nile red accumulation in 79.4%, in comparison with the un-
treated cells, as shown in Fig. 5.

ATPase activity

Since Pdr5p is an ATP-binding cassette protein, it uses ATP
hydrolysis as an energy source to extrude drugs from the cell.
Thus, inhibiting ATPase activity of Pdr5p would preclude its
ability to transport substances. At concentrations ranging from
6.25 to 100 pg/ml, 3-lap inhibited PdrSp ATPase activity by
72.6-82.5% (Fig. 6a). The Lineweaver-Burk plot shows that
the effect of (3-lap on PdrSp ATPase activity resulted from a
mixed inhibition (Fig. 6b).

Mitochondrial membrane potential measurement

ATP production by mitochondria is dependent of the mito-
chondrial membrane potential. Since ATP is the energy source
of ABC proteins, disrupting mitochondrial membrane poten-
tial (MMP) would jeopardize ATP production, avoiding the
functioning of PdrSp. At 100 pg/ml, 3-lap reduced MMP by
25%, while sodium azide decreased MMP by 37% (Fig. 7).

RT-PCR

Besides the impairment of the efflux pump activity, another
strategy that could be used to overcome drug resistance is the
inhibition of gene transcription. In order to verify this hypoth-
esis, the RT-PCR assay was performed. Neither (3-lap and
fluconazole alone nor the combination between these drugs
affected the transcription of the PDRS5 gene (Fig. 8).

Human erythrocyte viability

Treatment of human erythrocytes with (3-lap at 128 pg/ml
produced hemolysis (3.77%) comparable with PBS (3.56%)
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Fig. 3 Combined effect of 3-
lapachone and fluconazole on the
growth of Pdr5p+ cells in solid
media through spot assay. Serial
5-fold dilution cells were spotted
onto YPD agar in the presence or
absence of 125 pg/ml flucona-
zole, 0.125% DMSO, and

12.5 pg/ml B-lapachone.
Combining fluconazole and (3-
lapachone resulted in the com-
plete inhibition of Pdr5p+ cell
growth

Control

DMSO

B-lapachone

and DMSO at 1.28% (5.23%) (Fig. 9), denoting to a non-
hemolytic activity of the compound.

Discussion

The research focusing on the discovery of new antifungal thera-
pies has largely increased in the past decade, due to high mortal-
ity caused by invasive fungal infections in immunocompromised
individuals [28, 29]. The present status of fungal infection epide-
miology is the consequence of the remarkable ability of fungi to
acquire resistance to antifungal agents. Then, overcoming fungal
resistance mechanisms would be a promising approach to cope
with infections caused by MDR microorganisms [30].

1e+6

Be+d

Ga+5

de+s “'

2e+5

Mean fluorescence intensity

*

Fluconazole 125 pg/mil

Without fluconazole

Since the main MDR mechanism of pathogenic fungi is
related to the overexpression of efflux transporters along the
plasma membrane, inhibiting these proteins could avoid the
extrusion of the antifungal agent and hence allow its antifun-
gal activity [31]. Thus, the aim of this study was to evaluate
whether lapachones, natural products with known antifungal
activity, are able to enhance the antifungal activity of flucon-
azole through the inhibition of Pdr5p, a S. cerevisiae MDR
transporter.

Firstly, the effect of lapachones on Pdr5p+ cells growth
was evaluated through a microdilution technique. A dose-
dependent effect of 3-lap on the growth of PdrSp+ strain
was observed, with a MIC value of 50 pug/ml. Menacho-
Marquez and Murguia [32] assessed the effect of (3-lap on
the growth of a wild-type S. cerevisiae strain and have also

b)

Assorbic acid

; ]

Untreated Flu R-lap
Fig. 4 Effect of 3-lapachone and fluconazole alone and in combination
on ROS production by Pdr5p+ cells. a ROS production after treatment
with 125 pg/ml fluconazole was comparable with control. Treatment with
100 pg/ml f3-lapachone increased ROS production. Combining (3-lap
with fluconazole did not enhance ROS production in comparison with
treatment with (3-lapachone alone. Ascorbic acid significantly diminished
ROS production, being used as a negative control. *p <0.05 in
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comparison with untreated system. b Combined effect of ascorbic acid,
[3-lapachone, and fluconazole on the growth of Pdr5p+ cells in solid
media through spot assay. Serial 5-fold dilution cells were spotted onto
YPD agar in the presence or absence of 125 pg/ml fluconazole, 25 mM
ascorbic acid, 0.125% DMSO, and 12.5 pg/ml 3-lapachone. Combining
100 pg/ml B-lapachone, 125 pg/ml fluconazole, and 25 mM ascorbic
acid promoted cell growth comparable to the positive control
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Fig. 5 Assessment of Pdr5p activity by Nile red accumulation assay.
Pdr5p+ cells were incubated in the presence or absence of 100 pg/ml
[3-lapachone for 60 min at 30 °C. Then, cells were loaded with Nile
red, and the transporter was activated by adding 0.2% glucose.
Treatment of PdrSp+ cells with (3-lapachone inhibited Nile red efflux
by 79.4%. *p < 0.05

observed a dose-dependent profile; however, the highest con-
centration employed in this study was 20 pg/ml. At this con-
centration, a reduction of 60% on S. cerevisiae growth was
observed, while we obtained an 80% growth reduction at
25 pg/ml.

The greater effect of «-nor and (3-lap against yeast growth
was reported by our group in a previous study using a
fluconazole-resistant C. albicans strain [14]. Nevertheless,
«-lap and (3-nor have also shown antifungal activity against
C. albicans, which was not observed in the present study
against S. cerevisiae cells. Moreover, PdrSp+ cells were less
susceptible to lapachones than the aforementioned C. albicans
strain. A study using a higher number of C. albicans and
S. cerevisiae strains must be performed in order to compare

120
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ATPasic activity (% in comparison to control)
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0 6.25 125 25 50 100

Concentration (ug/ml)

Fig. 6 The effect of 3-lapachone on the ATPase activity of PdrSp was
evaluated by incubating membranes containing Pdr5p in the presence of
different concentrations of the compound (100-6.25 pg/ml). (3-
Lapachone inhibited Pdr5p ATPase activity by 72.6-82.5%. The
Lineweaver-Burk plot shows that the effect of (3-lap on Pdr5p ATPase
activity occurred due to a mixed inhibition (inset). *p < 0.05

*

JC-1 fluorescence ratio (590 nm / 530 nm)

4] T T T
Untreated cells R-lapachone Sodiumn azide

Fig. 7 Mitochondrial membrane potential in the presence of 3-lapachone
was assessed by JC-1 labeling. 3-Lapachone at 100 pg/ml reduced MMP
by 25%, while sodium azide decreased MMP by 37%. *p < 0.05

the susceptibility of these two microorganisms to lapachones
and confirm this finding.

In order to screen the compounds for use on the subsequent
methodologies, the interaction between lapachones and flu-
conazole, a well-known antifungal drug, was evaluated by
the checkerboard method. Only (3-lap presented synergism
with fluconazole against PdrSp+ cellular growth. For this rea-
son, this compound was selected and used in the following
assays. This is the first report regarding the synergic effect
between 3-lap and an antifungal agent. The interaction be-
tween {3-lap and antimicrobial drugs has been characterized
in other organisms, such as Mycobacterium sp. [33] and

2.0

1.5 -‘—
1.0 4 -‘V

0.5

Relative expression PDR5/TFC 1

0.0 T T T T

Control f-lap Fluconazole  [-lap + Fluconazole

Fig. 8 The influence of (3-lapachone alone or in combination with flu-
conazole on PDR5 mRNA expression of Pdr5p+ cells was assessed by
RT-PCR. TFC1 was used as a housekeeping gene and the untreated cells
as a reference sample. The relative expression level of mRNA was calcu-
lated using the AACT method. Values represent mean + SD of three
independent experiments. One hundred micrograms per milliliter of (3-
lapachone, 125 pg/ml fluconazole, and 100 pg/ml (3-lapachone +
125 pg/ml fluconazole did not exert any significant effect on PDRS gene
expression

@ Springer



Braz J Microbiol

120

60

Hemolysis (%)

40

20 4
*

o B i

T T

£=1 B0 £ £ e

DMSO 0.5 2 8 32 128

0 T
Triton X-100 PBS

[-lapachone (ug/ml)

Fig.9 Evaluation of 3-lapachone toxicity against human erythrocytes. A
human erythrocyte suspension (0.5% v/v) was incubated in the presence
of serial concentrations of 3-lapachone (128-0.5 pg/ml) for 60 min, and
the absorbance of released hemoglobin was measured at 540 nm.
Controls of 100% and 0% hemolysis were performed by incubating the
cells in PBS in the presence or absence of 1% Triton X-100, respectively.
DMSO (1.28%) was also used as control. 3-Lapachone showed toxicity
comparable with PBS and DMSO. *p <0.05

Staphylococcus aureus [34], but the mechanisms involved
were not yet clarified.

According to Ramos-Pérez et al. [35], the antifungal activity
of [3-lap is related to its ability to induce ROS production, since
a yaplA mutant strain was hypersensitive to the quinone at
30 uM. Anaissi-Afonso et al. [36] have also observed that (3-
lap and derivatives at 10-100 uM exert their antifungal activity
through oxidative stress and mitochondrial disfunction. On the
other hand, Menacho-Marquez et al. [37] observed that pre-
incubation with dicoumarol did not affect the antifungal toxic-
ity of (3-lap, indicating that ROS production is not the mecha-
nism responsible for the toxicity of 3-lap against S. cerevisiae.
In this study, it was observed that combining (3-lap and flucon-
azole did not enhance ROS production. Nonetheless, ascorbic
acid prevented the inhibitory effect of the combination (3-lap
and fluconazole on S. cerevisiae growth, pointing to the essen-
tial role of ROS on the synergism between (3-lap and flucona-
zole. Li et al. [38] observed that osthole, a prenylated coumarin
obtained from the Chinese herb Crnidii fructus, presented a
synergistic effect with fluconazole against the growth of
fluconazole-resistant Candida albicans strains. The mechanism
involved in this action may be related to ROS production, since
combining these substances led to the upregulation of
oxidation-reduction genes. Interestingly, unlike (3-lap, osthole
combined with fluconazole promoted a threefold increase of
intracellular ROS production (in comparison with osthole
alone), reinforcing the participation of ROS on the synergistic
interaction between these compounds.

PdrS5p+ strain was used in this study because its azole resis-
tance is a consequence of the overexpression of PdrSp, an ABC
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transporter related to the MDR phenotype. In order to unveil
whether the combined activity of 3-lap and fluconazole occurs
due to the inhibition of PdrSp function, a methodology using
Nile red was employed [39]. In this study, it was observed that
[3-lap significantly increased Nile red fluorescence within the
cells, meaning that the efflux of this dye was inhibited. Then, it
may be concluded that (3-lap affects the functioning of Pdr5p
transporter, which explains the results obtained on the checker-
board assay. The inhibition of PdrSp by {3-lap allows flucona-
zole to reach the intracellular concentration needed to perform
its antifungal activity. Consequently, a synergic activity be-
tween [3-lap and fluconazole was achieved.

In order to evaluate whether the inhibition of PdrSp is re-
lated to a decrease in its ATPase activity, purified plasma
membranes with a high concentration of Pdr5p were used.
Results show that (3-lap significantly impaired Pdr5p
ATPase activity through a mixed inhibition. In previous stud-
ies, our group reported the inhibition of Pdr5p ATPase activity
by several distinct substances, such as organic compounds
containing tellurium [19]. Nonetheless, the inhibition of
ATPase activity is not required for the impairment of efflux
pump activity. Farnesol, a natural sesquiterpene compound,
inhibits efflux promoted by Candida albicans CaCdrlp with-
out affecting ATPase activity [40]. Interestingly, Loo and
Clarke [41] showed that tariquidar, a quinoline compound
known as a potent inhibitor of P-glycoprotein, stimulates the
ATPase activity of this efflux transporter by changing the
nucleotide-binding domain (NBD) conformation.

In addition to a direct action on PdrSp ATPase activity, 3-
lap could decrease ATP production by perturbing mitochon-
drial function. In order to evaluate if the compound is capable
of change, the mitochondrial membrane potential (MMP), the
potentiometric probe JC-1 was used. JC-1 accumulation in
mitochondria depends on its potential. Mitochondrial polari-
zation promotes the generation of red J-aggregates, capable of
emitting fluorescence at 590 nm. On the other hand, green
monomers that possess an emission fluorescence at 530 nm
are formed when mitochondria is depolarized. Then, the ratio
between the fluorescence intensity at 590 nm/530 nm is di-
rectly related to MMP [42]. It was observed that (3-lap de-
creased MMP, indicating an indirect impairment of ATPase
activity of Pdr5p, since mitochondrial polarization is essential
to ATP production. Previous studies have shown that mito-
chondria is an important target of 3-lap both in fungi [36] and
other organisms such as Trypanosoma cruzi [43] and cancer
cells [44].

As well as inhibiting the transporter activity, a substance
may preclude the efflux process by downregulating the tran-
scription of PDRS5 gene. Data obtained showed that (3-lap,
fluconazole, and the combination 3-lap + fluconazole did
not change mRNA levels. The inhibition of a fungal MDR
transporter by a natural product without alteration in transcript
levels has already been reported. Geraniol, a monoterpene
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found in essential oils of several plants, competitively inhibits
CaCdrlp (a C. albicans ABC transporter) through binding to
its active site. However, geraniol affects neither the transcrip-
tion nor the translation of the transporter [6]. Then, we may
conclude that the capability of inhibiting ABC transporters
gene transcription is not essential for a substance to be used
as an efflux pump inhibitor.

Lack of toxicity is an essential requirement for a substance
be considered suitable for clinical usage. Thus, the ability of (3-
lap to disrupt erythrocytes was assessed, by measuring the re-
lease of hemoglobin after treatment with the compound.
Results show that 3-lap did not possess hemolytic activity,
and it is fundamental considering a clinical situation where an
intravenous administration is mandatory. Furthermore, the ma-
jority of drugs taken orally reach the bloodstream to be distrib-
uted to the target tissue. Then, using drugs with hemolytic
activity would also be harmful considering oral administration.

Besides antifungal activity, 3-lap showed synergistic activ-
ity with fluconazole against the growth of the S. cerevisiae
strain used in this study. Moreover, data obtained indicates
that this synergism is related to ROS production, inhibition
of Pdr5p ATPase activity, and mitochondrial disfunction, lead-
ing to the impairment of efflux mediated by this transporter. In
addition, (3-lap did not exert toxic effects upon human eryth-
rocytes. Considering our results and the homology between
S. cerevisiae Pdr5p and pathogenic fungi MDR transporters,
we may suggest that (3-lap is a potential candidate to be used
in association to fluconazole in the treatment of fluconazole-
resistant fungal infections. Further studies employing patho-
genic fungi clinical isolates that overexpress these proteins
will be conducted to evaluate the effect of [3-lapachone on
pathogenic fungi.
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Epidermal growth factor receptor (EGFR) is a receptor tyrosine kinase widely expressed in
cervical tumors, being correlated with adverse clinical outcomes. EGFR may be activated
by a diversity of mechanisms, including transactivation by G-protein coupled receptors
(GPCRs). Studies have also shown that platelet-activating factor (PAF), a pro-
inflammatory phospholipid mediator, plays an important role in the cancer progression
either by modulating the cancer cells or the tumor microenvironment. Most of the PAF
effects seem to be mediated by the interaction with its receptor (PAFR), a member of the
GPCRs family. PAFR- and EGFR-evoked signaling pathways contribute to tumor biology;
however, the interplay between them remains uninvestigated in cervical cancer. In this
study, we employed The Cancer Genome Atlas (TCGA) and cancer cell lines to evaluate
possible cooperation between EGFR, PAFR, and lysophosphatidylcholine
acyltransferases (LPCATS), enzymes involved in the PAF biosynthesis, in the context of
cervical cancer. It was observed a strong positive correlation between the expression of
EGFR x PAFR and EGFR x LPCAT2 in 306 cervical cancer samples. The increased
expression of LPCAT2 was significantly correlated with poor overall survival. Activation of
EGFR upregulated the expression of PAFR and LPCAT2 in a MAPK-dependent fashion.
At the same time, PAF showed the ability to transactivate EGFR leading to ERK/MAPK
activation, cyclooxygenase-2 (COX-2) induction, and cell migration. The positive crosstalk
between the PAF-PAFR axis and EGFR demonstrates a relevant linkage between
inflammatory and growth factor signaling in cervical cancer cells. Finally, combined
PAFR and EGFR targeting treatment impaired clonogenic capacity and viability of
aggressive cervical cancer cells more strongly than each treatment separately.
Collectively, we proposed that EGFR, LPCAT2, and PAFR emerge as novel targets for
cervical cancer therapy.

Keywords: cervical cancer, epidermal growth factor receptor, platelet-activating factor, platelet-activating factor
receptor, lysophosphatidylcholine acyltransferase 2, signaling pathways
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INTRODUCTION

Cervical cancer is the fourth most common tumor and the fourth
leading cause of cancer death in women worldwide, with 570,000
cases and 311,000 deaths in 2018. Most cases of this neoplasia
occur in low- and middle-income countries and the human
papillomavirus (HPV) infection is the virtually necessary factor
for cervical cancer development (1). Patients with advanced-
stage tumors have 5-year survival rates lower than 50% (2), and
novel therapeutic strategies are needed to improve these
women’s prognosis.

Membrane proteins, such as receptor tyrosine kinases (RTKs)
and G protein-coupled receptors (GPCRs), are critical in the
intercellular communication and signal transduction, modulating
gene expression and cell responses to the extracellular stimuli.
Alterations in these receptors and their regulated signaling
pathways are commonly observed in cell transformation and
tumor progression, making them useful as biomarkers,
prognostic factors, and pharmacological targets (3).

The human epidermal growth factor receptor (EGFR/HER-1)
belongs to the HER (Human EGF Receptor) receptor tyrosine
kinase family. EGFR activation by ligands leads to its
dimerization, phosphorylation, and activation of signaling
pathways, such as PI3K (phosphoinositide 3-kinase) - Akt,
MAPK (mitogen-activated protein kinase)/ERK (extracellular
signal-regulated kinase), STATs (signal transducer and
activator of transcription), and PLC (phospholipase C) - PKC
(protein kinase C), which promote cell proliferation,
angiogenesis, apoptosis evasion and cell invasion (4, 5). The
literature has shown that EGFR is expressed in about 80% of
cervical carcinomas and is correlated with disease progression
(6-8). In addition, previous reports demonstrated that EGFR can
be transactivated by various agonists unrelated to EGFR ligands,
such as GPCR ligands, in models that include cervical cancer
cells (9-11).

Chronic inflammatory microenvironment has been suggested
as an enabling characteristic of cell transformation and
oncogenesis (12). Platelet-activating factor (PAF, 1-O-alkyl-2-
acetyl-sn-glycero-3-phosphocholine) is a biologically active
phospholipid mediator with potent pro-inflammatory activity.
Although PAF has been named for its ability to induce platelet
activation at nanomolar concentrations, several studies have
revealed other PAF’s biological actions in a wide variety of cell
types and tissues (13).

Functionally, there are two pathways for PAF biosynthesis:
the de novo pathway and the remodeling pathway. The
remodeling route is triggered by inflammation and is the main
source of PAF under pathological situations. The initiation of the
remodeling pathway requires hydrolysis of phosphatidylcholine

Abbreviations: COX-2, cyclooxygenase 2; cPLA2, cytosolic phospholipase A2;
EGF, epidermal growth factor; EGFR, epidermal growth factor receptor; ERK,
extracellular signal-regulated kinase; GAPDH, glyceraldehyde 3-phosphate
dehydrogenase; GPCR, G protein-coupled receptor; HPV, human
papillomavirus; LPCAT, lysophosphatidylcholine acyltransferase; MAPK,
mitogen-activated protein kinase; PAF, platelet-activating factor; PAFR, platelet-
activating factor receptor; PC, phosphatidylcholine; PGE2, prostaglandin E2;
TCGA, The Cancer Genome Atlas.

(PC) by phospholipase A2 (PLA2), which generates a free fatty
acid, such as arachidonic acid, and lyso-PC, a precursor of PAF.
Lyso-PC acetyltransferases (LPCATSs) then convert lyso-PC into
PAF through acetylation in the sn-2 position. Finally, PAF
activates the PAF receptor (PAFR), which belongs to the
superfamily of GPCRs (14, 15). Inappropriate activation of the
PAF-PAFR axis is thought to play an important role in cancer
biology, tumor radioresistance, and modulation of the tumor
microenvironment (16, 17).

Some studies have demonstrated the participation of EGFR-
evoked signaling pathways as positive modulators of two key
enzymes, cytosolic PLA2 (18) and LPCAT?2 (15), involved in the
remodeling route of PAF biosynthesis. Indeed, EGFR activation
increases PAF production in ovarian cancer cell lines in a PLA2-
dependent mechanism (19). PAF also transactivates EGFR and
downstream pathways in ovarian cancer cells, diversifying the
GPCR-mediated signal (20, 21). However, the role of the
crosstalk between EGFR and the PAF-PAFR axis in other types
of cancer has yet to be investigated.

Herein, we identified EGFR, LPCAT2, and PAFR as targets
for cervical cancer therapy, using TCGA-based in silico analyzes.
The bidirectional interaction between EGFR signaling pathway
and the LPCAT-PAF-PAFR axis, and the functional impact of
inhibiting both pathways with target drugs were investigated in
vitro. The experimental design of the study is shown in Figure 1.

MATERIALS AND METHODS

Correlation Analysis of Gene Expression
Transcriptome data were collected from The Cancer Genome
Atlas (TCGA"). The subset of TCGA data included the RNA
sequencing of 306 samples of cervical squamous cell carcinoma
and cervical adenocarcinoma. RNA-seq values (EGFR x
LPCATI/2/3/4, EGFR x PTAFR, and EGFR x PLA2G4A) were
correlated and statistically analyzed by the non-parametric
Spearman test.

Overall Survival Study

Opverall survival analyzes were performed using the open-access
platform named cBioPortal for Cancer Genomics (22, 23). To
observe the relationship between the upregulation of PAFR
(PTAFR gene), cPLA2 (PLA2G4A gene) and the four enzymes
of the LPCAT family (LPCAT1/2/3/4) with the overall survival of
cervical cancer patients, the Firehose Legacy study (TCGA, n =
304) was selected. A cut-off of 2.0 standard deviations above the
median of expression (z-score) was established to separate the
groups: “upregulated expression” and “cases without alteration”.

Cell Lines and Chemicals

CASKI and C33A cells were grown in RPMI 1640 medium
(Thermo Fisher Scientific, MA, USA) supplemented with 10%
fetal bovine serum (FBS), 1% penicillin/streptomycin (Thermo
Fisher Scientific), and incubated at 37°C in a 5% CO,

"https://cancergenome.nih.gov/
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In silico analysis
TCGA, cBioPortal

Identification of target
genes for cervical cancer

EGFR, PAFR, LPCAT2

Validation of crosstalk
between EGFR and PAFR

Assays: gPCR, WB, cell
migration

Targeting EGFR and PAFR
in vitro

Assays: cell death, cell
viability, colony formation

FIGURE 1 | Experimental design of the study. In silico analysis were
employed to identify genes that could potentially serve as targets in cervical
cancer. In vitro assays were further utilized to validate the crosstalk between
epidermal growth factor receptor (EGFR) and platelet-activating factor
receptor (PAFR). In addition, EGFR and PAFR were tested as targets using in
vitro assays.

atmosphere. Unless otherwise stated, cell lines were seeded at 1 x
10° cells in 25 cm? culture flasks and left to adhere overnight.
Cetuximab (anti-EGFR monoclonal antibody, Erbitux®) was
provided by the Brazilian National Cancer Institute (Rio de
Janeiro, Brazil). WEB2086 (PAFR competitive antagonist), B-
Acetyl-y-O-alkyl-L-a-phosphatidylcholine (PAF), PD98059

(MEK inhibitor), LY294002 (PI3K inhibitor) and human
epidermal growth factor (EGF) were purchased from
Merck, Germany.

Gene Expression Analysis by Quantitative
PCR

After 16 h of starving in serum-free medium, cells were treated
with cetuximab (100 pg/ml) or PD98059 (50 uM) or LY294002
(25 uM) for 90 min, when indicated. After treatment, cells were
stimulated with PAF (100 nM) or EGF (50 ng/ml or 100 ng/ml)
for 90 min. TRIzol Reagent was used to extract total RNA. From
each sample generated, 1 ng of RNA was submitted to DNase I
treatment and RT-PCR. Next, real-time PCR was performed on
c¢DNA aliquots with Taqgman Fast Real-Time PCR Master Mix,
using the StepOnePlus Real-Time PCR System (Thermo Fisher
Scientific). References regarding Taqman gene expression assays
were 4326317E (GAPDH), Hs00153133_m1 (COX-2, PTGS2
gene), Hs00265399_s1 (PAFR, PTAFR gene) and
Hs01044164_m1 (LPCAT2). All reagents and probes were
purchased from Thermo Fisher Scientific. Gene expression was
normalized by GAPDH as a reference gene. To analyze the
relative fold change, we employed the 27" method.

Western Blotting

In experiments analyzing the signaling pathways, cells were
starved for 16h and treated with cetuximab (100 pg/ml) for
90 min, when indicated. Afterward, cells were stimulated with
PAF (100 nM) for 5 to 20 min. In experiments to evaluate COX-2
protein expression, the same protocol was used. However,
treatment with PAF lasted 3 h. In experiments analyzing PAFR
downregulation, CASKI cells were simultaneously starved and
treated with cetuximab (100 pg/ml) for 24 h and 48 h. Following
treatment completion, cells were lysed, and proteins were
quantified using the Lowry method (DC protein assay, Bio-
Rad, CA, USA). Protein lysates (20-30 g) from each condition
were subjected to 8%-10% SDS-PAGE and transferred onto
a PVDF Hybond-P membrane (GE Healthcare, Brazil).
Membranes were blocked and incubated overnight with
p-ERK1/2 (Cell Signaling Technology, MA, USA), ERK1/2 (Cell
Signaling Technology), COX-2 (Cell Signaling Technology, MA,
USA), PAFR (Abcam, MA, USA) and B-actin (Cell Signaling
Technology) primary antibodies. Subsequently, membranes were
incubated with HRP-conjugated secondary antibodies
(DakoCytomation, Denmark) for 1 h at room temperature, and
immunoblots were detected using the ECL reagent (GE
Healthcare, Brazil).

Cell Migration Assay

The cell migration assay was performed in the Boyden chamber
using 8 um pore polycarbonate membranes (Neuro Probe, MD,
USA). CASKI cells were seeded at 4 x 10° cells per well in 6-well
cell culture plates and allowed to adhere overnight. On the next
day, after 10 h of starving in serum-free medium, cells were
treated with cetuximab (100 pg/ml) for 90 min and then
stimulated with PAF (100 nM) for approximately 16 h. After
that, cells were washed and harvested in serum-free medium. To
the upper chambers, 5 x 10* cells were added, while the lower
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chambers were filled with RPMI containing 5% FBS to stimulate
migration. After 20 h of incubation, non-migrated cells on the
upper membrane surface were scraped, and the membranes were
fixed and stained using fast staining (Panoptic, Laborclin, Brazil).
Finally, the membrane was photographed at 100x magnification.
Ten fields were counted, and each sample was performed
in triplicate.

Flow Cytometry-Based Cell Death
Detection

CASKI cell line was seeded at 4 x 10° cells per well in 6-well cell
culture plates and allowed to adhere overnight. Next, cells were
treated with cetuximab (100 pg/ml) and/or WEB 2086 (50 uM)
for 24 h. After treatment, the supernatant was collected, and
adherent cells were trypsinized. The material collected was
centrifuged and washed twice with cold PBS (phosphate-
buffered saline). Nicoletti buffer (0.1% sodium citrate, 0.1%
NP-40, 200 pg/ml RNase and 50 pg/ml propidium iodide) was
used to stain the DNA of the cells. Analysis of the DNA content
was observed by collecting 20,000 events using the BD
FACSCalibur flow cytometer (BD Biosciences, EUA). Doublets
and debris were identified and excluded. Events with DNA
hypodiploid (sub-G0/G1 peak) were considered as dead cells.

Cell Viability Assay

CASKI was seeded at a density of 2,500 cells/well in 96-well cell
culture plates. After overnight incubation, cells were treated with
cetuximab (100 pg/ml) and/or WEB 2086 (100 uM) for 72 h in
medium supplemented with 2% FBS. After treatment, cells were
incubated with a solution of MTT (3-(4,5-dimethythiazol-2-yl)-
2,5-diphenyl-tetrazolium bromide) (Merck, Germany) for 3.5 h.
The formazan crystals formed were solubilized in DMSO, and
the optical density was measured at a wavelength of 538 nm
using Spectra Max ABS Plus (Molecular Devices, CA, EUA). Cell
viability was expressed as a percentage of the control.

Colony Formation Assay

CASKI cells were seeded at a low density of 300 cells per well in
6-well cell culture plates. On the next day, cells were treated with
cetuximab (100 pg/ml) and/or WEB 2086 (50 M) and allowed
to grow for 13 days. After the incubation time, colonies were
stained with 0.1% crystal violet (Merck, Germany) for 30 min
under slight agitation. Each well was washed with PBS, and the
plates were photographed. Finally, crystal violet was eluted in 200
ul of methanol, and absorbance at the wavelength of 595 nm was
measured using Spectra Max ABS Plus (Molecular Devices,
CA, EUA).

Statistical Analysis

All experiments were performed at least three times and data
were expressed as the mean + SD. GraphPad Prism 5 (GraphPad
Software, CA, USA) was used to perform all statistical analyses.
When comparing only two groups, the unpaired Student’s t-test
was performed, while for comparison between multiple test
groups, One-way analysis of variance (ANOVA) followed by
Tukey’s post-test was applied. Spearman’s rank correlation was
used for gene expression correlation analyzes. The statistical

significance of the overall survival study was determined using
the log-rank test. The differences were considered significant
whenever P < 0.05.

RESULTS

EGFR Expression Positively Correlates
With the Expression of Elements of the
PAF Pathway in Cervical Cancer Samples
To initiate the current study, transcriptome data from cervical
cancer patients deposited in TCGA were used to observe possible
correlations between the mRNA expression levels of EGFR,
cPLA2, PAFR and the components of the LPCAT family. A
strong positive correlation was observed between EGFR x PAFR
(Spearman’s r = 0.4848, P < 0.0001, Figure 2A), and EGFR x
LPCAT2 (Spearman’s r = 0.3844, P < 0.0001, Figure 2B). No
correlation between the expression of EGFR and LPCATI,
LPCAT4 or cPLA2 (Supplementary Figures 1A, C, D) was
found. Albeit a slight correlation between the expression of
EGFR and LPCAT3 was found (Spearman’s r = 0.1160, P =
0.0416, Supplementary Figure 1B), PAFR and LPCAT2 were
chosen for the subsequent studies due to the strength of the
correlation with EGFR, which suggests a possible mechanism of
transcriptional regulation.

LPCAT2 Upregulation Is Associated With
Unfavorable Clinical Outcome in Cervical
Cancer Patients

Recent studies, including ours, have demonstrated that the
overexpression of EGFR negatively impacts the overall survival
of cervical cancer patients and the response to chemoradiation
(6, 11). For this reason, we decided to analyze if the upregulation
of elements of the PAF pathway would also negatively affect the
overall survival of those patients. Data from 304 patients are
available in the cBioPortal platform (TCGA, Firehose Legacy).
In the selected criteria, mRNA upregulation of EGFR, PAFR
(PTAFR gene), LPCATI, LPCAT2, LPCAT3, LPCAT4,
and cPLA2 (PLA2G4A gene) was found in 7.9%, 4.3%, 4.3%,
2.6%, 5.6%, 4.9%, and 3% of the cases, respectively, as shown in
Table 1. No significant impact on overall survival was observed
with increased expression of PAFR (Figure 3A), LPCATI1
(Supplementary Figure 2A), LPCAT3 (Supplementary Figure
2B), and LPCAT4 (Supplementary Figure 2C). However, the
upregulation of LPCAT2 (P = 0.0239, Figure 3B), the same
enzyme that positively correlates with the expression of EGFR,
showed negative prognostic value for cervical cancer patients, as
well as cPLA2 (P = 0.0052, Supplementary Figure 2D). The
median survival for the group with LPCAT2 overexpressed
was 40.9 months vs. 101.7 months for the group without
alteration in this gene, thus solidifying the importance of
the present study. The prognostic impact of LPCAT2
and cPLA2 must be confirmed in other cohorts of cervical
cancer patients since the increased expression of these genes
was observed in a small number of cases (8/304 and 9/
304, respectively).
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FIGURE 2 | Epidermal growth factor receptor (EGFR) expression correlates
with the expression of platelet-activating factor receptor (PAFR) and
lysophosphatidylcholine acyltransferase 2 (LPCAT2) in cervical cancer samples.
Analyzes of the correlations between EGFR x PAFR (A), and EGFR x LPCAT2
(B) in 306 cervical cancer samples. The Cancer Genome Atlas (TCGA)
database was used to obtain RNA-seq data, and Spearman’s test was
performed to evaluate the coefficient of correlation (r) between the gene
expression levels.

EGFR Activation Upregulates the mRNA
Expression of Components of the PAF
Pathway in Cervical Cancer Cells

For this study, two cervical carcinoma cell lines were used. While the
C33A cell line does not exhibit the HPV infection, the CASKI cell
line - derived from an epidermoid carcinoma of the cervix
metastatic to the small bowel mesentery — shows multiple copies
of HPV-16 integrated into its genome. Also, CASKI cells are more

TABLE 1 | Cases of cervical cancer patients with increased expression of the
genes listed (TCGA, Firehose Legacy study, n = 304).

Cases with mRNA upregulated (%)

EGFR 24/304 (7.9%)
PAFR 13/304 (4.3%)
(

LPCAT1 13/304 (4.3%)
LPCAT2 8/304 (2.6%)
LPCAT3 17/304 (5.6%)
LPCAT4 15/304 (4.9%)
cPLA2 9/304 (3%)

resistant to chemoradiation than C33A cells (24). Thus, the CASKI
cell line presents a more aggressive behavior than C33A cells,
representing a useful and straightforward dichotomic model.

A previous study from our group showed that CASKI cells
express about 80 times more EGFR than the C33A cell line. This
difference is also reflected at the protein level since C33A cells
showed undetectable levels of EGFR by western blotting (11). To
observe if this pattern is maintained for the expression of PAFR
and LPCAT?2, quantitative PCR was performed. As seen for
EGFR, CASKI cells present higher basal mRNA expression levels
of PAFR (Figure 4A) and LPCAT2 (Figure 4E) than C33A cells.

Stimulation of EGFR has been associated with the activation
of the PAFR pathway (19). In this context, we examined whether
the treatment with EGF would stimulate the expression of PAFR
and LPCAT?2. CASKI cells were incubated with EGF (50 ng/ml
or 100 ng/ml) and mRNA levels of PAFR (Figure 4B) and
LPCAT?2 (Figure 4F) were again measured by qPCR. Stimulation
with the highest concentration of EGF was able to increase the
expression of both elements of the PAF pathway. Moreover, pre-
incubation with cetuximab, a potent monoclonal antibody
against EGFR, was able to block the effects of EGF over the
cells. Not surprisingly, stimulation of C33A with the highest
concentration of EGF was not able to elevate mRNA levels of
either PAFR (Figure 4C) or LPCAT?2 (Figure 4G). These results
indicate that the activation of EGFR can positively modulate the
expression of the PAF receptor and the LPCAT2 enzyme,
possibly elevating PAF production in aggressive cervical cancer
cells. Then, we decided to identify the contribution of EGFR-
activated classically signaling pathways in the upregulation of
PAFR and LPCAT2. The Ras-Raf-MEK-ERK and PI3K-Akt-
mTOR signaling pathways were inhibited with PD98059 (MEK
inhibitor) and LY294002 (PI3K inhibitor), respectively.
Interestingly, PD98059 completely reversed EGF-mediated
PAFR (Figure 4D) and LPCAT2 (Figure 4H) induction in
CASKI cells, unlike LY294002. These results suggest that the
ERK/MAPK pathway is responsible for modulating the
expression of these genes after EGFR activation.

PAF Induces the Transactivation of the
EGFR and the Downstream Signaling
Pathways

In ovarian cancer models, it has been shown that the stimulation
of PAFR transactivates EGFR (20, 21). In this context, we
examined if the same was true for the cervical cancer model.
CASKI cells were incubated with PAF, for different periods of
time, and the ERK1/2 phosphorylation was further assessed since
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FIGURE 3 | Lysophosphatidylcholine acyltransferase 2 (LPCAT2) upregulation is associated with poor overall survival in cervical cancer patients. Through the
cBioPortal platform, were performed overall survival analyzes to evaluate the relation between the upregulations of platelet-activating factor receptor (PAFR) (A) and
LPCAT2 (B), and prognosis in cervical cancer [The Cancer Genome Atlas (TCGA), Firehose Legacy study; n = 304]. Kaplan-Meier method was implemented to
generate survival curves and statistical significance among these curves was determined using the log-rank test.

the MAPK pathway is a known downstream route of the EGFR.
The activation of PAFR caused a significant increase in ERK
phosphorylation that was completely blocked by pre-incubation
with cetuximab (Figure 5A). As already shown by our group,
C33A cells have higher basal levels of p-ERK1/2 than the CASKI

cell line (24), probably due to a loss-of-function mutation in the
PTEN gene (25). Interestingly, PAF failed to induce ERK
activation in C33A (Figure 5A).

This same pattern of biological response was observed in the
expression of cyclooxygenase-2 (COX-2), a downstream gene of the
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PAFR (A) and LPCAT2 (E). To analyze if the activation of EGFR modulates components of the PAF pathway, cells were starved for 16 h, and then treated with
cetuximab (100 pg/ml). One hour and a half later, cells were stimulated with EGF (50 or 100 ng/ml) for 1.5 h. After treatment, mRNA was extracted and converted
into cDNA. Gene expression assays for PAFR in CASKI cells (B) and C33A cells (C); and for LPCAT2 in CASKI cells (F) and C33A (G) were performed. Alternatively,
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GAPDH was used as the reference gene. Values represent mean + SD of at least three independent experiments. For multiple comparisons, one-way ANOVA and
Tukey’s post-test were used; while for comparisons of only two conditions, Student’s t-test was performed. ns, not significant, *P < 0.05, **P < 0.01, **P < 0.001.
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migration. (A) CASKI and C33A cells were starved for 16 h and treated with cetuximab (100 pg/ml). One and a half-hour later, cells were stimulated with PAF (100
nM) for 5-20 min. Afterward, cells were lysed and levels of p-ERK, total ERK and beta-actin (loading control) were determined by Western blotting. Representative
image of two experiments. (B) After starving, CASKI cells were treated with cetuximab (100 pg/ml) for 1.5 h, and subsequently treated with PAF (100 nM) also for
1.5 h. Then, mRNA was extracted and converted into cDNA. Gene expression assays for COX-2 and GAPDH (reference gene) were performed by qPCR. Values
represent mean + SD of five independent experiments. (C) CASKI cell line was starved and treated with cetuximab (100 pg/mi) for 1.5 h, and subsequently
stimulated with PAF (100 nM) for 3 h, when cells were lysed and the levels of COX-2 and B-actin (loading control) were determined by Western blotting.
Representative image of two experiments. (D) C33A cells were starved and stimulated with PAF (100 nM) for 1.5h. Gene expression assays for COX-2 and GAPDH
were also performed. Values represent mean + SD of five independent experiments. (E, F) For the cell migration assay, after starving, CASKI cells were treated with
cetuximab (100 pg/ml) for 1.5 h followed by 16 h stimulation with PAF (100 nM). Then, cells were added to a Boyden chamber, using 8 um pore polycarbonate
membranes, and left to migrate toward RPMI containing 5% SFB for 20 h. (E) Representative images of the migration assay are shown on the panel (100x
magnification). (F) Values represent mean of the number of cells migrated counted per field + SD of three independent experiments. For multiple comparisons, one-
way ANOVA and Tukey’s post-test were used; while for comparisons of only two conditions, Student’s t-test was performed. *P < 0.05, **P < 0.01, **P < 0.001.

EGFR signaling (26, Supplementary Figure 3). COX-2 is an
inflammatory enzyme overexpressed in cervical tumors (26), with
negative prognostic value in this type of cancer (11, 27). PAFR
activation increased COX-2 expression in CASKI cells, and pre-
incubation with cetuximab blocked this phenomenon, both at the
mRNA (Figure 5B) and protein levels (Figure 5C). In C33A cells,
COX-2 expression is not modulated by PAF stimuli (Figure 5D), as
well MAPK activation, possibly due to its lower levels of PAFR
(mRNA and protein) as compared to CASKI cells (Figure 4A and
Supplementary Figure 4A), in addition to not expressing EGFR.
These results indicate that the effects observed upon activation of
the PAF-PAFR axis are mostly dependent on EGFR activity.
Interestingly, in addition to blocking PAF-mediated EGFR
transactivation, treatment with cetuximab for 48 h downregulated

PAFR expression by 35% (Supplementary Figure 4B). This
represents another mechanism for attenuating PAF signaling,
corroborating our findings that EGFR positively regulates PAFR
expression (Figure 4B).

Beyond the analysis of the impact of the EGFR transactivation
by PAF in signaling cascades and gene expression modulation,
we analyzed its effect on CASKI cells’ ability to migrate. PAF
promoted an increase of the motility of this cell line, a
phenomenon that was completely reversed by EGFR inhibition
with cetuximab (Figures 5E, F). Since treatment with cetuximab
alone showed no difference from the control and that the pre-
incubation with cetuximab reversed the PAF effects, our results
again suggest that EGFR is the downstream effector of PAFR in
CASKI cells.
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Combined Inhibition of PAFR and EGFR
Impairs the Clonogenic Capacity of
Aggressive Cervical Cancer Cells
Since a positive feedback loop appears to occur in CASKI cells,
where EGFR induces the expression of components of the
LPCAT-PAF-PAFR axis and PAF can transactivate EGFR, we
assessed the biological impact of the combined inhibition of
EGFR and PAFR in this cell line. Cetuximab was used to inhibit
EGFR, while WEB 2086 was used to inhibit PAFR. WEB 2086 is a
very potent, safe, tolerable, and selective PAF antagonist (28).
CASKI cell line was treated with cetuximab and/or WEB 2086
for 24 h, when cell death was evaluated, using propidium iodide
staining. DNA fragmentation was measured since it is a key
feature of cell death (29). Cells treated with cetuximab or

WEB2086 exhibited 10-14% of its events within sub-G1 DNA
content, as shown by flow cytometry, indicating cells undergoing
DNA fragmentation. However, combined treatment did not
present an additive/synergistic effect in cell death, showing
12% of the events with hypodiploid DNA content (Figure 6A).

In addition to cell death, we evaluated the effect of combining
cetuximab with WEB2086 on the viability of CASKI cells after
72 h of treatment. Isolated treatment with WEB2086 or
cetuximab decreased cell viability by approximately 18% and
25%, respectively. Interestingly, the combination of WEB2086 +
cetuximab compromised CASKI cells’ viability by about 37%
(Figure 6B).

Ultimately, the prolonged treatment of CASKI cells (13 days),
measured by colony formation assay, revealed an interesting
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FIGURE 6 | Effects of the combined platelet-activating factor receptor (PAFR) and epidermal growth factor receptor (EGFR) inhibition in CASKI cells. (A) CASKI cells
were treated with cetuximab (100 pg/ml) and/or WEB 2086 (50 puM) for 24 h. Cell death was evaluated by propidium iodide staining, followed by flow cytometry.
Cells with hypodiploid DNA content (sub-G1 peak) were considered apoptotic cells. Representative histograms of three independent experiments. (B) For the MTT
assay, CASKI cells were seeded at 2,500 cells/well in 96-well cell culture plates. Then, cells were treated with cetuximab (100 ug/ml) and/or WEB 2086 (100 uM) for
72 h in medium supplemented with 2% fetal bovine serum (FBS). After treatment, cells were incubated with a solution of MTT. The formazan crystals generated were
solubilized in DMSO and the optical density was measured at a wavelength of 538 nm. Cell viability was expressed as a percentage of the control. Values represent
mean + SD of four independent experiments. (C, D) For the clonogenic assay, CASKI cells were seeded at low density and treated for 13 days with cetuximab (100
pg/ml) and/or WEB 2086 (50 uM). Then, colonies were stained with crystal violet and photographed. (C) Representative image of the colonies of the CASKI cell line
after targeted therapies against EGFR and PAFR. (D) Crystal violet was eluted in methanol and absorbance at 595 nm was measured. Values represent mean + SD
of five independent experiments. One-way ANOVA and Tukey’s post-test were used. *P < 0.05, **P < 0.01, **P < 0.001.
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pharmacologic strategy. Combined treatment significantly
reduced the size and number of colonies in relation to control
and to isolated treatments with cetuximab or WEB2086 (Figure
6C), causing reduced staining of the colonies with crystal violet,
as evidenced in the absorbance of the eluted dye (Figure 6D).
These findings indicate that the combined targeting treatment
using anti-PAFR and anti-EGFR may have significant
therapeutic potential for cervical cancer cells.

DISCUSSION

In the current study, strong positive correlations between EGFR x
PAFR, and EGFR x LPCAT?2 in cervical cancer samples were
shown, which led to the hypothesis that EGFR can regulate the
expression of these genes involved in the biosynthesis and
signaling of PAF. Indeed, EGFR activation upregulated the
expression of PAFR and LPCAT2 in cervical cancer cells
through a MAPK-dependent mechanism.

The PAF-PAFR axis is largely associated with cancer
progression (30), neoangiogenesis (31), modulation of
the tumor microenvironment with downregulation of the
anti-cancer immune response (32), and evasion of the
chemoradiation-induced cell death (16, 33). To our knowledge,
there is only one study that investigated the role of PAFR in
cervical cancer, where increased expression of this receptor was
observed in tumor samples as compared to normal cervical
tissues (33). In this same study, authors observed higher PAFR
expression in cervical tumors from patients who underwent
irradiation compared with biopsies taken before radiotherapy.
Moreover, radiotherapy increased PAFR expression in vitro and
induced the production of PAF-like molecules in cervical cancer
cells. Finally, the PAFR blockade sensitized these tumor cell lines
to y-radiation (33).

To date, few studies have investigated the function of
LPCAT2 in tumor biology. The LPCAT2 expression levels
were positively correlated with aggressive behavior in prostate
cancer (34) and were significantly upregulated in cervical, breast,
and colon cancer tissues, suggesting a role in the progression of
these tumors (35). Recently, Cotte and colleagues showed that
LPCAT?2 drives cell-death resistance to chemotherapy through a
lipid droplet accumulation-dependent mechanism, impairing
caspase activation and endoplasmic reticulum stress response
(36). Our results revealed that the LPCAT?2 upregulation, but not
PAFR, has negative prognostic value in cervical cancer patients.
In accordance with our study, Deng and colleagues showed the
PAF exacerbates peritonitis partly through inflammasome
activation, but PAFR is dispensable for PAF-induced
inflammasome activation in vivo or in vitro (37). These data,
along with ours, suggest that the presence of PAF (generated by
LPCAT2, for example) is more important for the aggressive
behavior of some tumor types than the levels of PAFR expressed
in the cancer cells.

Abnormal phosphatidylcholine (PC) metabolism is reported
in cervical cancer. A recent study identified that PC and lyso-PC
(also known as lyso-PAF) are down- and upregulated in plasma

of cervical cancer patients, respectively, compared to patients
with the benign uterine disease (38). These results suggest
increased activity of the PLA2 enzyme in cervical cancer since
the hydrolysis of PC by PLA2 generates both lyso-PC and free
fatty acids. It remains to be determined whether lyso-PC is only a
metabolic intermediate for LPCATSs or has a role in cancer cell
signaling. Some lyso-PC species might be an important function
in Chagas disease progression (39). Interestingly, we showed that
increased expression of cPLA2 is associated with poor overall
survival in cervical cancer patients. However, EGFR expression
did not correlate with cPLA2 expression levels in cervical cancer
samples. An interesting hypothesis is that EGFR signaling
pathways regulate cPLA2 at post-translational level, rather
than gene expression regulation since this PLA2 isoform is
activated by phosphorylation and Ca** (18).

Several studies have shown that GPCRs can transactivate
EGFR in different models (9-11). However, PAFR-mediated
EGFR transactivation has only been demonstrated in ovarian
cancer cells so far (20, 21). In this ovarian cancer model, EGFR
transactivation involves the PAFR activation, the activation of
phospholipase C-B, inositol trisphosphate-induced Ca**
mobilization, activation of the non-receptor tyrosine kinase
Src, cleavage and secretion of heparin-binding EGF-like growth
factor (HB-EGF) in a matrix metalloproteinase-dependent
mechanism (21).

Alternatively, EGFR can be transactivated by GPCRs in the
absence of EGF-like ligands, suggesting that the EGFR
transactivation by GPCRs can also occur through intracellular
signaling routes (40). In our study, we observed that the PAF-
induced ERK1/2 phosphorylation was completely inhibited by
the anti-EGFR monoclonal antibody, cetuximab, in CASKI cells.
Cetuximab blocks EGFR activation because it binds with high
affinity to the receptor’s extracellular domain, preventing
interaction with physiological ligands (41). Thus, our results
suggest that EGFR transactivation by PAF occurs through the
shedding of EGF-like ligands in the extracellular milieu.

In CASKI cells, EGFR transactivation by PAF induced the
expression of the enzyme COX-2. High expression of COX-2 and
increased production of its major metabolite, PGE2, have been
found in the cervical carcinoma in relation to normal cervix (42).
Kim and colleagues (27) showed that the coexpression of EGFR
and COX-2 may be used as a potent risk factor to predict the
poor survival of patients with squamous cell carcinoma of the
uterine cervix. PGE2 is the most abundant prostaglandin in
humans and is known as a critical mediator in inflammation.
The functions of PGE2 are mainly facilitated by four specific G-
protein-coupled receptors (EP1-EP4) with various signaling
pathways (43). Sales and colleagues reported that, in addition
to the expression of COX-2 and production of PGE2, cervical
tumors express EP2 and EP4 receptors, suggesting an autocrine/
paracrine regulation of the neoplastic cell function (42). Jung-
Min et al. showed that HPV16 oncoproteins induce EP4 receptor
expression in cervical cancer cells (44). In this same study, the
authors showed an increased expression of EP4 in 52 cervical
cancer tissues compared with four healthy controls by
immunohistochemistry (44). EP4 plays a role in cervical cancer
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progression since GW627368X (a highly selective EP4
antagonist) inhibits the proliferation and angiogenesis of
cervical cancer cell lines and suppresses tumor growth in
xenograft mice model (45). In addition, EP3 upregulation was
associated with poor overall survival of 250 cervical cancer
patients. The EP3 receptor was also significantly correlated
with lymph node invasion and tumor staging (46). It remains
to be determined whether COX-2-derived prostanoids have pro-
tumor effects in our model and whether PAF can induce the
expression of PGE2 receptors, especially EP2, EP3 and EP4.

In the hypothesized model (Figure 7), the EGFR activation
induces the expression of the LPCAT2 enzyme, a member of the
remodeling pathway of PAF biosynthesis. Besides, EGFR can
induce the expression of the PAF receptor, which can be
activated by the PAF produced by LPCAT2 in EGFR-
expressing cancer cells, in an autocrine mechanism, or
surrounding cells in the microenvironment, in a paracrine
fashion. PAFR, then, can transactivate EGFR through the
cleavage and release of EGF-like ligands from the plasma
membrane. EGFR activation promotes LPCAT2 upregulation,
and consequently PAF production and PAFR activation,
suggesting a positive feedback loop. Still, the activation of both
EGFR and PAFR leads to the expression of the inflammatory

enzyme COX-2. COX-2 produces prostanoids such as
prostaglandin E2 (PGE2), using arachidonic acid released after
the enzymatic action of cytosolic PLA2 (43), the same enzyme
that initiates the PAF production pathway. Therefore, in
situations in which PGE2 is produced, depending on the levels
of LPCATs expression, PAF is also produced. PGE2, as well as
PAF, is a lipid mediator with potent pro-tumoral and pro-
inflammatory activities (43). Studies have shown that PGE2
can also transactivate EGFR through EP receptors (47). This
positive crosstalk between the PAF-PAFR axis and EGFR
demonstrates an important linkage between inflammatory and
growth factor signaling in cervical cancer cells.

We also showed that the combined inhibition of EGFR and
PAFR has great therapeutic potential in cervical cancer cells that
express these receptors. However, a dissonance was observed
between the results of the short-term cell death assay and the
long-term colony formation assay, which lasts for 13 days. It is
important to highlight that the anti-cancer therapeutic agents
not only induce apoptotic cell death but also trigger growth-
arresting events, such as other mechanisms of cell death,
quiescence, accelerated senescence and mitotic catastrophe,
responses that are manifested several days after the
introduction of the treatment. Thus, the colony formation
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FIGURE 7 | Schematic representation of the positive crosstalk between epidermal growth factor receptor (EGFR) and the platelet-activating factor (PAF) pathway in
cervical cancer cells. In our hypothesized model, EGFR activation induces gene expression of the lysophosphatidylcholine acyltransferase 2 (LPCAT2) enzyme, a
member of the PAF biosynthesis pathway. EGFR can also induce the expression of PAF receptor (PAFR), which, then, can be activated by the PAF produced by
LPCAT2 in EGFR-expressing cancer cells, in an autocrine fashion, or surrounding cells in a paracrine mechanism. PAFR can induce EGFR transactivation through
the cleavage and release of EGF-like ligands from the plasma membrane, promoting MAPK activation and cell migration. The bidirectional interaction between the
EGFR and the LPCAT-PAF-PAFR axis reveals the presence of a positive feedback loop. Still, the activation of both EGFR and PAFR leads to the expression of the
inflammatory enzyme COX-2. COX-2 produces prostanoids, such as prostaglandin E2 (PGE2), using arachidonic acid released after the enzymatic action of cPLA2,
the same enzyme that initiates the PAF biosynthesis pathway. Studies have shown that PGE2, like PAF, has an important pro-inflammatory and pro-tumoral effect,
being able to transactivate EGFR. Genes upregulated by EGFR are indicated by blue arrows. Therefore, EGFR rises as a central pillar of the signaling pathways
mediated by GPCRs, inducing a more aggressive phenotype in cervical cancer cells.
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assay provides an integrated readout of all these early and late
responses, being considered the gold standard for cytotoxicity
evaluation (48).

Further investigation into the potential use of EGFR
inhibitors, PAF antagonists and LPCAT inhibitors in the
treatment of cervical cancer is needed through preclinical and
clinical studies. Remarkably, we must emphasize the importance
of an adequate selection of patients for a future clinical trial
involving these target drugs, since only 26% of the cervical cancer
patients included in TCGA (Firehose Legacy study) showed
upregulation of, at least, one of the genes of these signaling
pathways (EGFR, PTAFR, LPCATI, LPCAT2, LPCAT3, LPCAT4,
and PLA2G4A).

In the current study, we showed a significant positive
correlation between EGFR and PAFR, and between EGFR and
LPCAT2 in 306 cervical cancer samples deposited in TCGA
database. In these patients, LPCAT2 upregulation was
associated with poor prognosis. Moreover, we also reported
an interplay between the EGFR signaling pathway and
components of the LPCAT-PAF-PAFR axis in cervical cancer
cells. Finally, combined EGFR and PAFR inhibition
compromised cell viability and clonogenic capacity of
aggressive cervical cancer cells. Taken together, our data
suggest that EGFR, LPCAT2, and PAFR emerge as novel
targets for cervical cancer therapy.
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Abstract

Epidermal growth factor receptor (EGFR) signaling and components of the fibrinolytic system, including urokinase-type
plasminogen activator (uPA) and thrombomodulin (TM), have been implicated in tumor progression. In the present study, we
employed cBioPortal platform (http://www.cbioportal.org/), cancer cell lines, and an in vivo model of immunocompromised mice
to evaluate a possible cooperation between EGFR signaling, uPA, and TM expression/function in the context of cervical cancer.
cBioPortal analysis revealed that EGFR, uPA, and TM are positively correlated in tumor samples of cervical cancer patients,
showing a negative prognostic impact. Aggressive human cervical cancer cells (CASKI) presented higher gene expression
levels of EGFR, uPA, and TM compared to its less aggressive counterpart (C-33A cells). EGFR induces uPA expression in
CASKI cells through both PI3K-Akt and MEK1/2-ERK1/2 downstream effectors, whereas TM expression induced by EGFR was
dependent on PI3K/Akt signaling alone. uPA induced cell-morphology modifications and cell migration in an EGFR-dependent
and -independent manner, respectively. Finally, treatment with cetuximab reduced in vivo CASKI xenografted-tumor growth in
nude mice, and decreased intratumoral uPA expression, while TM expression was unaltered. In conclusion, we showed that
EGFR signaling regulated expression of the fibrinolytic system component uPA in both in vitro and in vivo settings, while uPA
also participated in cell-morphology modifications and migration in a human cervical cancer model.

Key words: Cervical cancer; Epidermal growth factor receptor; Urokinase-type plasminogen activator; Thrombomodulin;
Fibrinolytic system

Introduction

Cervical cancer is the fourth most incident type of
cancer among women, with 570,000 new estimated cases
in 2018 (1), a vast majority of which occurring in devel-
oping countries. Cervical cancer is the third most common
type of malignancy among Brazilian women, with a high
mortality rate (2). The major risk factor for cervical cancer
is human papillomavirus (HPV) infection (3).

The epidermal growth factor receptor (EGFR) has
been associated with cervical cancer progression (4,5).
EGFR is well described concerning its involvement in
several processes such as proliferation and resistance
to chemotherapy. Furthermore, EGFR expression has
been correlated with poor survival among cervical cancer
patients (6). HPV infection was shown to increase the
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amount of EGF receptors exposed on the cell membrane
(by inhibiting EGFR degradation) (7) and enhance the
expression of intracellular signal transducers commonly
associated with EGFR signaling, such as phosphatidyli-
nositol-3 kinase (PI3K) and extracellular signal-regulated
kinase (ERK) (8). Different clinical trials have been per-
formed employing anti-EGFR therapy for cervical cancer
patients, showing ambiguous results: either with no
beneficial outcomes (9), treatment-associated side effects
(10), or an approximate 10% increase in overall survival
(11).

A different group of receptors and secreted proteins
that have been increasingly shown to participate in
cancer invasion and metastasis is the fibrinolytic system.
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EGFR regulation of fibrinolytic elements in cervical cancer

The fibrinolytic system is classically associated with the
degradation of fibrin clots in the blood. However, the study
performed by Malone and coworkers showed that cancer
tissues from metastatic foci had increased fibrinolytic
activity compared to primary non-metastatic tumor sam-
ples (12). The generation of plasmin, a key effector in the
fibrinolytic system within the cancer microenvironment,
has been demonstrated to be involved in extracellular
matrix degradation, pro-ligand and pro-metalloprotease
cleavage, and tumor cell invasion in different models
(13—15). Plasmin is generated by cleavage of the circulating
inactive plasminogen by plasminogen activators, such as
urokinase-type plasminogen activator (uPA), which is the
most relevant plasminogen activator within solid tissues.
Furthermore, plasminogen can bind to different receptors on
the cell surface, such as thrombomodulin (TM), annexin A2
(ANXA2), and S100 calcium-binding protein A10 (S100A10)
(16,17). High expressions of uPA and uPA receptor (UPAR)
have already been shown to correlate with cancer metas-
tasis and worse patient prognosis (18).

EGFR signaling has been directly linked with compo-
nents of the fibrinolytic system, for example, in breast
cancer and glioblastoma. Jo et al. (19) showed that EGFR
signaling was inhibited in breast cancer cells by silencing
or inhibiting uPAR. Furthermore, in glioblastoma, EGFR
was shown to induce uPA expression by proto-oncogene
tyrosine-protein kinase Src (c-Src) and ERK signaling (20).
A possible compensatory mechanism may also take place
in glioblastoma where there is an increased expression of
both uPA and uPAR in response to EGFR inhibition,
favoring resistance to EGFR-targeted therapy (21,22).

It remains unanswered, however, if EGFR signaling is
related somehow to components of the fibrinolytic system
in cervical cancer. In the present work, we observed a
positive expression correlation between EGFR and several
fibrinolytic system elements, including uPA and TM on
human cervical tumor samples, with prognostic signifi-
cance. We also observed that EGFR signaling positively
regulated expression of both uPA and TM in an aggressive
cervical cancer cell line, and that uPA expression led to cell
morphology alterations and increased migration. Finally,
in vivo, we observed that treatment with an anti-EGFR
antibody, cetuximab injected subcutaneously, reduced
tumor growth, a process that was accompanied by a
decreased intra-tumoral expression of uPA.

Material and Methods

Expression-correlation analysis

Transcriptome data from 302 patients were collected
from the “TCGA, Firehouse Legacy” cohort on the plat-
form cBioPortal (http://www.cbioportal.org/) (23,24) between
May 22, 2020 and May 23, 2020. This cohort had 304
patients (as of May 23, 2020) two of which had two
samples taken (totaling 306 samples from 304 patients).
These two patients were excluded from the analysis,
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therefore the total number of samples/patients shown in
the present work is 302. mRNA expression (RNA Seq V2
RSEM) in FPKM (frames per kilobase per million) data
was downloaded, plotted using Graphpad Prism™ (USA),
and analyzed by non-parametric Spearman correlation.

Overall survival analysis

From the cBioPortal platform, we established a cut-off
of 1.5 standard deviations above the median of expres-
sion to separate groups of “overexpression” and “cases
without alteration” of the cohort “TCGA, Firehouse
Legacy”, from the 302 patients. After the establishment
of the gene expression cut-off, we analyzed overall
survival at the “survival” window on cBioPortal, extracted
the data, and assembled the graphs with Graphpad™.
Mantel-Cox test was used for statistical analysis.

Cell lines

Human cervical cancer cells CASKI (more aggressive)
and C-33A (less aggressive) were cultivated in RPMI
medium supplemented with 10% fetal bovine serum
(FBS), and maintained in 37°C, 5% CO,. CASKI cell line
was originated from an intestinal metastasis of an epi-
dermoid cervical carcinoma and was infected with multiple
copies of HPV-16 (ATCC, CRL-1550™). C-33A cells
originated from a primary epidermoid cervical carcinoma,
uninfected by HPV (ATCC, HTB-31™).

Real-time PCR

Briefly, C-33A or CASKI were seeded (4 x 10° cells/
well) onto 6-well plates, in RPMI medium supplemented
with 10% FBS. The next day, the wells were washed with
phosphate-buffered saline (PBS) and cells were starved
(FBS-free medium) for 16 h. After starving, cells were
treated with anti-EGFR antibody (cetuximab, Merck,
Germany, 100 pg/mL), PI3K inhibitor (LY294002, Sigma-
Aldrich, USA, 25 uM), or MEK inhibitor (PD98059, Sigma-
Aldrich, 50 uM), for 1h. Then, cells were treated with EGF
(50 ng/mL) for 1.5 h or 3 h, 37°C, 5% CO,. The wells were
washed with PBS and 0.5-1 mL Trizol (Sigma-Aldrich)
was added to each well. The extracts were transferred into
microcentrifuge tubes and stored at —20°C, for posterior
RNA isolation. From each sample, 1 ug of total RNA was
reverse transcribed to cDNA. Next, quantitative PCR was
performed on cDNA aliquots.

For TM real-time PCR, 5 pL master mix (Thermo
Fisher Scientific, USA), 0.5 uL TagMan probe for human
TM (Hs00264920_s1) or human GAPDH (reference gene,
4326317E), 2 pL injection water, and 2.5 pL diluted cDNA
(1:20 v/v) were added, totaling 10 pL per well of a 96-well
PCR plate. Quantitative PCR was performed with a
StepOnePlus™ real-time PCR system (Thermo Fisher
Scientific). The cycling conditions were: 95°C (20 s),
followed by 50 cycles of 95°C (1 s) and 60°C (20 s).

For uPA real-time PCR, 7.5 uL SYBR green mix,
0.6 uL forward primer (10 uM), 0.6 uL reverse primer
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(10 uM) (both primers purchased from Thermo Fisher
Scientific), 4.8 pL injection water, and 1.5 puL cDNA
(diluted 1:20 v/v) were added, totaling 15 puL per well of a
96-well PCR plate. The cycling conditions were: 95°C
(10 min), followed by 45 cycles of 95°C (15 s) and 60°C
(1 min). Finally, the melting curve was 95°C (15 s),
60°C (1 min), and 95°C (15 s). In this case, 18S was used as
a reference gene (25) (Table 1). The (1 + efficiency) ~24¢T
method was used to analyze the fold increase.

Plasmin enzymatic activity assay

CASKI or C-33A cells were seeded (3 x 10*/well) onto
96-well plates in RPMI medium supplemented with 10%
FBS. When necessary, 100 pg/mL cetuximab was added
to the wells after seeding and incubated for 30 min, 37°C,
5% CO,. Then, EGF was added to the wells of interest at
10, 50, or 100 ng/mL and the plates were incubated for
18 h at 37°C, 5% CO,. The wells were washed twice with
FBS/phenol red-free medium and uPA inhibitor (BC-11
hydrobromide, Abcam, USA) was added at a final
concentration of 50 uM for approximately 15 min at room
temperature. After BC-11 incubation, lys-plasminogen was
added at 0.5 pM, and 250 pM of plasmin-chromogenic
substrate S2251 (Diapharma, USA) was immediately
pipetted to the wells. Plates were analyzed on a Spec-
tramax 190 plate reader (Molecular Devices, USA) for 5 h,
at 37°C, during which 405 nm reads were performed at
4 min intervals. All experiments were performed in duplicate.

3/10

Flow cytometry

Flow cytometry assays were performed using an anti-
TM antibody conjugated with the APC (allophycocyanin)
fluorophore, which has peak excitation at 645 nm and
emission at 660 nm. Briefly, 5 x 10° cells were incubated
with 2.5 pL anti-TM antibody in 100 pL final volume,
12.5 png/mL final concentration (BioLegend, clone M80,
USA), for 30 min, on ice. The cells were then washed with
PBS and resuspended on 400 uL of FACs buffer (PBS +
5% FBS). Basal TM expression of C-33A and CASKI cells
was evaluated on a FACSVerse™ machine (BD Bio-
sciences, USA). TM-protein expression was also evalu-
ated after stimuli with 50 ng/mL EGF + /- cetuximab, for
6 h. The experiment was performed on an Accuri’™ (BD
Biosciences) flow cytometer, evaluating the percentage of
positive events and mean fluorescence intensity (MFI).

Cell morphology and migration

CASKI cells (5 x 10%well) were seeded onto 6-well
plates. After 24 h, cells were starved in FBS-free media for
10 h and treated with or without 0.5 pM glu-plasminogen,
100 pg/mL cetuximab, and/or 50 uM BC-11 for approxi-
mately 16 h at 37°C, 5% CO,. Plates were photographed
with a Qimaging camera (Q35443, CE, Canada), at 10x
magnification. Immediately after the photographs, cells
were harvested for the Boyden chamber migration assay,
which was performed using 8-um pore polycarbonate
membranes (Costar, USA). The lower compartments were

Table 1. Sequence and product size for the primers used on SYBR green real-time

PCR protocol.

Gene name Primers Product size
uPA F: GTCACCTACGTGTGTGGAGG 147 base pairs
R: CTTCATCTCCCCTTGCGTGT
18S F: AACCCGTTGAACCCCATT 149 base pairs (ref. 25)

R: CCATCCAATCGGTAGTAGCG
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Figure 1. Epidermal growth factor receptor (EGFR), urokinase-type plasminogen activator (uPA), and thrombomodulin (TM) expressions
have a positive correlation in samples from human cervical tumors. Data are reported as FPKM (frames per kilobase per million).

Spearman correlation test was used for statistical analysis.
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Figure 2. Overall survival analysis of cervical cancer patients concerning epidermal growth factor receptor (EGFR), urokinase-type
plasminogen activator (uPA), and thrombomodulin (TM) tumor overexpression. A, Map of the alterations in the EGFR, TM, and uPA
gene expression in tumor samples of 302 cervical cancer patients. Patients who exhibited overexpression of these genes in the tumor
are indicated in red. This map was generated through cBioPortal, which is based on the clinical and molecular information provided by
TCGA. Overall survival analysis of cervical cancer patients with gene expression of 1.5 standard deviations above the median for EGFR
(B), uPA (C), TM (D), or any of the three genes, in an isolated or concomitant manner (E). Survival curve comparison was done through

the Log-rank (Mantel-Cox) statistical test.

filled with RPMI media containing 5% FBS and 3 x 10*
treated cells were seeded in 50 pL serum-free media to
the upper chambers. After 20 h of incubation, at 37°C with
5% CO,, the non-migrated cells in the upper chambers
were removed and the membranes were fixed and stained
using the fast Panoptic staining kit (Laborclin, Brazil). Ten
image fields were evaluated for each condition. The mean
number of cells per field was calculated for each condition
(of each experiment) and plotted.

In vivo assays

For in vivo assays, 1x10° CASKI cells were
subcutaneously injected into both flanks of immunocom-
promised Balb/c nude female mice. One week later, when
tumors became palpable, the size of tumors was
calculated using the following formula: V = D x d?/ 2,
where V: tumor volume (mm?3); D: larger tumor mass
diameter (mm); d: smaller tumor diameter (mm).

The measurements were made using a caliper. Day 0
was defined as the day when the cell injections were
made, and then tumors were measured on days 7, 9, 12,
14, and 15. Injected animals were separated into two
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groups: 1) Control group: treated intraperitoneally with
200 pL PBS (4 animals); and 2) Intervention group: treated
intraperitoneally with 200 uL cetuximab (1 mg/animal,
3 animals). Both tumors in each animal were analyzed as
an independent experimental unit. Treatments were
performed on the same day of size measurements, except
for day 15. On day 15, the animals were anesthetized with
ketamine/xylazine and euthanized by cervical displace-
ment. Immediately after euthanasia, tumors were excised
using scissors and scalpel and weighed on a precision
scale. Finally, tumors were cut into smaller pieces with a
scissor, inserted into 1.5 mL Eppendorf tubes containing
Trizol, and stored at —20°C. Samples were then macer-
ated using a Turrax homogenizer (Daigger Scientific,
USA), which was washed with DEPC water, Trizol, 75%
ethanol, and DEPC water, in this order, between samples.
Samples were then further processed for real-time PCR.
The use of animals in this work was approved by the
Commission of Ethics in Animal Use of the Federal
University of Rio de Janeiro, registered at the National
Control Council of Animal Experimentation under the
process number 01200.001568/2013-87, protocol 102/16.
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Figure 3. CASKI cells express higher levels of epidermal growth factor receptor (EGFR), urokinase-type plasminogen activator (uPA),
and thrombomodulin (TM) compared to C-33A cells (A-C). Data are reported as means + SD of 3—4 independent experiments (unpaired
t-test). D, Representative histograms of the flow cytometry for TM of C-33A and CASKI cells, analyzing the percentage of positive events.
E, Representative graph of the plasmin enzymatic activity assay of C-33A and CASKI cells (+/— uPA inhibitor, BC-11, 50 uM) followed
by 0.5 uM lys-plasminogen and 250 uM chromogenic substrate S2251, analyzed over 5 h with 4 min between each read at 405 nm.

Data analysis and presentation

When comparing two groups, one-sample t-test (when
one of the group’s data had been normalized to “1”) or
two-sample unpaired two-tailed t-test was employed. For
multiple comparisons, one-way ANOVA with Tukey’s post-
test was used. All statistical analyses were done with
Graphpad Prism™. When applicable, data are reported
as means = SD (with the exception of Figure 6A, which
reports means + SE). Experimental units for in vitro
assays were considered to be the mean result of each
experiment, performed on different cell-culture passages.

Results

EGFR, uPA, and TM expressions were positively
correlated in samples from human cervical cancer
tumors, which correlated with poor overall survival
A positive correlation between EGFR x uPA expres-
sions (r=0.42, P<0.0001, Figure 1A) and EGFR x TM
expressions (r=0.51, P <0.0001, Figure 1B) was observed
in cervical cancer samples. In the criteria established in
the current study, the mRNA upregulation of EGFR, uPA,
and TM was found in 12, 11, and 14% of the cases,
respectively (Figure 2A). Furthermore, cervical cancer
patients with increased expression of EGFR (P=0.023,
Figure 2B), uPA (P=0.0005, Figure 2C), or TM (P=0.059,
Figure 2D) had decreased overall survival compared
to the patients with normal levels. The effect of the
upregulation in one, two, or all three genes in this group of
patients (n=84) was also significantly associated with poor
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overall survival (P=0.008, Figure 2E). A positive correla-
tion between EGFR expression and other components of
the fibrinolytic system (Table S1) was also observed,
although the increased expression of each gene showed
no correlation with alterations of overall survival of the
cervical cancer patients (Supplementary Figure S1).

CASKI cells expressed higher levels of EGFR, uPA,
and TM compared to C-33A cells

The more aggressive CASKI cells expressed higher
mRNA levels of the EGFR, uPA, and TM (Figure 3A-C)
genes compared to C-33A. On a protein level, C-33A cells
were negative for TM, as observed by flow cytometry,
whereas CASKI cells were mostly positive (Figure 3D).
C-33A cells also did not generate active plasmin from
added plasminogen (reaction catalyzed by cell-produced
plasminogen activators, such as uPA) while, in contrast,
CASKI cells had an uPA-dependent generation of active
plasmin (Figure 3E). Previously published data from our
group shows that CASKI cells have higher protein levels of
EGFR compared to C-33A cells (26).

EGFR signaling upregulated uPA and TM expression
in CASKI cells

On a protein level, the addition of the anti-EGFR
monoclonal antibody cetuximab reduced basal plasmin
generation, as well as reverted the EGF-mediated
increase of plasmin activity (Figure 4A) in CASKI cells.
EGF addition to C-33A cells did not alter uPA expres-
sion or plasmin generation (Supplementary Figure S2).
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Figure 4. Epidermal growth factor receptor (EGFR) signaling upregulates urokinase-type plasminogen activator (uPA) and
thrombomodulin (TM) expression in CASKI cells. A, Representative graph of the plasmin enzymatic activity assay performed with
CASKI cells treated overnight with epidermal growth factor (EGF) alone, cetuximab alone, EGF 30 min after cetuximab treatment, or
EGF overnight plus BC-11 15 min before starting measurements. B, Flow cytometry staining for TM in CASKI cells treated with EGF,
cetuximab, or the combination of both. Data are reported as mean fluorescence intensity £ SD. One-way ANOVA with Tukey’s post-test
was used for statistical analysis. Real-time PCR for uPA (C) or TM (D) in CASKI cells treated with EGF +/— LY294002, +/- PD98059.
A one-sample t-test was performed for comparisons to the normalization control “CASKI”, and one-way ANOVA with Tukey’s post-test
was performed for the remaining comparisons. In all cases, LY294002 and PD98059 were added to the cells 1 h before EGF addition,
which was then done for 15 min (western blot) or 1.5 h (real-time PCR). Final concentrations were: 50 ng/mL EGF, 25 pM LY294002, and

50 uM PD98059.

EGF-induced plasmin generation in CASKI cells was
promoted by uPA (Figure 4A). TM protein expression
increased with EGF addition to CASKI cells, and such
effect was reverted by cetuximab (Figure 4B, Supplemen-
tary Figure S3).

In order to evaluate whether EGFR signaling had a
direct impact on uPA and TM expression, CASKI cells
were incubated with EGF with or without inhibitors of the
downstream EGFR-signaling branches PI3K-Akt (LY294
002) and MEK1/2-ERK1/2 (PD98059) (Figure 4C and D).
EGF-induced uPA expression was significantly diminished
in CASKI cells by both inhibitors (Figure 4C), whereas
EGF-induced TM expression was significantly diminished
by PI3K inhibition (Figure 4D).
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uPA participated in morphology-altering and
migration phenomena in CASKI cells

To assess the possible functional impact that EGFR-
dependent plasmin generation may have on CASKI cells,
we evaluated the cell morphology under different treatments
(Figure 5A-E). Upon plasminogen addition, cells changed
their morphology into a highly connected state, assembling
into “branched” structures composed of overlapping cells,
as opposed to the control-monolayer cell disposition (Figure
5A and B). Both uPA and EGFR inhibition, in an isolated
manner, hampered this plasminogen-induced cell-morphol-
ogy alteration (Figure 5C and D) and the combination of both
inhibitors seemed to reverse this effect to a state that mostly
resembled the control group (Figure 5E).
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Figure 5. Epidermal growth factor receptor (EGFR)/urokinase-type plasminogen activator (uPA) participated in morphology-altering and
migration phenomena in CASKI cells. A—E, Bright field light microscopy pictures (100x magnification, scale bar 100 pm) of CASKI cells
treated for 16 h with plasminogen +/— uPA inhibitor (BC-11) or +/— anti-EGFR monoclonal antibody (cetuximab). F, Cell migration
experiment in the Boyden chamber was performed on the cells treated the same as in the microscopy images. Final treatment
concentrations: 0.5 pM glu-plasminogen, 50 pM BC-11, and 100 pg/mL cetuximab. Data are reported as means = SD of three

independent experiments. One-way ANOVA with Tukey’s post-test was used for statistical analysis.

Cell migration experiments were performed immedi-
ately after cell-morphology images were taken and,
although plasminogen addition led to a trend of increased
cell migration on a Boyden chamber model, EGFR or uPA
inhibition alone did not decrease plasminogen-induced
cell migration, whereas the combination of both inhibitors
significantly hampered this process (Figure 5F).

In vivo treatment with cetuximab decreased tumor
growth/weight and intra-tumoral uPA expression

Cetuximab treatment reduced in vivo tumor growth
and weight (Figure 6A and B) and led to a trend of
uPA expression reduction within the tumor tissue (Figure
6C), whereas TM expression was unaffected by in vivo
cetuximab treatment (Figure 6D).

Discussion

Cervical cancer is a type of malignancy that, unfortu-
nately, still imposes a great burden on women living in
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low and middle income countries. Although the standard
treatment consisting on surgical resection for initial
disease or chemotherapy in combination with radio-
therapy for locally advanced disease is of fundamental
importance, there is still a great need for: 1) new
therapeutic targets and 2) biomarkers for screening
patients that could benefit more from certain targeted
therapies. EGFR has been considered to be a receptor
involved in cervical cancer progression (4,5), however,
clinical trials are still not conclusive as to whether blocking
EGFR is effective enough for justifying its use in the
clinical setting (9—11). Furthermore, it has been described
that, in other types of cancer in which anti-EGFR
treatment is Food and Drug Administration-approved, it
is quite common for patients to develop resistance
mechanisms towards EGFR-targeted therapy (27).

In the present work, EGFR, uPA, and TM expression
had a positive correlation on human cervical tumor
samples, and the high expression of these genes
was associated with worse patient overall survival.
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Figure 6. In vivo treatment with cetuximab decreased tumor growth/weight and intra-tumoral urokinase-type plasminogen activator
(uPA) expression. A, Tumor growth of subcutaneously injected CASKI cells (1 x 107) into Balb/c nude mice. The arrows indicate the time
points in which PBS or 1 mg cetuximab were administered intraperitoneally in a final volume of 200 pL per animal. After euthanasia of
the animals, tumors were excised, weighed (B), prepared for RNA extraction, and quantitative real-time PCR was performed for uPA (C)
and thrombomodulin (TM) (D). Two-sample Student’s t-test was used for statistical analysis comparing control group (n=8) vs cetuximab

group (n=6).

A meta-analysis published in 2002, with data from 8,377
breast cancer patients, showed that increased uPA levels
correlated with worse disease-free and overall survival
(28). Serum uPA levels in 252 breast cancer patients were
positively correlated with worse progression-free and
overall survival, as well as associated with an increase
in plasma HER?2 levels, a receptor of the EGFR family
(29). In 2014, however, another study showed that plasma
levels of uPA did not correlate with lymph node metastasis
status, also in human breast cancer (30). In colorectal
cancer, UPA levels in plasma or primary site vs normal
mucosa did not correlate with alterations in patient survival
(31). In cervical cancer, Sugimura et al. showed that uPA
staining in primary tumor biopsies correlated positively
with lymph node metastasis status (32). Another group
in 2002, however, did not observe any prognostic impact
of intra-tumoral uPA, also among cervical cancer patients
(33).

It has been shown that the uPA receptor, uPAR, can
transactivate EGFR (19) and that both uPA and uPAR
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participate in the resistance mechanisms towards anti-
EGFR treatment in glioblastoma (21,22). One hypothesis
that arises in light of these results is that, in cervical
cancer, there may be a positive feedback loop, in which
EGFR positively regulates uPA expression, and that
its receptor, uPAR, may favor EGFR transactivation, as
has been shown in glioblastoma (19). Furthermore, the
silencing of uPA and uPAR in a pancreatic cancer model
reduces in vivo tumor growth and angiogenesis (34).
A clinical trial has been published using an uPA inhibitor
called WX-671 in locally advanced pancreatic cancer,
showing no notable difference between groups treated
with chemotherapy alone or in combination with uPA
inhibition (35). Another clinical trial using a competitive
inhibitor of the binding between uPA and uPAR, called
A6, showed minimal beneficial effects on patients with
gynecological tumors such as the ovary, fallopian tube,
and peritoneum (36). Perhaps finding signaling partners
for either EGFR or uPA could be useful in optimizing
therapeutic efficiency for these targets.
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In the present work, we showed that EGFR, uPA, and
TM levels of human cervical tumors correlated with worse
overall patient survival and that uPA and TM were
positively regulated by EGFR. Furthermore, uPA expres-
sion can have a direct impact on cervical cancer cell
function, specifically EGFR-dependent cell morphology
modifications and EGFR-independent cell migration. To
the best of our knowledge, we are the first to show this
interplay between EGFR signaling and components of the
fibrinolytic system in cervical cancer. Therefore, we pro-
pose uPA as a potentially novel candidate to be studied in
combination with EGFR in cervical cancer, either as a
therapeutic target or as a biomarker for EGFR signaling
and patient prognosis.

Supplementary Material

Click here to view [pdf].
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