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RESUMO

O cancer de mama triplo-negativo (TNBC) caracteriza-se por uma alta heterogeneidade
molecular e celular, o que influencia na resposta terapéutica e dificulta a descoberta de alvos
efetivos. Essa heterogeneidade é atribuida a presenca de células-tronco do cancer (CSCs) de
mama, 0 que determina a resisténcia a quimioterapia, reduzindo a eficacia do tratamento e,
subsequente recorréncia da doenca e metastase. Neste contexto, este trabalho teve como
objetivo avaliar a heterogeneidade celular morfologica e fenotipica e a expressdo de genes da
via de sinalizacdo do EGFR em subpopulagdes celulares obtidas de linhagens de TNBC, bem
como suas implicagbes na resisténcia a quimioterapia. Para isso as linhagens de cancer de
mama BT-549 e Hs 578T e a linhagem de tumor benigno de mama HMT-3522 S1 foram
cultivadas em monocamada e em cultura de enriquecimento de CSCs (ensaio de tumoresferas-
TS). Em seguida, BT-549 and Hs 578T foram caracterizadas por microscopia de fluorescéncia
e eletrdnica e citometria de fluxo. Além disso, as células foram tratadas com paclitaxel (PTX)
e doxorrubicina (DOX). Para o estudo de expressdo de genes associados a via EGFR foi
utilizado a BT-549 TS antes e apds o tratamento com DOX. Os resultados mostraram que a
BT-549 TS apds enriquecimento de CSCs, identificada pelo fenétipo CD447/CD24 e ALDH"
apresentou subexpressao da maioria dos genes avaliados (64 genes) e apenas 3 genes foram
superexpressos. Entre os genes superexpressos (MAPK3, PRKCZ e STAT3), STAT3
apresentou o maior nivel de expressdo. A analise da BT-549 e Hs 578T demonstrou grande
heterogeneidade celular entre as linhagens, bem como entre as subpopulacgdes celulares que as
compdem, tanto em termos morfoldgicos quanto fenotipicos e de resposta a PTX e DOX. Para
BT-549, sugere-se que a plasticidade das células tumorais hibridas CD44*/CD24*/CD146",
caracterizadas por apresentar um fendtipo mesenquimal e epitelial, e das células tumorais
epiteliais CD447/CD24*/ CD146" originou a CSCs EMT-like CD447/CD24°/CD146", através
da conversdo fenotipica induzida por transicdo epitélio-mesenquimal (EMT). Além disso,
estas células podem gerar CSCs identificadas como ALDH" epitelial-like. As CSCs podem se
autorrenovar e diferenciar em células tumorais (CD447/CD24/CD146°). Esta plasticidade
fenotipica ndo foi observada para a Hs 578T e HMT-3522S1. Os dados de citotoxicidade
mostraram que a BT-549 foi mais resistente ao PTX, 0 que parece estar associado ao fendtipo
CD24*. Em contraste, a BT-549 TS foi extremamente resistente a DOX, devido ao
enriguecimento de CSCs (CD44%/CD247/CD146 e ALDH™). Esses resultados mostram a alta
heterogeneidade e plasticidade associada a EMT da BT-549, sendo esta capaz de alterar
completamente o fendtipo das subpopulacGes celulares sob cultura de enriquecimento de
CSCs. Esse achado parece desempenhar um papel importante na resisténcia de TNBC ao
tratamento com DOX. Além disso, STAT3 destacou-se como uma assinatura molecular de
TNBC relacionada a resisténcia a DOX e como possivel alvo terapéutico.

Palavras-chave: cancer de mama, célula-tronco do cancer, heterogeneidade celular,
quimioterapia, resisténcia



ABSTRACT

Triple negative breast cancer (TNBC) is characterized by high molecular and cellular
heterogeneity, which influences the therapeutic response and it makes difficult the discovery
of effective targets. This heterogeneity is attributed to the presence of breast cancer stem cells
(BCSCs), which determines resistance to chemotherapy and subsequently disease recurrence
and metastasis. In this context, this work aimed to evaluate the morphological and phenotypic
cellular heterogeneity and the EGFR signaling pathway gene expression in cell
subpopulations obtained from TNBC cell lines, as well as determined their implications in
chemotherapy resistance. The BT-549 and Hs 578 T TNBC cell lines and HMT-3522 S, a non-
malignant breast cell line, were cultured in monolayer and in BCSCs enrichment culture
(tumorspheres-TS assay). Furthermore, the BT-549 and Hs578T were characterized by
fluorescence and electron microscopy and flow cytometry. In addition, the cell lines cultured
in two models were treated with paclitaxel (PTX) and doxorubicin (DOX). BT-549 TS was
used to evaluate EGFR-associated gene expression before and after DOX treatment. The
results showed that BT-549 TS after BCSCs enrichment, identified by the CD44*/CD24" and
ALDH" phenotype, showed subexpression a majority of the evaluated genes (64 genes) and
only 3 genes were overexpressed. Among the overexpressed genes (MAPK3, PRKCZ and
STAT3), STAT3 had the highest expression level. The BT-549 and Hs 578T analysis
demonstrated large morphological and phenotypic heterogeneity between these cell lines, as
well as between the cell subpopulations that compose them, as well as in PTX and DOX
response. For BT-549, it is suggested that the plasticity of CD44%/CD24*/CD146" hybrid
tumor cells, characterized by a mesenchymal and epithelial phenotype, and CD44"
/ICD247/CD146" epithelial tumor cells originated CD44*/CD247/CD146" BCSCs EMT-like,
through the phenotypic conversion induced by epithelial-mesenchymal transition (EMT). In
addition, these cells could originate BCSCs identified ALDH" epithelial-like. BCSCs can self-
renewal and differentiate into CD447/CD24/CD146™ tumor cells. Same phenotypic plasticity
was not observed for Hs 578T and HMT-3522 S1. Cytotoxicity data showed that BT-549 was
more resistant to PTX, which appears to be associated with the CD24" phenotype. In contrast,
BT-549 TS was extremely resistant to DOX probably due to the enrichment of BCSCs
(CD447/CD24/CD146™ and ALDH" cells). These results showed the high BT-549 EMT-
associated heterogeneity and plasticity, being able to completely altered the phenotype of the
cellular subpopulations under CSC enrichment culture. This finding appears to play an
important role in TNBC resistance to DOX treatment. In addition, STAT3 was highlighted as
DOX-resistance related TNBC molecular signature and as a possible therapeutic target.

Keywords: breast cancer, cancer stem cell, cell heterogeneity, chemotherapy, resistance
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Introducédo |19

O cancer € uma doenga genética que se caracteriza por um crescimento celular desordenado que
pode invadir tecidos adjacentes e disseminar para outros 6rgaos do corpo (WHO, 2017). Segundo o
proposto por HANAHAN e WEINBERG (2011), a malignizacao celular se manifesta a medida que
oito essenciais habilidades sdo adquiridas: 1) autossuficiéncia em sinais proliferativos; 2) escape aos
mecanismos inibitérios do crescimento celular; 3) perda de senescéncia celular; 4) evasdo a
apoptose; 5) inducdo da angiogénese; 6) capacidade de invasdo e metastase; 7) reprogramacdo do
metabolismo energético; 8) evasdo tumoral ao sistema imune (HANAHAN; WEINBERG, 2011).

A Organizacdo Mundial de Saude (WHO) classifica o cancer no grupo de doengas ndo
transmissiveis ou cronicas juntamente com doencas cardiacas, doencas respiratorias cronicas e
diabetes. Esse grupo é responsavel por 70% dos casos de morte no mundo por ano (WHO, 2017). O
cancer representa a segunda causa de morte no mundo, sendo responsavel por 8,8 milhGes de
mortes em 2015. Os tipos de canceres mais letais no mundo em 2015, em ordem de frequéncia,

foram pulmao, figado, colorretal, estdmago e mama (WHO, 2018).

No Brasil, as neoplasias malignas constituem a segunda causa de morte, sendo estimados para o0
biénio 2018/2019, 600 mil novos casos de cancer. Os tipos mais incidentes de cancer serdo prostata
(31,7%), pulméo (8,7%), intestino (8,1%), estdmago (6,3%) e cavidade oral (5,2%) para 0 sexo
masculino e, mama (29,5%), intestino (9,4%), colo do Gtero (8,1%), pulméo (6,2%) e tireoide
(4,0%) para o sexo feminino (INCA, 2018).

O cancer de mama € a neoplasia maligna mais frequente em mulheres em todo o mundo tanto em
paises em desenvolvimento quanto em paises desenvolvidos (SIEGEL et al., 2011). Segundo
estatisticas do GLOBOCAN para 2012 cerca de 1,7 milhdo de mulheres foram diagnosticadas com
cancer de mama naquele ano e 522 mil mulheres morreram em decorréncia desta doenca
(HOWELL et al., 2014), o que representa um aumento na incidéncia e mortalidade relacionada ao
cancer de mama em relacdo a 2008 (DESANTIS et al., 2013). HORTOBAGY e colaboradores
(2005) estimam que a incidéncia mundial do cancer de mama feminino atinja cerca de 3,2 milhdes
de novos casos por ano em 2050 (HORTOBAGY!I et al.,, 2005). Desta forma, a magnitude da
incidéncia do cancer de mama, seu efeito na sociedade mundial e a necessidade de urgéncia para
medidas preventivas e de tratamento destaca esta condicdo como importante problema de saude
publica (HOWELL et al., 2014).
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No Brasil, o cancer de mama esté entre os dez tipos de cancer mais incidentes no Brasil, exceto pele
ndo melanoma, sendo esperados 59.700 novos casos (INCA, 2016). Apesar de ser considerado um
cancer de relativamente bom progndstico se diagnosticado e tratado oportunamente, as taxas de
mortalidade por cancer de mama continuam elevadas no Brasil (13,68 Obitos a cada 100 mil

mulheres em 2015).
1.1 Cancer de mama

O céancer de mama é uma doencga genética complexa, caracterizada pelo acimulo de alteracbes
moleculares mdltiplas, tais como: mutacGes pontuais, amplificacdes cromossdmicas, delecdes,
rearranjos, translocacdes e duplicacdes (VOGELSTEIN et al., 2013). Ele constitui um grupo
heterogéneo de neoplasias, constituido por varios tipos histolégicos, que diferem nas manifestacoes
clinicas, evolucdo e resposta terapéutica. Em termos de etiologia e caracteristicas patoldgicas,
alguns casos apresentam crescimento lento com excelente progndstico, enquanto que outros casos
apresentam um curso clinico altamente agressivo (VERMA et al., 2012). Isso reflete efeitos sobre a
sociedade no mundo todo e ressalta a necessidade urgente de medidas preventivas e de tratamento

mais eficazes.

Devido a sua etiologia multifatorial, o risco de desenvolver cancer de mama sofre influéncia de
varios aspectos. Um fator de risco proeminente para o inicio do cancer de mama € a idade. No
entanto, fatores ligados ao estilo de vida, fatores reprodutivos, familiares e pessoais, dieta, entre
outros (HASHEMI; KARIMI; MAHBOOBI, 2014; HOWELL et al., 2014). O habito de fumar é
sabidamente conhecido como um fator de risco, ndo apenas para 0 cancer de mama, mas para a
maioria dos tipos de cancer. No que diz respeito ao cancer de mama, varios estudos foram
realizados. Em 2012, a International Agency for Research on Cancer (IARC) confirmou a
associacao positiva entre tabagismo e cancer de mama e o relatério de 2014 da US Surgeron
General, revisou sua declaracdo de 2004, para reportar um risco estimado de 10% de mulheres com
histéria de tabagismo desenvolver cancer de mama (DIETERICH et al., 2014). Outro fator
importante relacionado ao estilo de vida se refere ao consumo de alcool. Segundo recomendacéo da
World Cancer Research Found (WCRF) em 2007, um consumo maximo de alcool equivalente a 10
g de etanol por dia reduz o risco de cancer de mama. Contudo, estudos recentes sugerem que 0
consumo de alcool mesmo abaixo de 10 g de etanol por dia pode estar associado a um risco
aumentado de cancer de mama (BAGNARDI et al., 2013). O indice de Massa Corporal (IMC)
acima de 25 kg/m? e gordura abdominal estdo associados a um risco aumentado de desenvolver

cancer de mama pos-menopausa (THOMSON et al., 2014). Inclusive o alto nivel socioeconémico



Introducédo |21

estd associado a um risco aumentado de cancer de mama. Varios fatores desempenham um papel
nesta associacdo. Embora, mulheres com alto nivel socioecondmico realizem consultas medicas
mais frequentes e exames fisicos que contribuem para o diagnostico precoce do cancer de mama, o
menor nimero de gestacdes e uso de anticoncepcional esta associado com o aumento do risco de
cancer de mama (HASHEMI; KARIMI; MAHBOOBI, 2014).

Dentre os fatores de risco, os fatores genéticos incluem alteracdes hereditarias decorrentes de
mutacdes na linhagem germinativa que séo responsaveis por cerca de 10-30% dos casos, definindo-
se estas situacGes como “cancer de mama hereditario”. Refere-se com um padrdo de heranca
autossdmica dominante nas familias que resulta em uma probabilidade elevada de cancer em
mulheres predispostas. O principal fator de risco considerado s&o mulheres que tém parente de
primeiro grau com historia de cncer de mama antes dos 40 anos, cancer de ovario, cancer de mama
bilateral e cancer de mama masculino. Embora, apenas 5% a 10% dos casos de cancer de mama sao
identificados com um forte componente hereditario, apenas uma pequena fracdo desses casos (4% -
5%) é explicada por mutacdes patogénicas nos genes BRCA1 (BReast-CAncer susceptibility gene 1)
e BRCA2, transmitidos de forma autossomica dominante com alta penetrancia (APOSTOLOU,
FOSTIRA, 2013). Ambos 0s genes sdo importantes supressores tumorais que contribuem para o
reparo do DNA e regulacdo transcricional em resposta a danos no DNA. Por volta de 70% dos
tumores de mama decorrem de mutacGes somaticas que surgem de maneira esporadica e aleatéria
como consequéncia da interacdo do genoma com o meio. Mutacgdes ou desregulacdo da expressao
de certos genes, tais como HER2, PIK3CA, TP53, MDM2 e TPRB e outros desempenham papéis
importantes no cancer de mama esporadico, bem como podem desempenhar papéis nas respostas

terapéuticas do cancer de mama (DAVIS et al., 2014).

Contudo, durante a ultima década, as pesquisas sobre o cancer de mama se concentraram em
aprofundar os conhecimentos sobre a biologia molecular desta doenca. Os avancos tecnolégicos, em
particular nas abordagens de high throughput, tais como sequenciamento de ultima geracao,
microarranjos de DNA e hibridizacdo gendmica comparativa, permitiram que os pesquisadores
investigassem a natureza do cancer de mama. Estes estudos tém revelado que a doenca requer a
interacdo de varias vias de sinalizacdo, além do microambiente celular e das caracteristicas inatas
do paciente, que influenciam a patofisiologia da doenca, os desfechos clinicos e resposta ao
tratamento. Assim, pode-se afirmar que o cancer de mama ndo é apenas uma doenca, mas muitas, e
que cada paciente envolve um caso particular em que a medicina personalizada, atraves da anélise

simultanea de genes de alta a intermediaria penetrancia que predispdem a essa doenca pode
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desempenhar um papel crucial na expectativa e qualidade de vida dos pacientes (DAVIS et al.,
2014; EROLES et al., 2012).

1.1.1 Subtipos moleculares do cancer de mama

A classificagdo do perfil molecular do cancer de mama permitiu sua divisdéo em subtipos
intrinsecos conhecidos como luminal A e B, basal e HER-2 enriquecido (PEROU et al., 2000;
SORLIE et al., 2001). Em 2007, HERSCHKOWITZ e colaboradores, identificaram um novo
subtipo molecular conhecido como claudina-baixo (HERSCHKOWITZ et al., 2007). A Tabela 1
descreve as principais caracteristicas de cada subtipo.

Tabela 1- Principais caracteristicas dos subtipos moleculares do cancer de mama

Subtipos moleculares  Caracteristicas

Luminal Ae B Alta expressdo de genes luminais: receptores de estrogeno (ESR1), receptores de
progesterona (PGR) e citoqueratinas 8/18;
Auséncia de expressdo do gene do fator de crescimento epidérmico tipo 2 (HER-
2/ERBB2);
Luminal A - maior expresséo de ESR1 em relagdo ao Luminal B;
Luminal B - maior taxa de proliferacdo celular em relagdo ao Luminal A,
Luminal A e B apresentam incidéncia de 30,6% e 18,2, respectivamente.
HER-2 enriquecido Superexpressao do gene HER-2/ERBB2;
Expressdo intermediaria de genes luminais (ESR1 e PGR);
Expressdo baixa de genes basais (citoqueratina 5)
Incidéncia de 10,3%.
Basal Alta expressdo de genes basais (citoqueratinas 5, 6, e 17 e, laminina);
Expressdo intermedidria de genes relacionados a HER-2/ERBB2;
Muito baixa/auséncia de expressdo de genes luminais;
Incidéncia de 32,7%.
Claudina-baixo Baixa/auséncia expressao de genes epiteliais (E-caderina e claudinas 3, 4 e 7) e
luminais (CD24 e EPCAM);
Baixa expressdo do gene HER-2/ERBB2;
Alta expressdo de genes mesenquimais (vimentina), genes relacionados a
células-tronco e resposta imune;
Baixa taxa de proliferagdo celular;

Incidéncia de 7-14%.

Fonte: (HERSCHKOWITZ et al., 2007; PEROU et al., 2000; PRAT et al., 2010a, 2015; SORLIE et al.,
2001)
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O subtipo luminal, de forma geral, apresenta melhor prognoéstico quando comparado aos demais
subtipos (PRAT et al., 2015). SORLIE e colaboradores (2001;2003) demonstraram que o0 subtipo
luminal A possui a maior sobrevida livre de doenca e sobrevida global, enquanto o subtipo basal e
HER-2 enriquecido (sem terapia anti-HER-2) apresentam a menor sobrevida (SORLIE et al., 2001,
2003). Além disso, o subtipo Luminal apresenta a menor incidéncia de mutacdo do gene TP53 em
relacdo aos demais subtipos. Adicionalmente, tumores basais apresentam mutagdes no gene BRCA1
(PRAT et al., 2015; SORLIE et al., 2001, 2003).

Embora exista essa classificagdo molecular, na pratica clinica o cancer de mama tem sido
estratificado em apenas trés grupos baseado na expressao proteica dos receptores hormonais
estrogeno (RE), progesterona (RP) e o receptor do fator de crescimento epidérmico humano tipo 2
(HER-2) denominados RE/RP positivo, HER-2 positivo e triplo-negativo (ALLRED, 2010). O
termo triplo-negativo é frequentemente usado como sinénimo do subtipo basal. Entretanto, o
subtipo basal é caracterizado por certas caracteristicas que incluem o fendtipo triplo-negativo,
porém eles ndo sdo sindnimos (BOSCH et al., 2010)(BOSCH et al., 2010).

Os RE/RP e HER-2 possuem valor prognostico/preditivo validado para uso clinico rotineiro no
tratamento das pacientes com cancer de mama. Os fatores prognosticos definidos por caracteristicas
clinicas, patoldgicas e bioldgicas que permitem prever a evolucéo clinica da doenca ou sobrevida
das pacientes no momento do diagndéstico. Em contraste, fatores preditivos sdo utilizados para
estimar a probabilidade de resposta a um tipo particular de terapia adjuvante (ALLRED, 2010). A
expressao de receptores hormonais € indicador de terapia hormonal (hormonioterapia), como opcao
terapéutica adicional a quimioterapia, melhorando a sobrevida das pacientes (PAYNE et al., 2008).
A hormonioterapia visa bloquear a acdo do estrégeno com o uso de moduladores seletivos de
receptor de estrogénio (SERMSs), como o tamoxifeno ou impedir sua producdo com o uso de
inibidores da aromatase (RIGGS; HARTMANN, 2003; SMITH; DOWSETT, 2003). No entanto,
pacientes com tumores HER-2-positivo se beneficiam da terapia bioldgica que impede a acdo do
receptor com o0 uso, por exemplo, do anticorpo monoclonal humanizado anti-HER2
(Trastuzumabe/Herceptin®) (SLAMON et al., 2001). Entretanto, para 0s tumores triplo-negativos
ndo existe uma terapia especifica, sendo a Unica opg¢do de tratamento sistémico a quimioterapia
(QT) (DE LAURENTIIS et al., 2010)(DE LAURENTIIS et al., 2010). A QT utiliza drogas
citotoxicas, que tem como alvo células de rapida divisdo celular, capazes de induzir morte celular
(LIND, 2011; MALHOTRA; PERRY, 2003).
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1.1.2 Quimioterapia

As drogas quimioterapicas amplamente utilizadas no tratamento do cancer de mama em estagio
inicial e avangado incluem as antraciclinas (doxorrubicina e epirrubicina) e os taxanos (paclitaxel e
docetaxel) (BRAUNSTEIN et al., 2016; COATES et al., 2015). O mecanismo principal de agéo das
antraciclinas esta relacionado a inibicdo da topoisomerase 1l, devido a intercalacdo da droga entre
0s pares de bases adjacentes do DNA, e geracdo de espécies de oxigénio reativas resultando em
apoptose (GONZALEZ-ANGULO; MORALES-VASQUEZ; HORTOBAGYI, 2007). Os taxanos
tém como principal mecanismo de acéo inibigdo da mitose (SYMMANS et al., 2000), pois se ligam
aos microtubulos estabilizando-os promovendo a parada do ciclo celular na fase G2/M e levando,
consequentemente, a célula a apoptose (HORWITZ 1992; ROWINSKY e DONEHOWER, 1995).

Paclitaxel (Taxol®/PTX), um dos mais importantes quimioterapicos, foi originalmente identificado
em 1971 na planta Taxus brevifolia por Wani e colaboradores. PTX possui a¢do antimitdtica através
da sua interacdo com os microtubulos das células (WEAVER, 2014). Os microtubulos sdo formados
por estruturas proteicas compostas por dimeros de a-tubulina ¢ B-tubulina polimerizadas formando
os protofilamentos. Os filamentos de tubulinas sdo instaveis, por isso, estdo em constante
polimerizagdo/despolimerizagdo de suas extremidades (CHIEN et al. 2008). Eles estdo envolvidos
em uma variedade de funcgdes celulares, como na manutencdo da morfologia celular, na motilidade
celular, no transporte intracelular de substancias e no deslocamento de cromossomos durante a
divisao celular (CHIEN et al. 2008). O PTX se liga reversivelmente aos microtibulos estabilizando
as tubulinas alterando, assim o balango polimerizac&o/despolimerizacdo destas estruturas. Como
consequéncia, a proliferacdo celular é inibida, conduzindo a uma parada do ciclo celular na

transicdo metafase/anafase e potencialmente a morte celular por apoptose.

Além de induzir a parada do ciclo celular, PTX também atua sobre membros antiapoptéticos da
subfamilia BCL-2 (BCL-2, BCL-XL, BCL-W, MCL1 e BFL1/Al) que atuam prevenindo a
liberacdo de citocromo ¢ pela mitocondria. PTX induz a fosforilacdo de BCL-2 com consequente
diminuicdo dos heterodimeros BCL-2/BAX, com isso a ativacdo de BAX e BAK resulta em sua
homo-oligomerizagdo com a membrana externa da mitocéndria e subsequente liberagdo de
proteinas pro-apoptdticas que induzem a ativacdo da caspase 9, favorecendo a morte celular.
(SAKAMAKI et al., 2015). Adicionalmente, PTX pode induzir a geragdo de espécies de oxigénio
reativo (ROS) (ALEXANDRE et al., 2006, 2007) contribuindo para potencializar seu papel
antitumoral. Ha relatos ainda do papel de PTX na inibi¢do da angiogénese tumoral, por afetar tanto
as celulas endoteliais maduras quanto as progenitoras (BELOTTI et al., 1996; MUTA et al., 2009).
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Doxorrubicina (Adriamicina®DOX) foi isolado na década de 70 de uma bactéria do solo,
Streptomyces peucetius (GUILFOILE; HUTCHINSON, 1991). Um vasto nimero de mecanismos
tem sido proposto para descrever a morte celular desencadeada por DOX, tais como: inibigdo da
toposoimerase 1l resultando em quebra do DNA por impedir a restauracdo da quebra da dupla fita
durante o mecanismo de replicacdo (LIU, 1989); formacéo de adutos de DNA (CUTTS et al., 1996;
SWIFT et al., 2006); geracdo de espécies de oxigénio reativo (ROS) pela reducdo da quinona a um
radical semi-quinona pela NADPH oxidoredutase. Esses radicais reagem com oxigénio formando
superdxidos e peréxido de hidrogénio (BERLIN; HASELTINE, 1981; GAJEWSKI et al., 2007;
GEWIRTZ, 1999). Além disso, a DOX leva a acimulo de ferro nas mitocéndrias e aumento dos
niveis de ROS (ICHIKAWA et al., 2014); superproducdo de ceramida (DELPY et al., 1999;
KAWASE et al., 2002; LUCCI et al., 1999), molécula lipidica envolvida na proliferacdo (SASAKI;
HAZEKI; HAZEKI, 1995), diferenciacdo celular (OKAZAKI et al., 1990; OKAZAKI; BELL;
HANNUN, 1989) e apoptose (KOLESNICK; KRONKE, 1998). Uma limitagdo no uso da DOX ¢ a
cardiotoxicidade irreversivel e potencialmente fatal desenvolvida pelas pacientes ap6s o tratamento
(ICHIKAWA et al., 2014; VAVROVA et al., 2013).

Observa-se que muitos tumores apresentam-se intrinsicamente resistentes aos quimioterapicos,
sendo este o principal motivo para falha terapéutica (DENG et al., 2017; MALLINI et al., 2014).
Aproximadamente 40% das pacientes com cancer de mama apresentam recidiva da doenca. Destas,
60-70% desenvolvem metastases (SMALLEY; PIGGOTT; CLARKSON, 2013) culminando na
baixa sobrevida das pacientes afetadas. Entre os tipos de cancer de mama, tumores triplo-negativo
apresentam-se quimiorresistentes em cerca de 90% dos casos e, a auséncia de terapias-alvo, fazem

deste um tipo de cancer de mama particularmente agressivo.

1.2 Cancer de mama triplo-negativo

O cancer de mama triplo-negativo (TNBC - Triple-negative Breast Cancer) constitui cerca de 10-
20% de todos os casos de cancer de mama no mundo (SCHETTINI et al., 2016). Apresentam uma
alta incidéncia em mulheres jovens e exibem maior chance de recidiva e morte dentro de 3-5 anos
apos o diagnostico comparado aos outros subtipos de cancer de mama (DENT et al., 2007;
LIEDTKE et al., 2008). Um estudo conduzido no Brasil mostra uma incidéncia de 27% de mulheres
com TNBC dentre os tumores de mama e estas apresentaram menor sobrevida em 10 anos quando
comparado com pacientes com outros subtipos de cancer de mama (EISENBERG; PINTO;
KOIFMAN, 2013).
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Como dito anteriormente o cancer de mama pode ser classificado em subtipos distintos de acordo
com seu perfil genético e a anélise de expressdo de genes permitiu a identificacdo de subgrupos
moleculares de TNBC. LEHMANN e colaboradores (2011;2016) identificaram quatro subgrupos de
TNBC cada um com caracteristicas biologicas Unicas: Basal caracterizado por alta proliferacédo
celular, sendo subdivido em (1) Basal 1: enriquecido de genes relacionados com reparo ao dano no
DNA e (2) Basal 2: enriquecido de genes relacionados a via de fatores de crescimento, (3)
Mesenquimal: possui expressao de genes associados a células-tronco e perda de gene de adesdo
epitelial e (4) receptor de androgénio luminal: regulado por vias hormonais com expressao de
receptor androgeno (receptor hormonal nuclear) (LEHMANN et al., 2016, 2011). Esses subtipos
exibem significativas diferencas na resposta ao tratamento quimioterapico baseado em
antraciclinas/taxanos, sendo que o subgrupo basal 1 exibe maior sensibilidade ap6s a QT
neoadjuvante enquanto o basal 2 e o receptor de androgénio luminal sdo os que apresentam pior
resposta ao tratamento (LEHMANN et al., 2016; MASUDA et al., 2013).

TNBC sdo um desafio na medicina, pois ainda que apresentem caracteristicas clinicas e patoldgicas
semelhantes aos demais tipos de cancer de mama, seu prognostico difere entre as pacientes, sendo
umas mais responsivas do que outras (BOSCH et al., 2010). Inicialmente, sdo sensiveis a QT prévia
a cirurgia, no entanto apresentam evolucdo clinica agressiva culminando em baixa sobrevida das
pacientes afetadas (CAREY et al., 2007; DENT et al., 2007; O’REILLY et al., 2015). Neste
contexto, o0 TNBC constitui uma doenca heterogénea composta por subgrupos com perfil genético
distinto culminando em heterogeneidade tumoral. Esta tem um impacto significativo no sucesso ou
falha do tratamento quimioterapico (LEHMANN et al., 2016; PALMA et al., 2015; SMITH et al.,
2017).

1.3 Heterogeneidade tumoral

A grande diversidade de subtipos tumorais traduz a variabilidade molecular, histoldgica e celular
observada no cancer (TELLEZ-GABRIEL et al., 2016). A heterogeneidade molecular observada em
tumores individuais demonstra que ndo ha uma via de sinalizacdo que seja predominantemente
desregulada. Varios substratos envolvidos na regulacdo das funcdes celulares de progresséo,
proliferacdo, sobrevivéncia e crescimento celular sdo fosforilados e sua ativacdo em cascata
promove a carcinogénese (HONG; LEE; NAM, 2015). A heterogeneidade celular tumoral pode
ocorrer entre as células presentes em um Unico tumor (intratumoral) ou entre subtipos tumorais

(intertumoral) conferindo as essas células um perfil fenotipico distinto relacionado a morfologia,
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proliferacdo, metabolismo e potencial metastatico (TELLEZ-GABRIEL et al., 2016). A Figura 1

ilustra de forma simplificada os modelos de heterogeneidade celular intertumoral e intratumoral.

FIGURA 1 - Modelos de heterogeneidade celular tumoral
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A) Heterogeneidade intratumoral: células tumorais podem sofrer sucessivas mutacdes genéticas e/ou
epigenéticas resultando no desenvolvimento de diferentes subpopulagGes celulares em um mesmo tumor. B)
Heterogeneidade intertumoral: uma célula ou células distintas podem sofrer diferentes mutaces genéticas
e/ou epigenéticas resultando no desenvolvimento de subtipos tumorais diferentes. Fonte: Adaptado de
TELLEZ-GABRIEL et al. (2016).

A heterogeneidade tumoral, por exemplo, retratada na variedade de subgrupos encontrados nos
tumores TNBC é um influenciador importante na diferenca de resposta terapéutica observada nas
pacientes afetadas (BOSCH et al., 2010; TELLEZ-GABRIEL et al., 2016). Além disso, dificulta a
identificacdo de marcadores moleculares necessarios para o desenvolvimento de terapias-alvo para
esse subtipo de cancer de mama (PALMA et al., 2015). Células tumorais residuais resistentes a QT
neoadjuvante estdo presentes em 70% dos tumores TNBC (YU et al., 2013). A quimiorresisténcia
apresentada pelos tumores TNBC sugere a existéncia de uma subpopulacdo celular inerentemente
resistente ao tratamento (LEHMANN et al., 2016), sendo estas responsaveis pela recorréncia da
doenca e desenvolvimento de metastases (CAREY et al., 2007; DENG et al., 2017).

A heterogeneidade celular intratumoral pode ser atribuida a presenca de células tumorais com
caracteristicas de células-tronco, conhecidas como células-tronco do cancer (CSCs). A teoria da
CSC propGe uma organizacdo hierarquica de células dentro do tumor, onde essa pequena
subpopulacdo celular é responsavel por sustentar o crescimento do tumor (VISVADER,;
LINDEMAN, 2008). Elas podem se originar de células-tronco mutadas ou ceélulas adultas
diferenciadas que retornam a um estagio indiferenciado através do mecanismo conhecido como
transicdo epitélio-mesenquimal (EMT) (CARNERO et al., 2016; VISVADER, 2011) (Figura 2). As
CSCs possuem capacidade de autorrenovacao e diferenciacdo dando origem a novas CSCs e células
ndo-tumorigénicas (ndo-CSCs) (CLARKE et al., 2006; SCHATTON; FRANK; FRANK, 2010).
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FIGURA 2 - Origem das células-tronco do cancer (CSCs)
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As CSCs podem se originar de: A) Células-tronco que sofrem transformagdes como resultado de ativagdo
oncogénica, de mutacOes efou influéncia de fatores extrinsecos (estresse). B) Desdiferenciacdo
(reprogramagdo ou indugdo de “stemness™) a partir de uma célula adulta diferenciada através do processo de
transicdo epitélio-mesenquimal (EMT). Fonte: Adapatado de CARNERO et al. (2016).

CSCs foram identificadas pela primeira vez na década de 1990, na leucemia mieldide aguda e
estudos posteriores descreveram a existéncia de CSC em diversos tipos de tumores malignos
incluindo o de mama, endométrio, ovario, pancreas, prostata, pulmao, coélon e glioblastoma
(SAVAGE, 2016).

Devido ao potencial de autorrenovacdo, as CSCs sdo, portanto, capazes de regenerar tumores
através de um quadro assimétrico de divisdo (BU et al. 2013), contribuindo para recidiva de
tumores. As CSCs empregam uma série de mecanismos de defesa contra a acdo dos agentes
quimioterapicos, entre eles: quiescéncia, uma vez que a terapia citotoxica tem como alvo células de
divisdo celular rapida; efluxo da droga, através da atividade de transportadores de membrana ABC;
capacidade de reparo do dano ao DNA e evaséo a apoptose, capacidade de migracao e crescimento
independente de ancoragem (DONTU et al., 2003; ZHAO, 2016). Assim, a resisténcia ao
tratamento quimioterapico atribuida a presenca de CSCs nos tumores acarreta na recorréncia da
doenca, no desenvolvimento de metastases, e consequentemente, em um pior prognostico da doenca
(CHARAFE-JAUFFRET et al., 2009; ZHAO, 2016).
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1.4 Transicao epitélio-mesenquimal

Durante o processo de disseminacdo celular, as células se desprendem do tumor primério devido a
perda de moléculas de adesdo epitelial, alteracdo da polaridade celular, reorganizacdo do
citoesqueleto e resisténcia a anoikis (morte celular desencadeada pela interacdo inapropriada
célula/matriz extracelular) (DRASIN; ROBIN; FORD, 2011; LAMOUILLE; XU; DERYNCK,
2014) culminando na migracdo das células tumorais através do sistema sanguineo e/ou linfatico
para orgdos distantes (YAN et al., 2017). O mecanismo chave ativado no cancer durante o processo
de invasdo e metastase é chamado transicao epitélio-mesenquimal (EMT) (CHARAFE-JAUFFRET
et al., 2009; IMBERT et al., 2012). A EMT ¢é definida como um processo reversivel de transicao
celular entre fendtipo epitelial com a perda de adesdo entre as células (perda de expressao de E-
caderina) e aquisicdo de um fendtipo mesenquimal (expressdo de vimentina e N-caderina)
(LAMOUILLE; XU; DERYNCK, 2014). A EMT esta intimamente associada a geracdo das CSCs,
resisténcia ao tratamento e aumento do potencial metastatico das células tumorais (CARNERO et
al., 2016; DAVE et al., 2012; MANI et al., 2008). A doenca metastatica é a principal causa de
morte entre as pacientes com cancer de mama (MALLINI et al., 2014).

A conversdo fenotipica epitélio-mesenquimal é orquestrada por vias de sinalizacdo de transducéo de
sinal ativadas por TGFB, Notch, Wnt, entre outros, bem como por componentes da matriz
extracelular (colageno e acido hialurénico) e, fatores de transcri¢do indutores de EMT (Snail, Twist,
Zeb, entre outros) e microRNAs que induzem alteracdo na expressao de genes envolvidos na adesdo
celular, diferenciacdo e motilidade (BURGER; DANEN; BELTMAN, 2017; POLYAK;,
WEINBERG, 2009)

ZENG e colaboradores (2012) mostraram o papel de uma molécula de adeséo, chamada CD146, na
inducdo de EMT em linhagens de cancer de mama (ZENG et al., 2012). CD146 é uma molécula da
adesdo célula-célula e célula-matriz extracelular que pertence a superfamilia de Imunoglobulinas
(WANG; YAN, 2013). Esta molécula foi relacionada ao fen6tipo mesenquimal (perda de adesdo
celular, capacidade de migracdo), aumento da resisténcia a morte induzida por doxorrubicina e
docetaxel e com desenvolvimento de metéstases (IMBERT et al., 2012; ZABOUO et al., 2009;
ZENG etal., 2012).

O processo reverso a EMT é conhecido como transicdo mesenquimal-epitelial (MET) que acredita-
se acionar a cessagdo da migragéo celular, com repressdo dos fatores de transcricdo indutores de

EMT induzindo adeséo celular e proliferacdo dessas células no sitio secundario para colonizacdo
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metastatica (NIETO, 2013). Assim, EMT e MET atuam como reguladores da plasticidade celular,
resultando em um conjunto de estados transitorios e multiplos entre o fenétipo epitelial,
parcial/intermediario e mesenquimal contribuindo para heterogeneidade tumoral (NIETO et al.,
2016).

LIU e colaboradores (2014) relatam que as CSCs de mama existem em dois estados fenotipicos, o
estado mesenquimal, caracterizado por células quiescentes e localizadas na periferia do tumor, e 0
estado epitelial, caracterizado por células proliferativas e localizadas mais no centro do tumor.
Desse modo, as CSCs conseguem invadir, disseminar e proliferar no sitio metastatico (LIU et al.,
2014).

1.5 Células-tronco do cancer de mama

As CSCs do cancer de mama foram identificadas como CD44*/CD24"°% por AL-HAJJ e
colaboradores (2003). Neste trabalho, foi observada a formacdo de novos tumores com a mesma
heterogeneidade fenotipica do tumor original quando essa subpopulacéo celular (CD44*/CD2471°),
isolada de tumores de mama humana, foi inoculada em camundongos imunocomprometidos. No
entanto, células fenotipicamente distintas ndo foram capazes de induzir o desenvolvimento tumoral.
Assim, as células CD44%/CD247°" sgo as Unicas células tumorais com potencial tumorigénico e
com capacidade de autorrenovacdo e diferenciacdo celular (AL-HAJJ et al., 2003a). GINESTIER e
colaboradores (2007) demonstraram que as CSCs de mama possuem atividade aumentada da
enzima aldeido desidrogenase tipo 1(ALDH1) (GINESTIER et al., 2007).

ALDH (Aldeido desidrogenase) é uma enzima responsavel pela oxidacéo de aldeidos intracelulares
e acredita-se que tem um importante papel na diferenciacdo das células-tronco através da oxidacao
do retinol a &cido retindico (CHUTE et al., 2006; SOPHOS; VASILIOU, 2003). ALDH1, através da
sua funcdo no metabolismo do &cido retindico, regula a proliferacdo e diferenciacdo em células
progenitoras mamarias (HONETH et al., 2014). Além disso, GINESTIER e colaboradores (2009)
mostraram que o bloqueio da atividade enzimatica de ALDH1 induz autorrenovacao das CSCs e, a
ativacdo da via do acido retindico reduz a subpopulacdo de CSCs por promover a diferenciacao
celular (GINESTIER et al., 2009). Varios trabalhos indicam que ALDH1 medeia desenvolvimento
de metastases e quimiorresisténcia (CHARAFE-JAUFFRET et al., 2009; CROKER et al., 2017,
CROKER; ALLAN, 2012).
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As moléculas de adesdo CD44 e CD24 sdo vastamente utilizadas para identificar e isolar as CSCs
de mama. CD44 é uma glicoproteina transmembrana que atua como receptor para varias moléculas
da matriz extracelular, como &cido hialurénico, colageno, fibronectina, laminina, osteopontina
(CHANMEE et al., 2015). Essa molécula pode atuar também como coreceptor para fatores de
crescimento (EFG, FGF, VEGF), citocinas (TFGB) e metaloproteases estimulando autorrenovacao
CSCs e promovendo invasdo e metastase (YAN; ZUO; WEI, 2015). Diversos trabalhos
demonstraram o seu papel na regulacdo de migracdo e invaséo celular (BOURGUIGNON et al.,
2010; Ll etal., 2012; MONTGOMERY et al., 2012; NAM et al., 2015; UCHINO et al., 2010), bem
como na resisténcia a morte celular induzida por PTX e DOX em linhagem de mama
(BOURGUIGNON et al., 2009; CHEN; BOURGUIGNON, 2014). Além disso, em um estudo de
meta-analise (XU et al., 2016) correlacionaram a expressao de CD44 com fendtipo EMT e CSC em

cancer de mama.

CD24 ¢é um glicoproteina de membrana do tipo mucina expressa em células hematopoiéticas e nao
hematopoiéticas (FANG et al., 2010). SCHABATH (2006) demonstraram que células com baixo
nivel de expressdo de CD24 tem maior potencial tumorigénico em relagdo as células com alta
expressdo de CD24 devido a regulacdo negativa dessa molécula sobre o receptor de quimiocina
CXCR4, que medeia migracéo celular (SCHABATH, 2006).

Vérios autores demonstraram que apdés o término da terapia quimioterapica em pacientes com
cancer de mama, o tumor residual se mostraram enriquecidas de CSCs, assumindo um fenétipo
mais agressivo (CREIGHTON et al., 2009);LEE et al., 2011; LI et al., 2008). Estes estudos
fornecem a evidéncia clinica que as CSCs do cancer de mama sao resistentes ao tratamento
antitumoral e, assim estdo associadas a progressdo do tumor. Neste contexto, nota-se a necessidade
de desenvolver novas abordagens terapéuticas que visem a eliminagdo dessa subpopulacao celular.
Essa terapia-alvo CSCs combinada ao tratamento convencional permitird eliminar de forma mais

efetiva toda a massa tumoral.

1.5.1 Vias de sinalizagdo celular

O nicho de CSCs de mama representa um sistema complexo, onde mdltiplas vias de sinalizacdo
regulam o comportamento celular, como autorrenovacao, quiescéncia, diferenciacdo ou apoptose
(SEHL et al., 2015). O nicho das CSCs compreende o microambiente onde elas residem
favorecendo comunicagdo celula-célula ou célula-matriz extracelular e sinalizagdo quimica

(citocinas e fatores de crescimento), processos mediados pelas células tumorais, bem como células
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endoteliais, fibroblastos, macréfagos e células imunes que compdem o0 microambiente tumoral
(CARNERO et al., 2016; LUO; BROOKE; WICHA, 2015).

Analogamente as células-tronco normais, as CSCs de mama tém uma relagdo intrinseca com vias de
sinalizagdo Wnt/B-catenina, Hedgehog e Notch que regulam autorrenovacéo e diferenciacdo (PIRES
et al., 2016). As vias de sinalizacdo relacionadas a inflamagdo, como por exemplo, NFKB (fator
nuclear kappa B) e STAT3 (transdutor de sinal e ativador de transcricdo 3) contribuem para
fendtipo CSCs (HINOHARA; GOTOH, 2010; PIRES et al., 2016), bem como a sinalizagdo do
receptor do fator de crescimento epidérmico (EGFR), requerida para autorrenovacdo (ABHOLD et
al., 2012). Tumores que superexpressam EGF/EGFR também contribuem para o fenétipo CSCs,
aumentando suas propriedades de autorrenovacdo, influenciando a patofisiologia da doenca, 0s
desfechos clinicos, a resposta terapéutica e possibilitando o desenvolvimento de novas terapias
direcionadas para moléculas especificas desta via, que promovem o crescimento e a sobrevivéncia
do tumor (ABHOLD et al., 2012); MA e ZHANG et al. 2013).

A familia EGFR compreende 4 membros intimamente relacionados EGFR (ErbB1, HER1), ErbB2
(HER2/neu), ErbB3 (HER3) e ErbB4 (HER4). Esses receptores sdo glicoproteinas transmembrana
contendo trés dominios: um dominio de ligacdo extracelular, um dominio transmembranar e um
dominio tirosina quinase intracelular. O dominio extracelular é ativado por meio de ligantes que
ativam uma sinalizagéo intracelular. O dominio transmembranar envolve homodimerizacdo entre
receptores HER1 e/ou heterodimerizagdo com HER2, que é o ligante preferido para a dimerizacao
em cancer de mama. O dominio intracelular tirosina quinase tem uma cauda carboxyl-terminal
contendo sitios de autofosforilacdo de tirosina. A fosforilacdo de residuos de tirosina ativa o
receptor e cria sitios de ligacdo para proteinas adaptadoras que em cascata ativam uma série de
outras moléculas transdutoras de sinal, tais como as proteinas quinase B (PKB ou AKT), tirosina
quinase Src, c-Jun quinase estresse-ativada, ativadores transcricionais (STATS) e subsequente
estimulacdo de vias de sinalizagdo, como PI3K/Akt, Ras-Raf-MAPK-Erk, PLCy 1/PKC e STAT. A
ativacdo dessas cascatas de sinalizacdo pode levar a uma variedade de respostas celulares como
proliferacdo, sobrevivéncia, diferenciacdo e motilidade celular (ALANAZI; KHAN, 2016;
FITZGERALD et al., 2015) alterando a adesdo e motilidade, protegendo contra a apoptose e
promovendo a invasdo e angiogénese (ECCLES, 2011; MASUDA; ZHANG, 2012). Em cultura
tridimensional, WANG e colaboradores (1998) demonstraram que a ativagdo de membros da

familia EGFR promove, em linhagens celulares de cancer de mama, a perda de polarizacéo celular e
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outros aspectos da diferenciacdo epitelial fatores que favorecem a dispersdo e invasdo de tumores
(WANG et al., 1998).

Em relacdo ao cancer de mama, a via EGF/EGFR desempenha papéis distintos no cancer de mama
como um importante fator oncogénico. Desde a descoberta do EGF na década de 1960 e seu
receptor nos anos 80, nossa compreensao da via EGF/EGFR avancou significativamente e, esta via
tornou-se alvo terapéutico atraente neste tipo de tumor (LO; HSU; HUNG, 2006). A sinalizacédo
EGFR induzida pelo seu ligante é necessaria para que CSCs derivadas de cultura primaria de
carcinoma ductal in situ formem colénias em meio semi-solido (FOLEY et al., 2010). Além disso,
a superexpressdo de HER-2, membro da familia EGFR, em células de linhagens de células de
cancer de mama SUM159, SUM149 e MCF7 induz o aumento da atividade de ALDH, conforme
determinado pelo ensaio de Aldefluor (KORKAYA et al., 2008). Portanto, essas células exibem
caracteristicas de células de tronco/progenitoras, refletindo o aumento da fracdo de células que
exibem propriedades semelhantes a CSC em um ensaio de formacdo de mamosferas in vitro
(KORKAYA et al., 2008). Esses achados sugerem que a sinalizagcdo de EGFR deve desempenhar
um papel substancial no estabelecimento e manutencdo de CSCs de mama. Além disso, EGFR é
altamente envolvido na EMT. A ativacdo da via de Ras-Erk mostrou também regular a EMT
durante a mestastase, uma vez que esta via € conhecida por induzir a motilidade mesenquimal e a
invasdo das células cancerosas (MASUDA; ZHANG, 2012)

As vias de sinalizacdo NFKB e STAT3, bem como as vias MAPK e PI3K/AKT, atuam na regulagéo
de EMT e CSCs de mama (KOTIYAL; BHATTACHARYA, 2014). A nivel transcricional NFkB e
STAT3 podem induzir a superexpressdao de TWIST, em resposta a ativacdo das vias WNT, TGFB,
integrinas e receptores tirosina-quinase, que poderd mediar a inducdo de EMT, via AKT e ERK
(TANG et al., 2016; ZHANG et al., 2015; ZHAO et al., 2015). Desta maneira, devido a intima
relacdo entre as CSCs e EMT, o bloqueio dessas vias pode reduzir ou suprimir as CSCs, como é
mostrado em varios trabalhos com linhagens celulares de cancer de mama. A inibicdo combinada
das vias Notch e Ras/MAPK suprimiu as CSCs de mama e bloqueou o crescimento tumoral
(MITTAL et al., 2014). (XU et al., 2015) obtiveram resultados similares ap06s a inibicdo das vias
Ras/NF-kB e RassMAPK/ERK. ERK, uma molécula da via MAPK, que segundo (JUNG et al.,

2016) tem papel direto na sobrevivéncia das CSCs de mama.

Em um trabalho para avaliar mecanismos de resisténcia a drogas, TSOU e colaboradores (2015)
induziram resisténcia a DOX em linhagem celular de cancer de mama MCF-7. Foi observado que a
resisténcia a DOX foi acompanhada por superexpressdao de genes EMT e da proteina ABCB1
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(Transportador ABC), bem como aumento das CSCs de mama. Além disso, o uso de um inibidor da
via PI3K/AKT suprimiu parcialmente os genes EMT (TSOU et al., 2015). Desta forma, a ativagéo
das vias de sinalizacdo que regulam EMT e CSCs também pode contribuir para resisténcia ao

tratamento e recorréncia do cancer (ISLAM et al., 2015).

1.6 Modelos de cultura in vitro tridimensional

Modelos de cultura tridimensional (3D) que promovem o enriquecimento in vitro de células-
tronco/progenitoras sao vastamente utilizadas no estudo das CSCs, permitindo o crescimento dessas
células como esferas multicelulares ndo-aderentes (tumoresferas) (WEISWALD; BELLET,;
DANGLES-MARIE, 2015). O uso de modelos esferoides com caracteristicas de celulas-tronco
derivados de tumores pode fornecer indicios inestimaveis na terapia oncologica (ISHIGURO et al.,
2017).

As linhagens celulares de cancer sdo frequentemente utilizadas como modelo para estudo da
biologia do céancer. Modelos de cultura 3D, chamados esferoide, sdo capazes de reproduzir
caracteristicas in vivo dos tumores recapitulando as interacBes células-células e células-
microambiente de forma mais fidedigna do que os modelos convencionais de cultura bidimensional
(2D) (LAURENT et al., 2013; RIFFLE et al., 2017; RIFFLE; HEGDE, 2017). Neste contexto, a
transposicdo dos achados in vitro em modelos 3D para a pratica clinica potencializa o sucesso do
tratamento anticancer (LEE et al., 2016; TELLEZ-GABRIEL et al., 2016). Além disso, sd0 menos
onerosos comparados aos modelos in vivo e atenuam as questdes éticas envolvidas nestes estudos
(HUBER et al., 2016).

Modelos esferoides mimetizam varios parametros presentes nos tumores envolvidos na resisténcia
das células tumorais ao tratamento agregando valor aos estudos de desenvolvimento e eficacia de
novas drogas. O crescimento dos tumores sélidos é acompanhado pelo desenvolvimento de regies
de baixo aporte de oxigénio (hipoxia) que favorecem a resisténcia celular ao tratamento, aumento
do potencial metastatico e instabilidade genémica (RIFFLE et al., 2017). Modelos esferoides
demonstram a existéncia de um gradiente de proliferacdo celular constituido por celulas
proliferativas na periferia, células quiescentes mais internamente e um centro necrotico/apoptotico,
semelhante ao observado em tumores sélidos, provavelmente devido & diminuigdo da
disponibilidade de nutrientes e oxigénio (LAURENT et al., 2013). Além disso, o microambiente
tumoral hipoxico induz a ativacdo de vias de reparo do DNA e acumulo de glicogénio favorecendo

a proliferacdo e sobrevida das células tumorais (RIFFLE et al., 2017).
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(WEISWALD; BELLET; DANGLES-MARIE, 2015) classificaram os modelos 3D de cultura
esferoide em: 1) Esfera multicelular tumoral: células provenientes de suspenséo celular de linhagens
celulares cancerosas; 2) Tumoresfera: diferencia-se do modelo anterior por favorecer o
enriquecimento de CSCs; 3) Tumoresfera-derivada de tumor: composto por células tumorais sem a
presenca de células ndo tumorais derivadas da dissociacdo mecanica parcial de tecidos tumorais; 4)
Esfera multicelular organotipica: utiliza fragmentos de tecido tumoral, composto por todos os tipos
celulares que residem no tecido incluindo as células do estroma, permitindo que ele se estruture em
um arranjo arredondado. Todos os modelos esferoides sdo estabelecidos em condicao de cultivo ndo
aderente e cada um deles possui propriedades préprias. Os modelos 1, 3 e 4 proporcionam de forma
crescente uma maior acuracia no estabelecimento in vitro das caracteristicas in vivo do tumor
(WEISWALD e BELLET et al., 2015).

1.8 JUSTIFICATIVA

O TNBC £ o unico subtipo de cancer de mama que ndo possui uma terapia-alvo, o que resulta no
progndstico ruim da doenga. Além disso, a QT é altamente agressiva e toxica, o que leva a
deterioracdo da qualidade de vida das pacientes. Um grande obstaculo para a identificacdo de alvos
efetivos para o tratamento do TNBC é a vasta heterogeneidade intra e intertumoral da doenca. Neste
contexto, existe claramente uma grande necessidade de entender melhor a base molecular do
TNBC, bem como o papel das subpopulagbes celulares que compdem o tumor para o
desenvolvimento de novas estratégias terapéuticas. Desta forma, o presente trabalho utilizou
linhagens celulares de TNBC para analise da heterogeneidade celular e da participacdo da via de
sinalizacdo do EGFR no mecanismo de resisténcia aos quimioterapicos DOX e PTX, no intuito de
descobrir biomarcadores ou subtipos celulares que possam ter valor preditivo no tratamento dessa

doenca.



2 OBJETIVOS
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2.1 Objetivo principal

Analisar a heterogeneidade celular estrutural, ultraestrutural e imunofenotipica e a via de
sinalizacdo do EGFR em subpopulagdes celulares obtidas de linhagens celulares de cancer de mama

triplo-negativo e suas implicagcdes na resisténcia quimioterapica.

2.2 Objetivos secundarios

— Obter tumoresferas (modelo de enriquecimento de CSCs) a partir das linhagens celulares

humanas de cancer de mama triplo-negativo e mama ndo-maligna;

— Caracterizar estruturalmente as linhagens celulares e as tumoresferas;

— Caracterizar ultraestruturalmente as linhagens celulares e tumoresferas;

— Obter o perfil fenotipico das linhagens celulares de cancer de mama e suas tumoresferas
utilizando marcadores de CSCs de mama (CD44, CD24 e ALDH) e EMT (CD146);

— Auvaliar citotoxicidade e obter IC50 dos quimioterapicos PTX e DOX nas linhagens celulares e

nas tumoresferas;

— Avaliar a expressdo de genes associados a via de sinalizacdo do EGFR por PCR quantitativa

em tempo-real;

— Analisar os dados obtidos por meio de ferramentas estatisticas apropriadas.



3 METODOLOGIA
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3.1 Cultivo celular

Os ensaios foram realizados utilizando dois modelos de cultura celular: I) Cultura em monocamada

(bidimensional/2D); I1) Cultura de tumoresferas (tridimensional/3D), conforme descrito abaixo:

3.1.1 Linhagens celulares humanas

As linhagens celulares humanas, carcinoma ductal de mama BT-549 (cat. # HTB-122™) e
carcinoma de mama Hs 578T (cat. # HTB-126™), adquiridas do American Type Culture Collection
(ATCC), foram cultivadas, respectivamente, em meio RPMI 1640 (Sigma, cat. # R6504) com 10%
de soro fetal bovino/SFB (Sigma, cat. # F6178) e 0,10ug/mL de insulina bovina (Sigma, cat. #
11882); DMEM (Sigma, cat. # D7777) com 10% de SFB (Sigma, cat. # F6178) e 0,01mg/mL de
insulina bovina (Sigma, cat. # 11882). A linhagem de tumor benigno de mama HMT-3522 S1
(ECACC, Cat. # 98102210) foi cultivada em meio DMEM/F-12 com 250 ng/mL de insulina bovina
(Sigma, cat. # 11882), 10 pg/ml de transferrina (Sigma, cat. # T8158), 1051 de 17 beta-estradiol
(Sigma, cat. #E2758), 0.5 ug/mL de hidrocortisona (Sigma, cat. # HO0135), 5 ug/mL de prolactina
(Sigma, cat. #L.6520) e 10 ng/ml de EGF (Sigma, cat. # E1257). As linhagens celulares foram
incubadas em estufa Umida contendo 5% de CO> a 37 °C.

3.1.2 Tumoresferas

As linhagens celulares foram tripsinizadas e a suspenséo celular (1 x 10° células/mL) foi semeada
em meio de enriquecimento de células-tronco/progenitoras DMEM/F-12 (Sigma, cat. # D0547)
suplementado com 20ng/mL de EGF (Sigma, cat. # E1257), 10pug/mL de insulina bovina (Sigma,
cat. # 11882), 2% de soro de cavalo inativado (Sigma, cat. # H1270) e 0,5ug/mL de hidrocortisona
(Sigma, cat. # H0135) por sete dias para obtencdo das tumoresferas. No quarto dia de cultivo

metade do volume do meio de cultura foi trocado.

3.2 Caracterizacao celular por microscopia

3.2.1 Microscopia Optica

3.2.1.1 Fluorescéncia

Foi utilizado o kit Image-i7™ LIVE Plasma Membrane and Nuclear Labeling (Invitrogen, Cat. #
134406) para marcacdo na membrana plasmatica/nicleo e os marcadores Faloidina Alexa Fluor®
488 (Molecular Probes, Cat. # A12379) para marcagéo dos filamentos de actina do citoesqueleto e o

nucleo foi contracorado com 4,6-diaminidino-2-phenylindole - DAPI (Molecular Probes, Cat. #
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D13061), segundo recomendacBes dos fabricantes. As células marcadas foram visualizadas no

microscopio invertido de fluorescéncia AxioVert 200 (Zeiss)

3.2.1.2 Imunofluorescéncia

As células foram fixadas com formaldeido 4% por 1h, em temperatura ambiente (TA), lavadas 3
vezes com PBS 1X e, em seguida incubadas com tampao de bloqueio (10% de soro fetal bovino
(SFB), 1% albumina bovina (BSA) em PBS 1X) por 1h (TA). Apos serem lavadas 3 vezes com
PBS 1X, as células foram incubadas por 45 min (TA) com o anticorpo E-caderina (BD, Cat. #
810182) diluido em tampéo de bloqueio na concentracédo indicada pelo fabricante. Em seguida as
células foram lavadas 3 vezes com PBS 1X e incubadas com o anticorpo secundario anti-mouse 1gG
(Fab especifico) - FITC (Sigma, Cat. # F5262) diluido 1:40 em 1% BSA/PBS 1X por 30 min. (TA).
As células foram lavadas 3 vezes com PBS 1X e o nucleo celular foi contra-corado com DAPI
(Molecular Probes, Cat. # D13061) na concentracdo de 300nM por 5min. (TA). As células

marcadas foram visualizadas no microscépio invertido de fluorescéncia AxioVert 200 (Zeiss).

3.2.2 Microscopia eletronica

Realizada em parceria com os pesquisadores Dr. Fabio André Brayner e Dr. Luiz Carlos Alves no
Laboratério de Biologia Celular e Molecular, Centro de Pesquisa Aggeu Magalhdes, Fundacéao
Oswaldo Cruz (CPgAM/FIOCRUZ) utilizando as células em suspensdo BT-549 e Hs 578T e suas

tumoresferas.

3.2.2.1 Microscopia eletronica de varredura (MEV)

As células foram fixadas com 2,5% de glutaraldeido em 0,1M de tampédo Cacodilato ph 6,8
contendo 7% de sucrose. Em seguida, as células foram tratadas com solucdo de 2% de tetréxido de
6smio e 1,6% ferrocianeto de potassio por 3h. Apos desidratacdo com concentracfes crescentes de
acetona (30-100%), as células foram secas na camera de ponto critico com CO2. As células foram
montadas no suporte porta-amostra do MEV (“stub”) e cobertas com particulas de ouro através de
um sistema de evaporagdo conhecido como “sputtering” (Silva et al., 2008). As imagens foram
analisadas no JEOL 5600 SEM.

3.2.2.2 Microscopia eletronica de transmisséo (MET)
As celulas foram fixadas e desidratadas como descrito acima. Em seguida foram embebidas em

Epon 812 (Silva et al., 2008). Cortes ultra-finos foram obtidos com faca de diamante no micrétomo
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Reichert Ultracut, constrastado com acetado de uranil e citrato de chumbo para ser analisado no

microscopio Zeiss EM 1009.

3.3 Caracterizacao celular por citometria de fluxo

A imunofenotipagem das linhagens celulares de trabalho cultivadas sob recomendacdes da ATCC
(modelo monocamada) bem como nas tumoresferas (modelo de enriquecimento de CSC) obtidas
das linhagens celulares foi realizada por citometria de fluxo. As células foram lavadas com PBS 1X
e ressuspendidas em tampédo de marcacdo (PBS 1X + 0,1% de azida sodica + 1% SFB). Em
seguida, foram adicionados o0s anticorpos anti-humano conjugados com fluorocromo e seus
respectivos controles de isotipos (Tabela 2) e incubados protegidos da luz por 20 min. a 4°C. As
celulas marcadas foram lavadas com tampdo de marcacdo e ressuspendidas em 0,5 mL do mesmo
tampdo e, em seguida analisadas no equipamento FACSCanto Il (BD Bioscience) utilizando o
programa FACSDiva 6.1.3.

Para identificacdo das células ALDH™ foi utilizado o kit ALDEFLUOR Stem Cell Identification

(Stem Cell Technologies, cat. # 01700) de acordo com as instrucdes do fabricante.

Tabela 2 - Anticorpos utilizados na citometria de fluxo.

Anticorpos Isotipo Marca Catalogo
FITC mouse anti-humano CD24 Ms IgG1l Invitrogen MHCD240
APC rat anti-humano CD44 Rat 19G2b ImmunoTools 21850446
PE mouse anti-humano CD146 Ms IgGlk BD Bioscience 5501315
FITC mouse IgG1 controle isotipo Ms IgG1 Invitrogen MG101
APC rat 1gG2b controle isotipo Rat 19G2b ImmunoTools 22255036
PE mouse IgG1k controle isotipo Ms IgGlk BD Bioscience 555749

3.4 Analise de viabilidade celular por MTT

Para avaliar a citotoxicidade provocada por PTX e DOX nas células foi utilizado o ensaio
colorimétrico MTT (Thiazolyl Blue Tetrazolium Bromide). O ensaio de MTT é um método
colorimétrico sensivel e quantitativo, que mensura a viabilidade, proliferacdo e estado de ativacao
das células. Este ensaio baseia-se na capacidade de enzimas desidrogenases, presentes na

mitocéndria de células viaveis, em reduzir o substrato dimetiltiazol (MTT), solivel em &gua, no
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cristal de formazan, insolavel em agua (CARMICHAEL et al., 1987). A quantidade de cristais

produzidos é diretamente proporcional ao nimero de células viaveis.

Para determinar a concentragdo de IC50 (concentracdo que inibe 50% do crescimento celular), as
células foram expostas a 10 diferentes concentracbes dos quimioterapicos paclitaxel (Ontax®,
Libbs, lote 15d0236) e cloridrato de doxorrubicina (Fauldoxo, Libbs, lote 13G0025). Utilizou-se de
0,02uM a 10 pM para paclitaxel (PTX) e de 0,16 a 80uM para doxorubicina (DOX), dobrando a
concentragdo em cada ponto.

As linhagens celulares foram plaqueadas nas concentragbes celulares: BT-549 (2,0x10*
células/pogo), Hs 578T (1x10* células/pogo) e HMT-3522 S1 (4x10* células/pogo) em placas de
cultivo celular de 96 pocos (CORNING) e incubadas em estufa Umida contendo 5% de CO; a 37 °C
por 24 horas. Em seguida foram lavadas com PBS 1X e incubadas com as drogas. Apos 48h de
incubacdo, as células foram lavadas com PBS 1X e incubadas com 0,5 mg/mL de MTT (Thiazolyl
blue formazan, Sigma, Cat # M2003), exceto Hs 578T (1,5 mg/mL de MTT), por 3h a 37°C (5%
CO3). O formazan formado foi precipitado a 1.000RPM por 10 minutos e solubilizado em DMSO
(Merck, Cat # K35781952610).

Para as tumoresferas, obtidas conforme descrito no item 4.2 Cultivo Celular, apds 48h de incubacao
com o0s quimioterdpicos foi adicionado o MTT e o formazan obtido foi solubilizado em

isopropanol/0,04 N HCL sob agitacdo por 1h.

A quantificacdo colorimétrica foi realizada por espectrofometria a 550nm, utilizando-se o
equipamento SpectraMax M5e (Molecular Devices). O valor de IC50 foi estimado utilizando o
programa DR FIT (Di Veroli 2015)

O indice de Seletividade (IS) é capaz de demonstrar a seletividade de um composto comparando os
resultados entre uma linhagem tumoral e uma ndo- maligna. Neste estudo, o IS dos quimioterapicos
foi avaliado por meio da razdo entre o IC50 estimado para as linhagens celulares ndo-maligna
HMT-3522 S1 e IC50 das linhagens de cancer de mama (BT-549 e Hs 578T). O valor de IS indica a
seletividade de DOX e PTX frente BT-549 e Hs 578T. IS maiores que 3 foram considerados com
tendo alta seletividade (Mahavorasirikul e Viyanant et al., 2010).
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3.5 Analise da expressao de genes da via de sinalizacdo do EGFR

O RNA total da tumoresfera BT-549 néo-tratada e tratada com DOX na concentragdo de 1C50 foi
extraido utilizando o TRIzol (Life Technologies, cat # 15596026) de acordo com as instru¢fes do
fabricante. A concentragdo do RNA total foi mensurada no espectrofotdmetro NanoVue (GE
Healthcare) em relacdo a absorbancia 260/280 e a sua integridade foi avaliada em gel de agarose
1%. Em seguida, uma possivel contaminagdo com DNA gendnico foi eliminada utilizando RNase-
free DNase Set (Qiagen, cat # 79254) de acordo com as instru¢bes do fabricante. O cDNA foi
sintetizado utilizando M-MLV Reverse transcriptase (Promega, cat # M170A) conforme orientacdes
do fabricante. Para analise génica foi utilizado o ensaio Tagman® Array Human EGF Pathway 96-
well Plate (Applied Biosystems, cat. #4414129) no equipamento 7500 Real-Time PCR System
(Applied Biosystems). Esse ensaio permite a analise simultdnea de 92 genes associados a via de

sinalizacdo do EGFR e 4 genes enddgenos.

Uma analise de expressdo independente de STAT3 foi realizada usando PrimeTime® Gene
Expression Master Mix (IDT) de acordo com as instrugdes do fabricante. Foram utilizados STAT3
PrimeTime® qPCR assay (IDT) e o RNU6B Tagman® assay (Applied Biosystems) como gene
endégeno. Sequéncia de primers e probe do gene STAT3: Primer 1: 5°-
TTCTGGGCACAAACACAAAAG-3’; Primer 2: 5-TCAGTCACAATCAGGGAAGC-3’; e
Probe: 5°-/56-FAM/ AGGGAGCAG/ZEN/ AGATGTGGGAATGG/3IABKFQ/-3’.

3.6 Analise estatistica

Os dados de expressdo génica foram avaliados no Cloud (Thermo Fisher Scientific) a fim de
determinar o valor de expressdo génica relativa para cada um dos alvos estudados e, em seguida,
foram analisados pelos programas REST 2009 (Qiagen) para determinar os genes diferencialmente
expressos (p<0,05) entre os grupos ndo-tratado e tratado. A analise de agrupamento dos genes

avaliados foi feita no programa Bionumerics (Applied Maths).

Para andlise estatistica utilizou-se o programa SPSS Statistics 18 (IBM) sendo valor de p menor que

0.05 considerado estatisticamente significativo.
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ARTICLE INFO ABSTRACT

Keywords:
Breast cancer
Cancer stem cell
Chemoresistance
Doxorubicin

The cancer stem cell (CSC) concept is currently employed to explain the mechanism of multidrug resistance that
is implicated in the reduced efficacy of many chemotherapeutic agents, consequently leading to metastatic
spread and disease relapse. We searched for potential predictive markers of doxorubicin (DOX) resistance in
breast cancer stem cells (BCSCs) of the BT-549 human triple-negative breast cancer (TNBC) cell line classified as
a claudin-low subtype. In this study, we show that BT-549 presents a BCSCs-like subset determined by a CD44*+/
high /D24 /°%/ALDH1* phenotype. The CD44*/M8h/CD247°“/ALDH* BCSCs-like subset presented the
downregulation of a majority of the genes analyzed (64 genes), and only 3 genes were upregulated after DOX
treatment. Among the upregulated genes, MAPK3, PRKCZ and STAT3, STAT3 presented a higher level of up-
regulation in the DOX-treated CD44*/1igh/CD247/1°%/ALDH* BCSCs-like subset. The identification of bio-
markers that predict antitumor responses is at the top of cancer research priorities. STAT3 was highlighted as a
molecular signature in the CD44*/"$"/CD247/1°%/ALDH1 * BCSCs-like subset obtained from the TNBC BT-549
cell line related to DOX resistance. A majority of the evaluated genes in the EGF pathway appear to be not
associated with DOX resistance, as observed in the CD44 */8%/CD24 7% /ALDH1 * BCSCs-like subset.

1. Introduction [3-5]. These cells are hierarchically organized, displaying stem cell-like
features, and they are also responsible for chemotherapy resistance,

Breast cancer (BC) is the most prevalent cancer diagnosed among metastatic spread and disease relapse in many solid tumors, such as

women worldwide. In the United States, 40,610 women will die of
breast cancer in 2017 [1]. A major obstacle to breast cancer eradication
is disease recurrence. Approximately 40% of all breast cancer patients
will relapse, with 60-70% of relapse cases due to distant metastasis [2].
Residual BC cell populations are enriched for breast cancer stem cells
(BCSCs) after chemotherapy, exhibiting a more aggressive phenotype

breast cancer [6.7].

The cancer stem cell (CSC) concept currently explains the me-
chanism of multidrug resistance implicated in the reduced efficacy of
many chemotherapeutic agents [8] because chemotherapy drugs only
affect differentiated cells from the tumor bulk leaving behind the CSCs
[6]. CSCs possess multiple defense features, such as quiescence,

Abbreviations: AKT1, AKT serine/threonine kinase 1; AKT2, AKT serine/threonine kinase 1; BC, breast cancer; BCSCs, breast cancer stem cells; CAV2, caveolin 2; CSCs, cancer stem cells;
DOX, doxorubicin; EGF, epidermal growth factor; EGFR, epidermal growth factor receptor; EMT, epithelial-mesenchymal transition; HER-2, human epidermal growth factor receptor 2;

1C50, half maximal inhibitory concentration; MAPK3, mitogen-activated protein kinase 3; MUC1, mucin 1, cell surface

1; PLCG1, phospholipase C gamma 1; PPI, protein-protein

interactions; PRKCZ, protein kinase C zeta; RRAS, related RAS viral (r-ras) oncogene homolog; RHOA, ras homolog family member A; RHOC, ras homolog family member C; RT-qPCR,
real-time quantitative reverse transcription; STAT3, signal transducer and activator of transcription 3; TS, tumorspheres; TNBC, triple-negative breast cancer
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Step 1: BT-549 tumorspheres (BT-549 TS) stem/progenitor cell enriched assay

!

Step 2: Analysis of breast cancer stem cell (BCSCs) markers in BT-549 TS
Step 3: BT-549 TS cell survival analysis (MTT assay) and doxorubicin (DOX) IC50
concentration

!

Step 4: Reverse transcription and Tagman® Array Human EGF Pathway 96-well Plate
analysis following DOX treatment in BT-549 TS

!

Step 5: Gene expression analysis

Gene cluster analysis Gene functional annotation
(BioNumerics) (DAVID and STRING databases)

Relative quantification
(Cloud software)

Fig. 1. Workflow of the analysis performed in this study.

apoptosis evasion, drug efflux mechanisms, DNA repair, self-renewal,
and a hypoxic and inflammatory microenvironment, to survive cyto-
toxic chemotherapy [7]. Therefore, a new approach combining con-
ventional chemotherapy and BCSC-target therapy may lead to a better
clinical outcome and prevent BC relapse.

An important pathway implicated in regulating the proliferation,
differentiation and survival of epithelial cells is epidermal growth factor
receptor (EGFR) signaling [9]. EGFR and its downstream pathway have
been linked to cancer cell migration and invasion [10], as well as BCSC
enrichment [11].

In the present study, we evaluated data based on the expression of
EGF pathway-associated genes in a BCSC-like population and identified
CD44 */Migh /D24 /°%/ALDH " markers by flow cytometry following
doxorubicin (DOX) treatment. We intended to understand the effect of
DOX treatment on a set of genes in a BCSC-like population (CD44 "/
high/cD247/1°W/ALDH*) obtained from BT-549 cells, an established
triple-negative breast cancer (TNBC) cell line. The potential identifi-
cation of the BT-549 BCSCs-like subset and their EGF pathway gene
expression profiling could be used in further research for targeting and
eliminating cancer cells. Fig. 1 shows the workflow of the research
performed in this study.

2. Materials and methods
2.1. Tumorsphere cultures

Our study was performed using BT-549 cells, a human TNBC cell
line obtained from the American Type Culture Collection (ATCC,
Manassas, USA) propagated in a monolayer according to the manu-
facturer’s instructions. For BT-549 tumorspheres (BT-549 TS) culture,
stem/progenitor cell-enriched assay was performed. The cells in the
monolayer were replicated, and the suspension cells (1 x 10° cells/mL)
were plated on low-attachment plates (Corning, New York, USA) using
DMEM/F-12 medium for TS selection with 20 ng/mL of EGF, 10 pg/mL
of bovine insulin, 2% inactivated horse serum and 0.5 pg/mL of hy-
drocortisone, all obtained from Sigma (St. Louis, MO, USA). To estab-
lish the BT-549 TS, the cells were incubated for seven days in a 5% CO,
incubator at 37 °C.

2.2. Flow cytometry analysis

After seven days of suspension culture, the BT-549 TS were col-
lected, washed with PBS and incubated with Trypsin-EDTA (0.25%/
0.5 mM) for two minutes at 37 °C to dissociate the cells. The cells were
resuspended in labeling buffer (PBS, 0.1% sodium azide and 1% fetal
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bovine serum) and incubated with anti-human antibodies against CD44
(APC-H7; BD Biosciences, San Jose, CA, USA) and CD24 (FITC;
Invitrogen, Carlsbad, CA, EUA), as markers of the BCSCs-like subset, at
concentrations recommended by the manufacturer. The antibodies
were incubated on ice protected from light for 20 min at 4 °C. Isotype
controls were used to set the threshold for positivity.

ALDEFLUOR™ stem cell identification (Stem Cell Technologies,
Vancouver, BC, Canada) was performed to identify ALDH " cells. A total
of 1 x 10° cells/mL was incubated for 40 min at 37 °C according to the
manufacturer’s instructions.

The experiments were performed on the FACSCanto II flow cyt-
ometer (BD Bioscience, San Jose, CA, USA) with cell acquisition and
data analysis using FACSDiva 6.1.3 software (BD Bioscience, San Jose,
CA, USA).

2.3. Cell survival analysis

The effect of DOX on cell viability was evaluated by MTT (Thiazolyl
Blue Tetrazolium Bromide) colorimetric assay. To titrate the half
maximal inhibitory concentration (IC50) of DOX (Fauldoxo®, Libbs,
Embu das Artes, SP, MG), BT-549 TS and BT-549 cell propagated in a
monolayer were exposed to a range of drug concentrations
(0.0781-80.0 uM), increasing the concentration by 2-fold between each
point. Untreated cells served as controls. The drug was prepared freshly
for each experiment and incubated for 48 h. The formazan crystals, the
MTT product formed in the mitochondria of viable cells, were solubi-
lized with 100 uL of isopropanol/0.04 M HCl (Merck, Darmstadt,
Germany) at room temperature for one hour under agitation. The col-
orimetric reaction was measured using the SpectraMax M5e Microplate
Reader (Molecular Devices, Sunnyvale, CA, USA) at 550 nm. The assays
were performed in triplicate in three independent experiments. The
1C50 was estimated using the cell survival average of three independent
experiments.

2.4. Reverse transcription and epidermal growth factor (EGF) pathway
arrays analysis

Total RNA from control and BT-549 TS treated with DOX at the
calculated IC50 was isolated using TRIzol® (Invitrogen, Carlsbad, CA,
USA) according to the manufacturer’s instructions. The concentration of
total RNA and the 260/280 absorbance ratio were measured using the
NanoVue spectrophotometer (GE Healthcare, Little Chalfont, United
Kingdom). Total RNA was treated with RNase-free DNase Set (Qiagen,
Hilden, Germany). The ¢cDNA was synthesized using M-MLV Reverse
transcriptase (Promega, Madison, Wisconsin, USA) according to the
manufacturer’s recommendations. The Tagman® Array Human EGF
Pathway 96-well Plate (Applied Biosystems, Foster City, CA, USA) was
performed according to the manufacturer's instructions on the 7500
Real-Time PCR System (Applied Biosystems, Foster City, CA, USA).

2.5. Validation of STAT3 expression

An independent RT-qPCR for STAT3 expression was performed
using the PrimeTime® Gene Expression Master Mix (IDT, Coralville,
Iowa, USA) according to the manufacturer's instructions. The RNU6B
gene provided in the Tagman® assay (Applied Biosystems, Foster City,
CA, USA) was utilized as an endogenous gene. For the STAT3
PrimeTime® qPCR assay (IDT, Coralville, lowa, USA), the following
primers and probe were used: Primer 1: 5-TTCTGGGCACAAACACAA
AAG-3’; Primer 2: 5-TCAGTCACAATCAGGGAAGC-3’; and Probe: 5-/
56-FAM/ AGGGAGCAG/ZEN/ AGATGTGGGAATGG/3IABKFQ/ — 3.

2.6. Gene functional and network pathway analysis

The differentially expressed genes were classified according to the
Database for Annotation, Visualization and Integrated Discovery
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(DAVID) version 6.8 [12,13] into Gene Ontology (GO) categories in
terms of their associated Biological Processes (BP). For the pathway
analysis of gene-associated proteins, the Kyoto Encyclopedia of Genes
and Genomes (KEGG) was investigated by using STRING database,
version 10.5 [14]. STRING was also used to evaluate protein-protein
interactions (PPI) among the associated genes.

2.7. Data analysis

IC50 DOX concentration was estimated by Dr Fit, version 1.042
[15], and statistical analysis was performed in SPSS software, version
18.0 (SPSS Inc., Chicago, Illinois, USA).

The p-value computation was performed by Relative Expression
Software Toll (REST© 2009), version 2.0.13 [16] (Qiagen, Hilden,
Alemanha) to identify differentially expressed genes. The statistical
significance was assessed at p < 0.05. The relative quantification (Rq)
values for the statistical significance of overall genes was calculated by
using the 2(-Delta Delta C(T)) method on Cloud software, version 1.0
(Thermo Fisher, Waltham, MA USA). The data were plotted by using
SPSS software. A clustering analysis was performed using the UPGMA
(Unweighted Pair Group Method using Arithmetic averages) method
and Euclidian distance by BioNumerics software, version 7.5 (Applied
Maths, Sint-Martens-Latem, Belgium).

3. Results
3.1. Flow cytometry analysis identify BCSCs markers in BT-549 TS

FACS analysis showegl that BT-549 TS presents the BCSCs-like subset
determined by CD44 "/Mgh/CD247/1°W (Fig. 2A-B) and ALDH1 " pheno-
type (Fig. 2C-D), as described by AL-HAJJ et al. [17]; GINESTIER et al.
[18].
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Fig. 3. Effect of DOX on BT-549 propagated in a monolayer and as tumorspheres. The
cells were treated with DOX at a range of concentrations from 0.0781 to 80.0 uM, in-
creasing the concentration by 2-fold between each point. Cell viability was assessed by
MTT assay, and the results are presented as the cellular viability median (%). Each dot
represents the cell viability value at each concentration tested in three independent ex-
periments performed in triplicate. The CD44 */"#%/CD24 /1" /ALDH1 * BCSCs-like subset
presented high cell viability values for the most drug ions tested. The opp
result was observed in the monolayer culture. Statistical significance was indicated by
p < 0.05 using non-parametric tests Mann-Whitney for independent samples.

3.2. CD44 /"sh/CD247°"/ALDH1 * BCSCs-like subset of BT-549
presents high r e to DOX tr

To identify changes in gene expression in BCSCs that correlate with
the resistance to DOX, the sensitivity of the CD44 */M&h/cp247low/
ALDH1 " BCSCs-like subset of BT-549 was evaluated. Fig. 3 illustrates
the high-level resistance of the CD44 */Mh/CD24/°" /ALDH1 ~ BCSCs-
like subset of BT-549 to DOX when compared with BT-549 cells in
monolayer culture. The CD44"/"&"/CD247"°%/ALDH1 " BCSCs-like

B

Count

10? 10° 10 10’ 10
CD24 Alexa Fluor 488-A CD44 APC-Cy7-A
C D
& ="
° ]
< <
O S
: 6.4%
T L DR P O 8 | LR [ O 5 B T T T T =TT T 7T
10 10 10? 10
Alexa Fluor 488-A Alexa Fluor 488-A
Fig. 2. Representative FACS plot of the BCSCs marker analysis on BT-549 TS. A-B: BT-549 TS labeling with CD24 and CD44 antibodies, respectively. Hi howing the p

of positive cells. Isotype controls were used to set the threshold for positivity. C: The cells were incubated with both ALDEFLUOR™ substrate (BAAA) and DEAB, a specific inhibitor of
ALDH, to establish the baseline fluorescence (R1) and define the ALDEFLUOR-positive region (R2) D: Cells incubated with ALDEFLUOR substrate alone. Dot plot showing the percentage

of ALDH-positive cells.
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Fig. 4. Relative quantification analysis of EGF pathway-associated genes in the CD44 */218h/CD24~1/ALDH1 * BCSCs-like subset. Gene expression was assessed by Tagman® assay, and

the results are presented as a relative quantification (Rq). A. After DOX treatment with 55.7 uM, we observed 64 genes d

lated, determined by REST®

d and 3 genes up

2009 software. Among the upregulated genes MAPK3, PRKCZ and STAT3, STAT3 presented higher Rq values. Twelve genes were not significantly different from control (ND - no
difference). *Significant differences of each point compared with the control. Statistical significance was indicated by p < 0.05 using Kruskal-Wallis non-parametric test. B. STAT3
expression was validated by qRT-qPCR assay, showed an 8.7-fold expression change after DOX treatment, confirming the array results.

subset demonstrated an IC50 value of 55.7 uM of DOX, which was
97.4 x higher than that of the BT-549 monolayer, with an estimated
1C50 of 0.572 uM of DOX.

3.3. STAT3 is associated with the chemoresistance of the CD44*/"ig"/
CD247""/ALDH1 " BCSCs-like subset of BT-549 cells

To identify predictive markers associated with DOX-resistance in
the BCSCs-like subset, a gene expression profiling analysis was per-
formed using RT-qPCR array. We divided the obtained gene expression
profiles into the following two subsets: the DOX-treated CD44 */high/
CD247'°%/ALDH1 " BCSCs-like subset and the untreated CD44 */™¢h/
CD247'°%/ALDH1" BCSCs-like subset as a control. REST® 2009 soft-
ware was used to filter out differentially expressed genes. The expres-
sion analysis revealed changes in 67 (85%) out of the 79 genes ex-
amined in the DOX-treated CD44 */"8"/CD24 /'°"/ALDH1 " BCSCs-like
subset compared to the control. The majority of these genes (64 genes
— 95.5%) were downregulated and 3 genes, MAPK3, PRKCZ and
STAT3, were upregulated (4.5%) (Fig. 4). A complete list of the ana-
lyzed genes, relative quantification values and up/downregulation
status was submitted as Supplementary Material (Table S1).

We performed a cluster analysis on the array data relative to the 67
differentially expressed genes in the DOX- treated CD44 */*8"/CD24”7
low/ALDH1 * BCSCs-like subset. The genes are clustered in the branches
of the dendrogram based on overall similarity in patterns of relative
quantification data according to the Euclidian distance. The genes were
clustered into the following two main groups (Fig. 5A): cluster 1 formed
by the most upregulated gene, STAT3, and cluster 2 formed by two
upregulated genes, MAPK3 and PRKCZ (branch named as 2 A), and all
downregulated genes (branch named as 2B). Additionally, the down-
regulated genes CAV2, RHOA and RRAS (branch named as a); AKTI,
AKT2, MUC1, RHOC and PLCGI (branch named as b) exhibited more
accentuate differences in the Rq value than the other downregulated
genes and were categorized into close branches (branch named as
2B.1). The clustering dendrogram shows the other 56 downregulated
genes categorized into close branches (branch named as 2B.2). STAT3
were not clustered into single branches with the other upregulated
genes because the Rq value for this gene was approximately 6-fold
higher than the Rq values for MAPK3 and PRKCZ (Fig. 4 and Table S1),
highlighting a role for STAT3 in the DOX-treated CD44 */i#h/CD24”
loW/ALDH1 * BCSCs-like subset.

We performed an independent STAT3 RT-qPCR to validate the ob-
tained results and observed STAT3 upregulation (8.7-fold) in the DOX-
treated BT-549 TS. These data confirmed the array results, showing a
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8.89-fold increase in STAT3 expression in the CD44 */high/cp247low/
ALDH1 " BCSCs-like subset after DOX treatment (Supplementary ma-
terial - Table S1).

3.4. Gene ontology and network pathway analysis

The gene ontology categories were evaluated to further explore the
biological processes and functional pathways related to the upregulated
and downregulated genes categorized in the close branches (cluster
2B.1), and the results are shown in Table 1. The data demonstrate that
DOX treatment could lead to overall changes in the patterns of gene
expression, including proliferation, apoptosis and other important
pathways associated with carcinogenesis. The PPI among the associated
genes are shown in Fig. 5B.

4. Discussion

The development of metastatic disease is the primary cause of
mortality in BC patients. Approximately 30% of early breast cancer
patients eventually develop metastasis, and in 90% of patients, multi-
drug resistance occurs [19]. Several lines of evidence have shown
BCSCs as the main players in chemoresistance, metastasis and disease
recurrence [20]. Based on these findings, we aimed to identify mole-
cular targets that could be used as markers of BCSCs DOX resistance.

Tumorsphere assays can be useful for investigating the features of
BCSCs, as these cells typically contain undifferentiated stem/progenitor
cells [21]. Since CD44*/M&h/CD247°%/ALDH1"* cells have been
widely used in BCSC characterization [17,18], our results suggest that
BT-549 TS are enriched by this subpopulation.

According to the Genomics of Drug Sensitivity in Cancer (GDSC)
database [22], the IC50 concentration of DOX (a common chemother-
apeutic agent used in the treatment of BC) in a panel of BC cell lines
ranged from 14.6 to 0.00969 uM. Our results showed the estimated
IC50 value of monolayer BT-549 cells across the range of GDSC.
However, the CD44 */M&h/CD247/"°"/ALDH1 © BCSCs-like subset was
97.4 X more resistant to DOX-induced cell death compared to BT-549
cells cultured in a monolayer. These data on the CD44 */Migh/cp247/low/
ALDH1" subset reinforce the role of BCSCs as drivers of chemoresis-
tance. The role of BCSCs in chemoresistance has been extensively de-
scribed in the literature. Jia et al. (4] demonstrated that individual
chemotherapeutic treatment with 5-fluorouracil, doxorubicin and pa-
clitaxel markedly enriched the CD44 ‘/Migh/cD247/°% BCSCs sub-
population and increased ALDH expression. Furthermore, stemness
genes were upregulated after drug treatment. A BCSC phenotype
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Fig. 5. Gene cluster and PPI network among the associated genes analysis in the DOX-treated CD44 */2¢h/CD247/1°%/ALDH1 * BCSCs-like subset. A. The mRNA expression of 67 genes
associated with the DOX-treated CD44 /M8 /CD247/' /ALDH1 * BCSCs-like subset using hi hical cluster. The relationships among analyzed genes are rep: d by trees whose
branch lengths represent the degree of similarity based on relative quantification (Rq) data. B. The confidence view of the protein-protein interactions (PPI) among the associated genes
provided by STRING. The data were extracted form curated databases (blue line) and experimentally determined (purple line). The light blue line represents protein homology. A small
node size denotes proteins of unknown 3D structure, and a large node size indicates that some 3D structure is known or predicted.

Table 1
Functional annotation analysis of STAT3-associated genes.

Category Term Genes

GOTERM_BP_DIRECT GO0.0043066 Negative regulation of apoptotic process AKT1,AKT2,MUC1,PRKCZ, STAT3
GOTERM_BP_DIRECT GO0.0060397 ~JAK-STAT cascade involved in growth hormone signaling pathway MAPK3,STAT3

GOTERM_BP_DIRECT GO:0071407 ~Cellular response to organic cyclic compound AKT1,STAT3

KEEG pathway Hsa05205° Proteoglycans in cancer AKT1,AKT2,CAV2,MAPK3, PLCG1,RHOA,RRAS,STAT3
KEEG pathway Hsa04066° HIF -1 signaling pathway AKT1,AKT2,MAPK3,PLCG1, STAT3
KEEG pathway Hsa05200: Pathways in cancer AKT1,AKT2,MAPK3,PLCG1,RHOA,STAT3
KEEG pathway Hsa04062: Chemokine signaling pathway AKT1,AKT2,MAPK3,RHOA, STAT3

KEEG pathway Hsa04068: Foxo signaling pathway AKT1,AKT2,MAPK3,STAT3

KEEG pathway Hsa05206: MicroRNAs in cancer PLCG1,RHOA,STAT3

KEEG pathway Hsa04630: Jak-STAT signaling pathway AKT1,AKT2,STAT3

Note: Functional annotation analysis performed in DAVID and STRING databases.
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(CD44 " /Migh /CcD2471°") was also induced in the DOX-resistant BC cell
line after treatment [8]. Our study model, BT-549 TS, was used by our
group to evaluate the antitumor properties of new 3-alkylpyridine
marine alkaloid analogs [23]. The results showed that one of the 3-
alkylpyridine marine alkaloid analogs performed differently in mono-
layer and tumorsphere models. In monolayer model, the compound has
no action, but in the tumorsphere model, both cell populations (BCSCs
and non-BCSCs) were decreased after treatment. The test compound
induced CD44 */Mi#h/CD247/1°% BCSCs-like subset death, emerging as a
promising class for the development of anticancer agents.

TNBC, an aggressive subtype of breast carcinoma, is defined by a
lack of estrogen and progesterone receptor expression and a lack of
HER-2 amplification/overexpression, thus cytotoxic chemotherapy is
the mainstream anticancer therapy available [24]. Because of the high
rate of EGFR overexpression, approximately 50% of these tumors, EGFR
inhibitors are among the targeted agents being developed for TNBC
treatment [10]. These inhibitors enhance TNBC cell sensitivity to cy-
totoxic therapy [25]. The primary goal of performing the EGF gene
expression array was to select genes as predictive biomarkers associated
with chemoresistance in the CD44"/M&h/CD247/1°%/ALDH1~ BCSCs-
like subset of the TNBC cell line. Our results showed that EGFR ex-
pression was downregulated in the CD44*/h¢h/CcD247/1°%/ALDH1 *
BCSCs-like subset after DOX treatment. Additionally, ERBB2 expression
was low (data not shown because these results were not statistically
significant when the difference of expression before and after DOX
treatment was analyzed - Supplementary material 1: Table S1). BT-549,
the cell line utilized in our study, is classified as a claudin-low subtype
[26]. Clinically defined as TNBC, this subtype is characterized by a low-
level of ERBB2 expression and is highly enriched with epithelial-me-
senchymal transition (EMT) markers and cancer stem cell-like features
[26]. Therefore, EGFR inhibitors may not have effects on the CD44 "/
high /cp247/1°%/ALDH1 * BCSCs-like subset as adjuvants in DOX treat-
ment. This finding demonstrates the extreme importance of predicted
markers of chemoresistance.

We identified a total of 11 genes associated with DOX-resistance.
PRKCZ, MAPK3 and STAT3 genes were upregulated and AKT1, AKT2,
CAV2, MUCI1, PLCG1, RHOA, RHOC and RRAS were downregulated
following DOX treatment.

STAT3 expression was approximately 6-fold higher than that of the
other upregulated genes, which suggests that this gene is a predictive
biomarker of anti-apoptotic STAT3 signaling, decreasing DOX-induced
cell death and promoting chemoresistance in the CD44 /M&h/Ccp247
1ow/ALDH1 " BCSCs-like subset. The other upregulated genes, PRKCZ
and MAPK3, encoded proteins that are upstream activators of the
STAT3 signaling pathway [27-29]. Thus, these activators may enhance
STAT3 activation in the CD44"/"&"/CD247°"/ALDH1* BCSCs-like
subset following DOX treatment.

In addition, the upregulated genes are critical regulators of the EMT
phenotype, which involves the shift of an epithelial state to a me-
senchymal state [27,30-32]. EMT, a key mechanism implicated in
metastasis, endows epithelial cells with stem cell characteristics, pro-
viding an association between EMT, CSCs and drug resistance [6,33].
Since most tumors are carcinomas arising from epithelial cells, EMT in
cancer cells has been established as a crucial event because the re-
sistance-mediated therapy is observed in many types of cancer.

MAPK3 and STAT3 were directly associated with BCSCs enrichment
[34-38], and several authors have suggested these genes are correlated
with DOX-resistance in BC cell lines [39-41]. The role of PRKCZ in
DOX-resistance was reported in a cervical cell line [42]. Therefore,
PRKCZ, MAPK3 and STAT3 upregulation following DOX treatment in
the CD44 */high/CD24/1°%/ALDH1 * BCSCs-like subset may contribute
to the chemoresistance observed in our study. To the best of our
knowledge, there is no described link between PRKCZ and the BCSC
subpopulation, as observed for other PRKC isoenzymes [43-45].

RRAS, a member of the Ras superfamily, is involved in the RAS/
RAF/MAPK pathway [38]. Nonetheless, the RRAS downregulation
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demonstrated in our study may not affect MAPK3 signaling, as Valkova
et al. [46] demonstrated that PRKCZ activates this protein in a manner
independent of RAS.

Several authors have recently reported that AKT1, AKT2, CAV2,
MUCI, PLCG1, RHOA, and RHOC also trigger the EMT phenotype, and
some of these genes (AKT, RHOC and MUCI) are related to drug re-
sistance [8,47-54]. These findings suggested that the downregulated
genes, although related to EMT and chemoresistance, observed in our
study model have no or little effect on the DOX resistance of the
CD44 */high/CD24/1°%/ALDH1 * BCSCs-like subset.

Functional annotation in terms of the biological processes of STAT3-
associated genes revealed their function in cell proliferation and anti-
apoptotic signaling. Moreover, these genes are associated with im-
portant pathways implicated in cancer. STAT3 is a central signaling
node enabling cross-talk with signaling pathways related to cancer
development and progression, such as metastasis, immune suppression,
angiogenesis, inflammation and BCSCs regulation [55,56]. We high-
lighted the strong relationship between inflammation and BCSC. IL
(interleukin) — 6, an inflammatory cytokine, has previously been de-
scribed as the most potent inducer of STAT3, in an EGFR-independent
manner; conversely, STAT3 can also activate IL-6 [35,57]. IL-6/STAT3
signaling is involved in the self-renewal, survival and invasive pheno-
type of BCSCs [58,59].

The role of the STAT3 signaling pathway in TNBC cell growth and
invasiveness [60-63], as well as is implication in the growth of BCSC
subsets [64.65], is well-known. In addition, numerous reports have
demonstrated the association of STAT3 activation with chemoresistance
and STAT3 inhibition can restore the efficacy of chemotherapeutic
agents [66-68]. Thus, our findings are consistent with prior STAT3
knowledge. This study includes only one cell line and chemother-
apeutic, but our study involved an extensive gene expression analysis of
67 genes associated with the EGF signaling pathway in a specific cell
population, the CD44*/Mgh/cD247°"/ALDH1* BCSCs-like subset to
screen putative molecular markers. Therefore, we proposed STAT3
upregulation as a molecular signature in the CD44 */Mi&"/cD2471°v/
ALDH1 " BCSCs-like subset related to DOX-resistance, and these data
were validated by qRT-PCR.

STAT3 is constitutively activated in many types of cancers and
tumor cell lines. This protein activates proliferation and inhibits
apoptosis, thereby stimulating malignant transformation. STAT3 over-
expression has been observed in chemoresistance as an indirect effect of
the negative regulation of the cell death pathway [69]. Our study in-
dicates a strong relationship of STAT3 with DOX treatment resistance in
the CD44*/Mgh/CD247/1°%/ALDH1* BCSCs-like subset, highlighting
this protein as a potential therapeutic target in TNBC, the only major
type of breast cancer without a specific targeted therapy. STAT3 in-
hibition may increase the efficacy of chemotherapy and improve TNBC
patient outcomes. Further clinical studies are needed to further un-
derstand the underlying mechanism of the STAT3 signal pathway in
chemotherapy resistance.

5. Conclusions

Tumor biology can be determined from studies of specialized cell
types and the microenvironment that tumors construct during the
course of tumorigenesis. The genetic and molecular heterogeneity of
tumors has been the greatest obstacle to chemotherapy, as these tissues
produce varied responses to drugs. Our study may provide clues about
the failures of certain chemotherapeutics on triple-negative tumors.
Strategies using commercial cancer cell lines may be particularly useful
to predict chemotherapeutic responses and determine the biological
mechanisms of drug action. Thus, when we reach the validation phase
with clinical patient samples we will carry out targeted tests, since
promising biomarkers have previously been identified in models of
immortalized cells. Notably, the drug sensitivity data derived from
previously phenotyped sphere culture models show clinically and
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faithfully more relevant responses than that from standard monolayer
culture. Our results indicated that the CD44 * /"¢ /CD247°%/ALDH1 *
BCSCs-like subset obtained from the TNBC BT549 cell line are STAT3-
expressing cells, which likely contributes to their resistance to DOX
treatment. Additionally, a majority of the evaluated genes in EGF
pathway appear to be not associated with the DOX resistance presented
in our CD44 */"&"/CD24/°"/ALDH1 * BCSCs-like subset. The identi-
fication of biomarkers that predict antitumor responses is at the top of
cancer research priorities.
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GENE NAME TYPE ASSAY ID Rq STATUS
18S RNA, 18S ribosomal REF* Hs99999901 sl - -
GAPDH glyceraldehyde-3-phosphate dehydrogenase REF Hs99999905_ml - -
HPRT1 hypoxanthine phosphoribosyltransferase 1 REF Hs99999909 ml - -
GUSB glucuronidase beta REF* Hs99999908 _ml - -
ABI1 abl-interactor 1 TRG Hs00178550_m1 NA NA
AKT1 AKT serine/threonine kinase 1 TRG Hs00178289 ml 0.81 DOWN
AKT2 AKT serine/threonine kinase 2 TRG Hs01086102_m1 0.82 DOWN
AKT3 AKT serine/threonine kinase 3 TRG Hs00178533_ml NA NA
ARAF A-Raf proto-oncogene, serine/threonine kinase TRG Hs00176427_ml NA NA
BRAF B-Raf proto-oncogene TRG Hs00269944 m1 0.23 DOWN
CAV1 caveolin 1 TRG Hs00971716_m1 NA NA
CAV2 caveolin 2 TRG Hs00184597_m1 0.53 DOWN
CBL Chbl proto-oncogene TRG Hs00231981 ml 0.19 DOWN
CDH1 cadherin 1 TRG Hs01023894_m1 0.62 ND
CHUK conserved helix-loop-helix ubiquitous kinase TRG Hs00175141 ml 0.06 ND
CSK c-src tyrosine kinase TRG Hs00177843_ml 0.03 DOWN
CTNNB1 catenin beta 1 TRG Hs00355045_m1 0.09 DOWN
DIRAS3 DIRAS family GTPase 3 TRG Hs00190723_m1 0.14 ND
DOK2 docking protein 2 TRG Hs00182758 m1 NA NA
EGF epidermal growth factor TRG Hs01099999 ml NA NA
EGFR epidermal growth factor receptor TRG Hs01076078_m1l 0.08 DOWN
ELK1 ELK1, ETS transcription factor TRG Hs00428286 g1 0.20 DOWN
EPS8 epidermal growth factor receptor pathway substrate 8 TRG Hs00610286_m1 0.02 DOWN
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GENE NAME TYPE ASSAY ID Rq STATUS
ERBB2 erb-b2 receptor tyrosine kinase 2 TRG Hs01001580_m1 0.29 ND
FOS Fos proto-oncogene, AP-1 transcription factor subunit TRG Hs00170630_m1 0.12 DOWN
GAB1 GRB?2 associated binding protein 1 TRG Hs00157646_m1 0.06 DOWN
GRB2 growth factor receptor bound protein 2 TRG Hs00157817_ml 0.08 DOWN
HRAS HRas proto-oncogene, GTPase TRG Hs00610483_m1 0.36 DOWN
IKBKB inhibitor of kappa light polypeptide gene enhancer in B-cells, kinase beta TRG Hs00233287_m1l 0.33 DOWN
IKBKE inhibitor of kappa light polypeptide gene enhancer in B-cells, kinase epsilon TRG Hs01063858_m1 0.32 ND
IKBKG inhibitor of kappa light polypeptide gene enhancer in B-cells, kinase gamma TRG Hs00415849 ml 0.20 DOWN
JAK1 Janus kinase 1 TRG Hs01026983_m1 0.07 DOWN
JAK2 Janus kinase 2 TRG Hs01078136_ml 0.03 DOWN
JUN Jun proto-oncogene, AP-1 transcription factor subunit TRG Hs99999141 sl 0.01 DOWN
KRAS KRAS proto-oncogene, GTPase TRG Hs00364282_m1 0.03 ND
MAP2K1 mitogen-activated protein kinase kinase 1 TRG Hs00605615_mH NA NA
MAP2K2 mitogen-activated protein kinase kinase 2 TRG Hs00360961 _m1l 0.30 DOWN
MAP2K4 mitogen-activated protein kinase kinase 4 TRG Hs00387426_m1 0.39 DOWN
MAP2K7 mitogen-activated protein kinase kinase 7 TRG Hs00178198_ml 0.12 DOWN
MAP3K1 mitogen-activated protein kinase kinase kinase 1 TRG Hs00394890_m1 0.04 DOWN
MAPK1 mitogen-activated protein kinase 1 TRG Hs01046830_m1 0.10 DOWN
MAPK10 mitogen-activated protein kinase 10 TRG Hs00373461 ml 0.19 DOWN
MAPK3 mitogen-activated protein kinase 3 TRG Hs00385075_m1 1.46 UP
MAPKS mitogen-activated protein kinase 8 TRG Hs01548508_m1 0.04 DOWN
MAPK9 mitogen-activated protein kinase 9 TRG Hs00177102_m1 0.10 ND
MRAS muscle RAS oncogene homolog TRG Hs00171926_m1 0.07 DOWN
MUC1 mucin 1, cell surface associated TRG Hs00159357_ml 0.71 DOWN
MYC v-myc avian myelocytomatosis viral oncogene homolog TRG Hs99999003 ml 0.01 DOWN

NCK1 NCK adaptor protein 1 TRG Hs00237216_ml 0.04 DOWN
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GENE NAME TYPE ASSAY ID Rq STATUS
NFKB1 nuclear factor kappa B subunit 1 TRG Hs00765730_m1 0.07 DOWN
NFKB2 nuclear factor kappa B subunit 2 TRG Hs00174517_ml 0.36 DOWN
NRAS neuroblastoma RAS viral oncogene homolog TRG Hs00180035_m1 0.05 DOWN
PAK1 p21 (RAC1) activated kinase 1 TRG Hs00176815_ml 0.07 DOWN
PDPK1 3-phosphoinositide dependent protein kinase 1 TRG Hs00176884_m1 0.05 DOWN
PIK3C2A phosphatidylinositol-4-phosphate 3-kinase catalytic subunit type 2 alpha TRG Hs00153223 _ml 0.13 DOWN
PIK3C2B phosphatidylinositol-4-phosphate 3-kinase catalytic subunit type 2 beta TRG Hs00153248_ml 0.37 ND
PIK3CA phosphatidylinositol-4,5-bisphosphate 3-kinase catalytic subunit alpha TRG Hs00180679_m1 0.03 DOWN
PIK3CB phosphatidylinositol-4,5-bisphosphate 3-kinase catalytic subunit beta TRG Hs00927728 ml NA NA
PIK3CD phosphatidylinositol-4,5-bisphosphate 3-kinase catalytic subunit delta TRG Hs00192399_m1 0.20 DOWN
PIK3R1 phosphoinositide-3-kinase regulatory subunit 1 TRG Hs00381459_m1 0.04 DOWN
PIK3R2 phosphoinositide-3-kinase regulatory subunit 2 TRG Hs00178181_ml 0.33 DOWN
PLCG1 phospholipase C gamma 1 TRG Hs00234046_m1 0.97 DOWN
PRKCA protein kinase C alpha TRG Hs00176973_ml 0.15 ND
PRKCB protein kinase C beta TRG Hs00176998 m1l NA NA
PRKCD protein kinase C delta TRG Hs01090047_m1 0.05 DOWN
PRKCE protein kinase C epsilon TRG Hs00178455_m1 0.29 DOWN
PRKCG protein kinase C gamma TRG Hs00177010_ml NA NA
PRKCQ protein kinase C theta TRG Hs00989970_m1 NA NA
PRKCZ protein kinase C zeta TRG Hs00177051_ml 1.24 UP
PTK2 protein tyrosine Kinase 2 TRG Hs00178587_m1 0.10 ND
PXN paxillin TRG Hs00236064_m1 1.38 ND
RAB5A RABS5A, member RAS oncogene family TRG Hs00991290_m1 0.02 DOWN
RAC1 ras-related C3 botulinum toxin substrate 1 (rho family, small GTP binding protein Racl) TRG Hs01025984 m1l 0.31 DOWN
RAF1 Raf-1 proto-oncogene, serine/threonine kinase TRG Hs00234119 ml 0.14 DOWN

RASA1 RAS p21 protein activator 1 TRG Hs00243115 ml 0.06 DOWN
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REL REL proto-oncogene, NF-kB subunit TRG Hs00968436_m1 0.18 DOWN
RELA RELA proto-oncogene, NF-kB subunit TRG Hs00153294 _ml 0.25 DOWN
RELB RELB proto-oncogene, NF-kB subunit TRG Hs00232399_ml 0.36 DOWN
RHOA ras homolog family member A TRG Hs00357608_m1 0.44 DOWN
RHOB ras homolog family member B TRG Hs00269660 s1 0.17 DOWN
RHOC ras homolog family member C TRG Hs00237129_ml 0.67 DOWN
RHOD ras homolog family member D TRG Hs00205854_m1 0.28 DOWN
RHOG ras homolog family member G TRG Hs00750922_s1 0.12 DOWN
RND3 Rho family GTPase 3 TRG Hs00170603_m1 0.03 DOWN
RRAS related RAS viral (r-ras) oncogene homolog TRG Hs00196699_m1 0.47 DOWN
RRAS2 related RAS viral (r-ras) oncogene homolog 2 TRG Hs00273367_m1l 0.05 DOWN
SHC1 SHC adaptor protein 1 TRG Hs00427539_m1 1.05 ND
SHC3 SHC adaptor protein 3 TRG Hs00375042_m1 NA NA
SOS1 SOS Ras/Rac guanine nucleotide exchange factor 1 TRG Hs00362308_m1 0.03 DOWN
SOS2 SOS Ras/Rho guanine nucleotide exchange factor 2 TRG Hs00183311 ml 0.25 DOWN
SRC SRC proto-oncogene, non-receptor tyrosine kinase TRG Hs00178494 ml 0.24 DOWN
STAT1 signal transducer and activator of transcription 1 TRG Hs01013989 ml 0.05 DOWN
STAT3 signal transducer and activator of transcription 3 TRG Hs00374280_m1 8.89 UP
VAV1 vav guanine nucleotide exchange fator 1 TRG Hs00232108_ml NA NA
VAV2 vav guanine nucleotide exchange fator 2 TRG Hs00610104_ml 0.11 DOWN
VAV3 vav guanine nucleotide exchange fator 3 TRG Hs00196125 m1 0.05 DOWN

REF - endogenous controls; TRG - target gene; * endogenous controls used in the analysis; NA - not analyzed due no amplification or bad amplification curve; ND - no
statistical difference compared with control
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Abstract

Purpose Triple negative breast cancer is a heterogeneous disease. A multitude of different cell types were identified
within the tumor microenvironment carrying distinct roles, contributing to their heterotypic nature. Thereby, efforts
have been done to discover cellular and molecular markers present in the tumor. We aimed to characterize distinct cell
subpopulations for better understanding the cellular heterogeneity related to the biological mechanisms of
chemoresistance.

Methods BT-549, Hs 578T and HMT-3522 S1 were cultivated in monolayer and under tumorspheres (TS) model (breast
cancer stem cells (BCSCs)-enriched culture). The cells were evaluated by flow cytometry and further treated with
paclitaxel (PTX) and doxorubicin (DOX) by MTT assay.

Results The cellular heterogeneity was observed among and within the cells in term of morphology, phenotyping and
drug response. For BT-549, we suggested that the plasticity properties of CD44*/CD24*/CD146* hybrid cells and
CD44°/CD24*/CD146* epithelial cells enable the phenotypic conversion into the CD44*/CD24/CD146 epithelial-
mesenchymal transition/EMT-like BCSCs. Further these non-BCSCs may generate ALDH* epithelial-like BCSCs. The
enriched BCSCs may undergo differentiation into CD44/CD24/CD146 cells and self-renewal. Our cytotoxicity data
showed that BT-549 was the only one more resistant to PTX instead of DOX, which appears to be associated to CD24*
cells. In contrast, under TS model, the BT-549 TS were extremely resistance to DOX probably due the enrichment of
BCSCs (CD44*/CD24/ CD146  and ALDH™).

Conclusions BT-549 was highly heterogeneous, completely altering the cell subsets under BCSCs enrichment culture
demonstrating elevated phenotypic plasticity when undergoing EMT. Further this finding seems to play a major role in
DOX-resistance.

Keywords: Breast cancer; cancer stem cell; cellular heterogeneity; chemotherapy; three-dimensional culture
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Introduction

Breast cancer is a highly heterogeneous disease classified in distinct molecular subtypes, each one with a unique
biology features that lead to differences in response patterns to current therapies and clinical outcomes [1], [2]. In
clinical practice, three main types of receptor are used to subtyping of breast cancer: estrogen receptor (ER),
progesterone receptor (PR) and the human epidermal growth factor receptor 2 (HER-2) [3]. Tumors that are hormonal
receptor positive or HER-2 positive can benefit from anti-hormonal and HER-2 targeted therapies, respectively [4].
Conversely, tumors that are negative for these receptors, named triple-negative breast cancer (TNBC), cannot benefit
for target-therapies available nowadays, therefore chemotherapy is the only systemic therapy option [5]. Overall,
patients with TNBC tend to have higher rates of relapse and shorter overall survival within 3-5 years after diagnosis

compared to other types of breast cancer [6].

The TNBC, accounting for 10-20% of all breast cancer, is a disease with inter- and intra-tumor heterogeneity [7], [8].
Gene expression analysis identified four TNBC molecular subtypes (basal-like 1, basal-like 2, mesenchymal and
luminal androgen receptor subtype), displaying unique biological features that significantly have an impact in
chemotherapy responses [9], [10]. The cellular heterogeneity of individual tumors, refers as the intra-tumor
heterogeneity, can be described in terms of functional differences and distinct phenotype [11] and has been supported
by cancer stem cells (CSCs) theory [12].

The CSCs concept proposes a hierarchical cellular organization within the tumors in which CSCs are at the highest
level [13] able to self-renew and generate a varied of progeny of highly proliferative cells forming the bulk of the tumor
[14]. The CSCs are an aggressive small subpopulation of cancer stem-like cells implicated in chemoresistance,
metastatic spread and disease relapse [13], [15]. TNBC aggressive behavior is likely driven by these chemotherapy-
resistant cells well-known as breast cancer stem cells (BCSCs). Three markers (CD44, CD24, and ALDH) are
commonly used for the identification of putative BCSCs since the CD44*/CD247°" cells and ALDH* cells were
reported to be the BCSCs [16], [17]. The CD44 cell surface marker acts primarily as a receptor for hyaluronic acid, a
component of the extracellular matrix regulating cell migration and invasion [18]. In contrast, CD24 leads to an
inhibition of cell migration [19]. The aldehyde dehydrogenase 1 (ALDH1) is an enzyme responsible for the oxidation of
intracellular aldehydes and seems to play a role in the BCSCs differentiation through the oxidation of retinol to retinoic
acid [20]. TNBC shows a high mortality rate due to the development of metastatic disease and resistance to current
therapies. CD146 has been implicated in the tumor progression of many cancers and recent work has shown that this
molecule promotes breast cancer progression by epithelial-mesenchymal transition (EMT) induction being considered a
therapeutic target for TNBC [21].

A model to study the BCSCs is the stem/progenitor cell-enriched assay, a three-dimensional (3D) spherical culture
system that allows these cells to grow as multicellular non-adherent spheres named tumorspheres (TS) [22]. This assay
attempts to reproduce tumor cellular hierarchy encompassing by tumorigenic CSCs and their differentiated progeny
(non-tumorigenic) [23]. TS model is a promising platform for screening potential anti-CSCs drugs [24] and to assess

the effects of the currently used drugs on this cell subpopulation.

In the present study, we evaluated the immunophenotype of two TNBC cell lines (BT-549 and Hs 578T) and the TS
obtained from these cells using BCSCs markers (CD44, CD24 and ALDH) and EMT marker (CD146). Further, the
cells were exposed to doxorubicin (DOX) and paclitaxel (PTX) to determine the half maximal inhibitory concentration
IC50. We intended to characterize distinct cell subpopulations for better understanding the cell heterogeneity related to

the biological mechanisms of chemoresistance to PTX and DOX.
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Materials and methods
Cell culture

BT-549 (ATCC®, HTB-122™) and Hs 578T (ATCC®, HTB-126™) TNBC cell lines and the HMT-3522 S1 (ECACC,
98102210), a non-malignant breast cell line, were propagated in monolayer according to the manufacturer's instructions.

For tumorspheres (TS) culture, stem/progenitor cell-enriched assay was performed as described by Moreira et al. [25].

Immunophenotyping analysis

After seven days of suspension culture, the BT-549 TS, Hs 578T TS and HMT-3522 S1 TS were collected, washed with
PBS and incubated with Trypsin-EDTA (0.25%/0.5 mM) for two minutes at 37°C to dissociate the cells.

BT-549, Hs 578T and HMT-3522 S1 and the cells dissociated from the TS was washed with PBS and resuspended in
labeling buffer (PBS 1X, 0.1% sodium azide and 1% fetal bovine serum). The cells were incubated with the antibodies
anti-human CD44 (APC; Immunotools, Friesoythe, Germany), CD24 (FITC; Invitrogen, Carlsbad, CA, EUA), and
CD146 (PE; BD Biosciences, San Jose, CA, USA) at the concentration recommended by the manufacturer. The
antibodies were incubated protected from light for 20 min at 4°C. Isotype controls were used to set up the threshold for
positivity.

ALDEFLUOR™ stem cell identification (Stem Cell Technologies, Vancouver, BC, Canada) was performed to identify
ALDH" cells, according manufacturer’s instructions. 1 x 10° cells/mL were incubated for 40 minutes at 37°C according

to the manufacturer’s instructions.

The experiments were performed on the FACSCanto Il flow cytometer (BD Bioscience, San Jose, CA, USA) and data

were analyzed using FACSDiva 6.1.3 software (BD Bioscience, San Jose, CA, USA).

Cell survival analysis

The effect of DOX and PTX on cell viability was evaluated by MTT (Thiazolyl Blue Tetrazolium Bromide)
colorimetric assay. To titrate the IC50 of the chemotherapeutic drugs, the cell lines propagated as monolayer and TS
were exposed to a range of drug concentrations (0.1562 puM to 80.0 uM), increasing the concentration by 2-fold
between each point. Untreated cells served as controls. The drug was prepared freshly for each experiment and
incubated for 48h. The formazan crystals, MTT product, were solubilized with 100 pL of DMSO (Sigma, St. Louis,
Missouri, USA) for monolayer culture and 100 pL of isopropanol/0.04 M HCI (Merck, Darmstadt, Germany) for TS
culture at room temperature for one hour under agitation. The colorimetric reaction was measured using SpectraMax
Mb5e Microplate Reader (Molecular Devices, Sunnyvale, CA, USA) at 550 nm. The assays were performed in triplicate

in at least two independent experiments.

The selectivity index (SI) of PTX and DOX was determined in order to investigate whether the cytotoxic activity was
specific to cancer cells. The Sl was defined as the ratio of 1C50 value on HMT-3522 S1 to BT-549 or Hs 578T. The SI
was calculated separately considering the type of culture (monolayer and TS). Sl value higher than three were

considered to have high selectivity towards cancer cells [26].
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Data analysis

IC50 DOX and PTX concentration was estimated by Dr Fit, version 1.042 [27] and statistical analysis was performed in
SPSS software, version 18.0 (SPSS Inc., Chicago, Illinois, USA). The statistical significance was assessed at p<0.05.

Results
Immunophenotyping analysis

The percentage of positive cells obtained on the immunophenotyping of BT-549, Hs 578T and HMT-3522 S1 cultured
as monolayer and TS are showed in Table 1. CD44*/CD24*/CD146" cells were detected on a majority of cells on BT-
549. The others subsets found represented minor and restrict cell subpopulations. On the other hand, the main
subpopulation on Hs 578T were CD44*/CD24/CD146" cells follow by CD44*/CD24/CD146" cells and the majority of
cells on HMT-3522 S1 were CD44*/CD247/ CD146" cells. The others subsets represented only restrict cells

subpopulations or were not expressed.

Under culture of the cell lines in TS medium, a condition favoring expansion of BCSCs subpopulations, the
CD44*/CD24'/CD146" and CD44/CD24/CD146  cells were highly enriched on BT-549 TS. Notably the main
subpopulation presented in BT-549 disappeared in BT-549 TS. In Hs 578T TS it was observed an enrichment of
CD44*/CD24°/CD146" and CDA44/CD24/CD146  cells and a decrease of CD44*/CD247/ CD146* cells. The
subpopulations observed on HMT-3522 S1 TS remains the same as those observed in HMT-3522 S1.

ALDH* cells were founded in BT-549, BT-549 TS, Hs 578T TS, HMT-3522 S1 and HMT-3522 S1 TS (Table 1),
however, only BT-549 TS and HMT-3522 S1 showed a high ALDH activity as indicated by ALDEFLUOR™ assay.

Regarding the individual expression of the markers the majority of cells were CD24-, except for BT-549; CD44* for all
cells; CD146-, except for BT-549 and Hs 578T.

Our analysis revealed broad variation among a majority of the cell subpopulations between monolayer and TS culture
on each TNBC cell lines. Likewise, the cell heterogeneity is observed within and among the cell lines and TS. In
general, it was observed that the cell subpopulations composing each cell line had more similarity between the BT-549
TS and Hs 578T TS that between the parental cell lines.
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Table 1 Immunophenotyping of the cell lines and their tumorspheres (TS)

Phenotype? BT-549 BT-549TS Hs578T Hs578T TS HMT-3522S51 HMT-3522S1 TS
ALDH* 0.1 6.2 0.0 0.4 3.0 0.1
CD44*/CD24'/CD146 1.2 455 40.7 61.8 90.07 92.50
CD44*/CD24'/CD146*  13.0 11.3 50.5 5.6 9.56 5.70
CD44*/CD24*/CD146 0.5 0.1 0.5 0.2 0.02 0.91
CD44*/CD24*/CD146* 754 0.0 1.2 0.0 0.01 0.03
CD44°/CD24°/CD146 1.2 374 7.0 323 0.33 0.79
CD44°/CD24/CD146* 3.4 55 0.0 0.0 0.0 0.0
CD44/CD24*/CD146 0.1 0.1 0.0 0.1 0.0 0.06
CD44/CD24*/CD146* 53 0.0 0.0 0.0 0.01 0.01
CD24* 87.9 1.6 1.2 0.3 0.0 18
CD24 121 98.4 98.8 99.7 100.0 98.2
CD44* 90.4 53.1 925 57.7 99.5 98.9
CD44 9.6 46.9 7.5 423 0.5 11
CD146* 98.1 353 58.1 8.0 9.7 3.9
CD146 1.9 64.7 41.9 92.0 90.3 96.1

Cell survival analysis

Our results showed statistically different responses to each investigated drugs (PTX and DOX) between the types of
culture (monolayer vs. TS) for BT-549, Hs 578T and HMT-3522 S1 (Fig. 1a-f). Exceptions were observed for BT-549
treated with PTX (Fig. 1a) and for HMT-3522 S1 treated with DOX (Fig. 1f).
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Fig. 1 Cell survival analysis of BT-549, Hs 578T and HMT-3522 S1 cultured in monolayer and as TS after treatment
with PTX and DOX. Cells treated with PTX: (a) BT-549; (b) Hs 578T; (c) HMT-3522 S1. Cells treated with DOX: (d)



Artigo 2|64

BT-549; (e) Hs 578T; (f) HMT-3522 S1. Monolayer culture is represented by grey dotted line and TS culture by black
line. *Significant differences between monolayer and TS culture. Statistical significance was indicated by p < 0.05
using ANOVA

Based on the cell survival curve analysis, the IC50 value of PTX and DOX were estimated by Dr Fit software [27].
IC50 values are showed in Table 2. Statistical analysis revealed significant difference between the types of culture
(monolayer vs. TS) only for BT-549 treated with DOX (Table 2)

Table 2 IC50 of paclitaxel and doxorubicin and the selectivity index

CELL LINES PTX DOX
IC502  SIP 1C502 SIP

BT-549 4.22 1.45 0.572*  32.37
BT-549 TS 5.36 0.47 55.7* 0.16
Hs 578T 0.347 2243 2.39 8.52
Hs 578T TS 2.19 1.16 15.9 3.00
HMT-3522 S1 5.97 - 18.8 -
HMT-3522 S1 TS 2.4 - 12.7 -

4C50 (LM) mean
bSelectivity index mean calculated by means of HMT-3522 Sland HMT-3522 S1 TS
*Significant differences between the types of culture (monolayer vs. TS). Statistical significance was indicated by p <

0.05 using ANOVA post hoc LSD method (n = 3).

Analysis of drug selectivity demonstrated that DOX exhibits higher selectivity towards BT-549 and Hs 578T as well as
PTX towards Hs 578T indicated by Sl value greater than 3 (Table 2). The Sl obtained for BT-549 treated with DOX
and Hs 578T treated with PTX showed significant statistical difference between monolayer and TS culture (Fig. 2).
However, the IC50 of DOX and PTX used in TS culture were highly toxic to HMT-3522 S1 TS (Table 2).
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Fig. 2 Statistical box plot analysis of selectivity index of PTX and DOX for BT-549 and Hs 578T. Monolayer culture is
represented in diagonal black lines and TS culture in grey. *Significant differences between the types of culture
(monolayer vs. TS). Statistical significance was indicated by p < 0.05 using ANOVA post hoc LSD method (n = 3)

Discussion
The study and treatment of cancer is complicated by diversity in biological properties such as cellular morphology,

proliferation index, cell motility, genetic alterations and metabolism within and between tumors [28]. The presence of
BCSCs accounts for breast tumor phenotypic and functional heterogeneity [29] being these cells the main player in

chemoresistance, metastasis and disease recurrence [30].

BCSCs possess stem cell-like features such as self-renewal and differentiation abilities generating breast tumors which
recapitulate the heterogeneity of the parental tumor [16], [17]. It is well-known that residual BC tumors are enriched for
BCSCs after chemotherapy [31]-[33], being that multiple mechanisms confer this resistance, among them quiescence
cells, apoptosis evasion, drug efflux mechanisms, DNA repair, self-renewal, hypoxic and inflammatory
microenvironment [15]. Liu et al. [34] showed that BCSCs exist in two phenotypic states: (i) the mesenchymal-like
characterized as CD44*/CD24  cells, mainly quiescent with high invasive capacity and (ii) the epithelial-like identified
by highly proliferative ALDH" cells. BCSCs display a plasticity that allows them to transit between the two states, thus
supporting metastatic colonization. In contrast, the CD44-/CD24* cells are associated with epithelial cells and are
largely present in distant metastases [35], [36]. Further Grosse-Wilde et al. [37] identified that CD44*/CD24* cells had
mesenchymal and epithelial features demonstrated by the expression of genes representative of each phenotype being
therefore plastic and able to self-renewal.

BT-549 and Hs 578T TNBC cell lines are classified as claudin-low, a BC subtype characterized by high enrichment for

epithelial-mesenchymal transition (EMT) markers, immune response genes and cancer stem cell features [38]. EMT is a

reversible process by which epithelial cells lose their characteristics to acquire mesenchymal properties providing
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migratory ability to the cells [39]. Metastatic disease is the leading cause of death among BC patients [40] and almost
all patients with TNBC die of this disease [6]. EMT endows epithelial cells with stem cell features, providing a close
association between EMT, BCSCs and drug resistance [13], [41]. The reverse process, known as mesenchymal-
epithelial transition (MET), trigger the cessation of cell migration inducing cell adhesion and proliferation at the

secondary site for metastatic colonization [42].

As observed the breast cancer cells are heterogeneous considering the cell surface markers CD44 and CD24 expression.
However their relation to CD146, an EMT marker [21], has not yet been evaluated to our knowledge. Then in order to
characterize the BCSCs, we evaluated the CD44, CD24 and CD146 by flow cytometry. Beyond that, the ALDH
functional expression was also evaluated. Our immunophenotyping results highlights the cell heterogeneity between the
TNBC cell lines being the CD44*/CD24*/CD146* hybrid tumor cells the main population presented in BT-549 whereas
in Hs 578T were the CD44/CD24°/CD146" tumor cells and in HMT-3522 S1 were CD44*/CD24-/CD146"BCSCs EMT-
like cells. This data reinforces the EMT characteristic of BT-549, since the majority of cells expressed CD146 and they
did not express E-cadherin according our microscopy fluorescence data (data not show). We designed a schematic
representation of tumor heterogeneity based on the profile of cell subpopulations obtained by immunophenotyping (Fig.

3a). This model is useful to better understanding the differences within and among the cells.

The stem/progenitor cell-enriched assay performed by us was successful as showed by the highly increase of BCSCs
subpopulation (CD44*/CD24°) and the ability to form non-adherent multicellular spheres. However, the enriched
BCSCs was associated with CD146° subset once the BCSCs CD146* showed decreases or remained unchanged.
Notably, for BT-549 TS it was observed an enrichment of the CD44/CD24/CD146" tumor cells.

Grosse-Wilde et al. [37] showed a nearly complete phenotypic conversion from CD44/CD24* epithelial cells, sorted
from a normal human mammary epithelial immortalized, to CD44*/CD24- mesenchymal cells under stem/progenitor
cell-enriched assay. Such plasticity was not observed in CD44*/CD24  mesenchymal cells, however it was highly
enriched in the culture indicating a self-renewal capacity [37]. Indeed, [41] demonstrated that the CD44/CD24*
epithelial cells is unable to survive in non-adherent condition, nonetheless in monolayer culture this cells can be
originate from the CD44*/CD24- mesenchymal cells. Our results for BT-549 under the stem/progenitor cell-enriched
assay showed remarkable phenotypic change as described by [37], but this only occurred when either CD44°/CD24* and
CD44*/CD24* cells were CD146" reinforcing the EMT features of this cell line. We suggest that CD44°/CD24*/CD146*
epithelial tumor cells can undergo EMT and therefore, have potential to become BCSC, since it is known that this
process can trigger the transformation of non-BCSC into BCSC. CD146 promoted cell motility, invasion and generate
BCSC through EMT supporting breast cancer progression [21], [43], [44].

BT-549 TS was the only one with high ALDH activity, thus the presence of BCSCs (CD44*/CD24  and ALDH?)
suggests a greatest tumor-initiating, aggressive and invasive capacity of this cell line [17], [34]. Grosse-Wilde et al. [37]
showed that CD44*/CD24* hybrid tumor cells and CD44/CD24* epithelial tumor cells produced 7.0% and 5.7%
ALDHL1* progenies, respectively. We propose that these two cells are capable to convert into CD44*/CD24/CD146
EMT-like BCSCs and generate ALDH™ epithelial-like BCSCs, that can self-renewal and differentiate into non-BCSC
such as CD44/CD24°/CD146" tumor cells (Fig. 3b). This is in agreement with [45] that showed cleavage of CD146
from the cell surface induced by CD44 leading to an increase in soluble CD146 and subsequently invasion of breast
cancer cells. Further, according to ATCC®, the tumor tissue that originates BT-549 cell line had locoregional
metastasis. In contrast, the minor subpopulations of CD44*/CD24" and CD44°/CD24* cells present in the Hs 578T, in
additional to the lack of ALDH expression may led to the smaller enrichment of CD44*/CD24:/CD146° EMT-like
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BCSCs and ALDH* epithelial-like BCSCs observed in the Hs 578T TS compared to BT-549. Or yet the phenotypic
change related to CD44/CD24 has already occurred in the parental cell line Hs 578T.

Tumor cell heterogeneity have an impact on drug response and so we evaluable the effect of DOX and PTX, commonly
used drugs in chemotherapy of TNBC patients [46]. PTX had a high toxicity against HMT-3522 S1, a hon-malignant
cell line used as control, and DOX was only toxic when used the IC50 estimated for BT-549 TS. BT-549 cells had a
predominant population of CD24* cells whereas all the others were mainly CD24". Our cytotoxicity data showed that
BT-549 was the only one more resistant to PTX instead of DOX, according to the 1C50 value. This is in accordance
with the previous findings showing that the CD24* cells are more resistant to docetaxel, a taxane drug like PTX, and the
CD24  cells are more resistant to DOX [47]. Our results demonstrated significant statistical difference between the types
of culture (monolayer vs. TS) only for BT-549 treated with DOX, which were 97.4X more sensitive to DOX compared
to BT-549 TS. Nonetheless, although the cells showed different sensitivity to drugs, what they have in common is that
they have a high proportion CD44*/CD24-/CD146- BCSC EMT-like, except for BT-549. Beyond that, recently, our
group suggested that STAT3 gene upregulation is related to DOX-resistance in BT-549 TS, since this gene showed an

increase of 8.89-fold in its expression after DOX treatment [25].
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Fig. 3 Breast cancer cell heterogeneity model. a) Schematic representation of tumor cell heterogeneity. (a) BT-549, (b)
Hs 578T (c) HMT-3522 S1, (d) BT-549 TS, (e) Hs 578T TS, (f) HMT-3522 S1 TS immunophenotyping for BCSCs
markers (CD44, CD24, ALDH) and EMT marker (CD146). Each color represents a cell phenotype (see key on right of
figure). The BCSCs characterized as mesenchymal-like and epithelial-like were identified by CD44*/CD24 and ALDH*
subsets, respectively. The non-BCSCs were named tumor cell (CD44/CD24 subset), epithelial tumor cell (CD44
/CD24* subset) and the hybrid tumor cell defined by the presence of mesenchymal and epithelial features
(CD44*/CD24" subset). The presence of CD44 and absence of CD146 on cell surface was considered an indicator that
cell underwent EMT. b) Model of cell subpopulations transition dynamics under BCSCs-enriched assay in BT-549. The
plasticity properties of CD44*/CD24*/CD146* hybrid tumor cell and CD44/CD24*/CD146* epithelial tumor cell
presented in the parental cell line enable the phenotypic conversion into CD44*/CD24-/CD146° EMT-like BCSCs.
Further these non-BCSCs can generate ALDH™* epithelial-like BCSCs. The enriched BCSCs undergo differentiation
into CD44°/CD247/CD146" tumor cell and self-renewal

Considering all the characteristics studied by us that are associated at aggressive cancer cells and the fact of the cellular
heterogeneity present in tumors is not taken into account by most studies, they indicate the necessity of more studies to
elucidate the behavior of cell subpopulation in clinical assay and your distribution within tumor mass as predictive

indicator of chemoresistance.

Conclusion

For TNBC treatment until now no actionable targets were identified, most likely due the vast heterogeneous disease. In
this way, cytotoxic chemotherapy remains the mainstay treatment for TNBC patients resulting in poor survival. An
aggravating in chemoresistance is the drug-induced phenotypic plasticity, wherein BCSCs arise from the conversion of
non-BCSCs conferring resistance to the treatment. Recently most study evaluates the cells that form the tumor as one
unit. However, this does not faithfully represent the role played by each cell, as demonstrated by us. Our result
demonstrates the cellular heterogeneity among and within BT-549 and HS 578T TNBC cell lines in term of
morphology, phenotyping and drug response. In additional, BT-549 was highly heterogeneous, completely changing the
cell subsets under BCSCs enrichment culture condition, demonstrating elevated phenotypic plasticity when undergoing
EMT. Further this finding seems to play a major role in DOX-resistance. Thus, understanding tumor heterogeneity and
how BCSCs resist chemotherapy via single cell analysis could lead to the development of more efficient cancer

treatments improving survival in patients with TNBC.
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Abstract

Triple negative breast cancer (TNBC) is a highly heterogeneous disease, which influences the
therapeutic response and it makes difficult the discovery of effective targets. This heterogeneity is
attributed to the presence of breast cancer stem cells (BCSCs), which determines resistance to
chemotherapy and subsequently disease recurrence and metastasis. In this context, this work aimed to
evaluate the morphological and phenotypic cellular heterogeneity of two TNBC cell lines cultured in
monolayer and tumorspheres (TS) model by fluorescence and electron microscopy and flow
cytometry. The BT-549 and Hs 578T analysis demonstrated large phenotypic and morphological
heterogeneity between these cell lines, as well as between the cell subpopulations that compose them.
BT-549 and Hs 578T are heterogeneous considering the cell surface markers CD44 and CD24
expression, characterizing BCSCs mesenchymal-like cells (CD44%/CD24"), epithelial cells (CD44
/CD24%), hybrid cells with mesenchymal and epithelial features (CD447/CD24%) and CD44/CD24
cells. BCSCs epithelial-like cells (ALDH*) were founded in BT-549, BT-549 TS and Hs 578T TS,
however, only BT-549 TS showed a high ALDH activity. Ultrastructural characterization showed the
heterogeneity within and among BT-549 and Hs 578T in monolayer and TS model being formed by
more than one cellular type. Further, the mesenchymal characteristic of these cells is demonstrated by
E-cadherin absence and filopodia. It is well known that tumor cells heterogeneity can influence
survival, therapy responses and in the rate of tumor growth. Thus, molecular understanding of this
heterogeneity is essential for the identification of potential therapeutic options and vulnerabilities of
oncological patients.

Keywords: cancer stem cell; cell line; cellular heterogeneity; triple negative breast cancer
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1 Introduction

Breast cancer is the second more common type of cancer worldwide (Bray et al., 2018). This is a
highly heterogeneous disease which has great impact on treatment response and clinical outcome
(Perou et al., 2000; Sorlie et al., 2001). Triple negative breast cancer (TNBC) comprises
approximately 15% of breast cancers that lack expression of estrogen receptor (ER), progesterone
receptor (PR) and human epidermal growth factor receptor 2 (HER2). This type of breast cancer is
characterized with the higher rates of relapse and shorter overall survival in the metastatic setting

compared to other subtypes of breast cancer (Abramson et al., 2015).

Cytotoxic chemotherapy is currently the mainly treatment option for TNBC. The vast disease
heterogeneity (inter and intra-tumoral) is responsible for the lack of effective molecular therapeutic
targets for this type of cancer (Abramson et al., 2015). Cell heterogeneity has been supported by
cancer stem cells (CSCs) (Fonseca et al., 2017). Putative breast cancer stem cells (BCSCs) are
identified as CD44*/CD24""% cells and ALDH* (M. Al-Hajj et al., 2003; Ginestier et al., 2007) and
are implicate in disease recurrence, metastasis and drug resistance (Luo et al., 2015). In this way, it

is important to better understand the biology of TNBC and for the development of better therapies.

Cancer cell lines are often used as a model for the study of cancer biology. Multicellular tumor
spheroid is a three-dimensional (3D) culture model capable to reproduce in vivo characteristics of
tumors by recapitulating cell-cell and cell-microenvironment interactions more reliably than
conventional two-dimensional (2D) (Laurent et al., 2013; Riffle et al., 2017; Riffle and Hegde,
2017). In this context, the transposition of in vitro findings into 3D models for clinical practice
enhances the success of anticancer treatment  (Lee et al., 2015; Tellez-Gabriel et al., 2016). In
addition, they are less expensive compared to in vivo models and attenuate the ethical issues

involved in these studies (Huber et al., 2016).

3D culture models that promote in vitro enrichment of stem/progenitor cells are widely used in the
study of CSCs, allowing of these cells to growth as non-adherent multicellular spheres
(tumorspheres - TS) (Weiswald et al., 2015). The use of this culture model can provide invaluable

clues in cancer therapy (Ishiguro et al., 2017).

In the present study, we evaluated structural and ultrastructural morphology of BT-549 and Hs
578T, an established TNBC cell lines and the TS obtained from these cells. Further we applied
immunophenotyping using BCSCs markers (CD44, CD24 and ALDH) to characterize distinct cell

subpopulations for better understanding the cell heterogeneity.
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2 Materials and Methods
2.1 Cell culture
BT-549 (ATCC®, HTB-122™) and Hs 578T (ATCC, HTB-126™) TNBC breast cancer cell lines

were propagated in monolayer according to the manufacturer's instructions.

For tumorspheres (TS) culture, stem/progenitor cell-enriched assay was performed as described by
(Moreira et al., 2018).

For Matrigel™ (BD Bioscience) culture, the whole TS obtained after seven day of suspension
culture was cultured in three-dimensional (3D) on-top system according with (Lee et al., 2007).

These cultures were incubated for three days in a 5% CO; incubator at 37°C.
2.2 Database cellular characteristics

Information regarding the TNBC cell lines was obtained from the American Type Culture
Collection (ATCC; http://www.atcc.org; accessed December 5, 2017) and scientific publications. In
addition, the mutational status of known cancer genes was obtained from and the Catalogue of
Somatic Mutations in Cancer database (COSMIC, version 87; http://cancer.sanger.ac.uk/cell_lines;
accessed February 22, 2019).

2.3 Morphological characterization
2.3.1 Fluorescence

Cells were labeled with Image-iT™ LIVE Plasma Membrane and Nuclear Labeling kit
(Invitrogen), Phalloidin Alexa Fluor® 488 (Molecular Probes) and the nuclei were counterstained
with 4,6-diaminidino-2-phenylindole (DAPI; Molecular Probes) according to the manufacturer's
instructions. Image acquisition was performed using AxioVert 200 microscope (Zeiss).

2.3.2 Immunofluorescence

Cells were fixed with formaldehyde 4% for 1h at room temperature and washed 3 times with PBS.
Then the cells were pre-incubated in blocking solution (10% fetal bovine serum, 1% bovine serum
albumin) for 1h at room temperature. The cells were stained with anti-E-Cadherin (BD Bioscience)
at room temperature for 45 min. After incubation, cells were washed 3 times with PBS and
incubated with secondary antibody anti-mouse IgG (Fab especific) - FITC (Sigma) for 30 min. The
nuclei were counterstained with DAPI 300nM for 5 min. Image acquisition was performed using

AxioVert 200 microscope (Zeiss).
2.3.3 Scanning electron microscopy (SEM)

Cells were overnight fixed in a solution containing 2.5% glutaraldehyde and 4% formaldehyde in

0.1M sodium cacodylate buffer (pH 7.2) and post-fixation was performed on 1% osmium tetroxide
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in 0.1M phosphate buffer for 90 min. Then, three washes were carried out in 0.1M phosphate buffer
for further dehydration, using a growing series of 30%, 50%, 70%, 90% and 100% ethanol for 10
min each step. After dehydration, the critical point for the substitution of ethanol with carbon
dioxide was obtained, drying the material for assembling the material in metallic stubs using a
double carbon tape. The metallization was then performed by covering the material with a thin layer

of gold for visualization and analysis on the scanning electron microscope JEOL JSM-5600 LV.
2.3.4 Transmission electron microscopy (TEM)

Cells were overnight fixed in a solution containing 2.5% glutaraldehyde and 4% formaldehyde in
0.1M sodium cacodylate buffer (pH 7.2) and post-fixed for two hours in a solution containing 1%
tetroxide of osmium (OsO4) in sodium cacodylate buffer. Then they were dehydrated in increasing
series of acetone, infiltrated and embedded in Epon resin. The sections obtained by ultramicrotomy
were contrasted with lead citrate and uranyl acetate, and visualized on the Transmission Electron
Microscope Tecnai G2 Spirit BioTWIN, FEI Company.

2.4 Flow cytometry analysis of TNBC cell lines

After seven days of suspension culture, the BT-549 TS and Hs 578T TS were collected, washed
with PBS and incubated with Trypsin-EDTA (0.25%/0.5 mM) for two minutes at 37°C to dissociate

the cells.

BT-549, Hs 578T and the cells dissociated from the TS was washed with PBS and resuspended in
labeling buffer (PBS, 0.1% sodium azide and 1% fetal bovine serum). The cells were incubated
with the antibodies anti-human CD44 (APC; Immunotools, Friesoythe, Germany), CD24 (FITC;
Invitrogen, Carlsbad, CA, EUA) at the concentration recommended by the manufacturer. The
antibodies were incubated protected from light for 20 min at 4°C. Isotype controls were used to set
up the threshold for positivity.

ALDEFLUOR™ stem cell identification (Stem Cell Technologies, Vancouver, BC, Canada) was
performed to identify ALDH" cells, according manufacturer’s instructions. 1 x 10° cells/mL were
incubated for 40 minutes at 37°C according to the manufacturer’s instructions.

The experiments were performed on the FACSCanto Il flow cytometer (BD Bioscience, San Jose,
CA, USA) and data were analyzed using FACSDiva 6.1.3 software (BD Bioscience, San Jose, CA,
USA).
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3 Results and Discuss
3.1 Cell lines characteristics

We have compiled the currently available data (Table 1) and carried out further analyses to better
characterize BT-549 and Hs 578T TNBC cell lines. The cells are morphologically and molecularly
very similar, although they are distinct regarding mutant genes, being only TP53 mutated in both

cells.

Table 1 TNBC breast cell lines characteristics

Cell line BT-549 (HTB-122™) Hs 578T (HTB-126™)
Source? Primary breast Primary breast
Tumor type? Ductal carcinoma Carcinoma
Molecular Classification
BC Subtype®® Basal B Basal B
Claudin-low Claudin-low
TNBC Subtype!  Mesenchymal Mesenchymal stem-like

g"e%t:‘unsgfe”e (Cancer Gene PTEN, TERT, TP53, RB1 HNFIA, NF1, PIK3R1, TP53, MED12
Morphology

2D model®  Epithelial Epithelial

3D model®  Stellate Stellate
Tumorigenicity? Yes Yes
Invasive/ Metastatic" Yes Yes

Source and tumor ATCC®?

Molecular classification: ®(Neve et al., 2006)¢ (Aleix Prat et al., 2010); ¢ (Lehmann et al., 2011)

Mutant Gene®: mutation related to known cancer gene from COSMIC database

Morphology: 2ATCC®; f(Kenny et al., 2007)

Tumorigenicity?: (Daniel et al., 2011; Tate et al., 2012)

Invasive/Metastatic": (Bischoff et al., 2014; Ferrari-Amorotti et al., 2014; Kenny et al., 2007; Kim et al., 2015; Rhodes
etal., 2015; Zhang et al., 2014; Ziperstein et al., 2015)

3.2 Flow cytometry analysis of TNBC cell lines

The percentage of positive cells obtained on the immunophenotyping of BT-549, Hs 578T cultured
as monolayer and TS are showed in Table 2. CD447/CD24" cells were detected on a majority of
cells on BT-549. The others subsets found represented minor cell subpopulations. On the other
hand, the main subpopulation on Hs 578T were CD44*/CD247°" cells. The others subsets

represented only restrict cells subpopulations or were not expressed.

Under culture of the cell lines in TS medium, a condition favoring expansion of BCSCs
subpopulations, the CD44*/CD247°% cells were highly enriched on BT-549 TS. Notably the main
subpopulation presented in BT-549 almost disappeared in BT-549 TS. The main subpopulation on
Hs 578T TS were CD44*/CD247°" cells, however it showed a decreased compared to Hs 578T.
The CD447/CD24  showed an increased in both TS compared to monolayer cells. The CD44/CD24*
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cells on BT-549 TS and Hs 578T TS and the CD44*/CD24"* on Hs 578T TS presented only little
changes in their expression.

ALDH? cells were founded in BT-549, BT-549 TS and Hs 578T TS (Table 2), however, only BT-
549 TS showed a high ALDH activity as indicated by ALDEFLUOR™ assay.

This results showed that BT-549 TS and HS 578T TS presents the BCSCs-like subset determined
by CD44*/CD247" cells. Further, BT-549 TS is highly enriched of BCSCs-like determined by
ALDH" cells.

Table 2 Immunophenotyping of the cell lines and their tumorspheres

Cells subpopulations (%0)

Phenotype

BT-549 BT-549TS Hs578T Hs578T TS
ALDH* 0.1 6.2 0.0 0.4
CD44*/CD24"*v (BCSCs) 8.9 52.1 91.3 57.5
CD44*/CD24* 81.5 1.0 1.2 0.2
CD44°/CD24* 6.4 0.6 0.0 0.1
CD44/CD24 3.2 46.2 7.4 42.3

BCSCs possess stem cell-like features such as self-renewal and differentiation abilities generating
breast tumors which recapitulate the heterogeneity of the parental tumor (Muhammad Al-Hajj et al.,
2003; Ginestier et al., 2007). Further, residual breast cancer tumors are enriched for BCSCs after
chemotherapy (Creighton et al., 2009; Jia et al., 2015; Sun et al., 2016). Breast cancer cells are
heterogeneous considering the cell surface markers CD44 and CD24 expression: (i) the
CD44%/CD24" cells characterized the BCSCs mesenchymal-like phenotype with cells mainly
quiescent and highly invasive, (ii) the CD447/CD24" cells are associated with epithelial cells and are
largely present in distant metastases (Park et al., 2010; Shipitsin et al., 2007), (iii) the CD44*/CD24*
cells had mesenchymal and epithelial features confirmed by the expression of genes representative
of each phenotype being therefore plastic and able to self-renewal (Grosse-Wilde et al., 2015).
Beyond that, the ALDH" cells characterized the highly proliferative BCSCs epithelial-like
phenotype. In this way, BCSCs display a plasticity that allows them to transit between the states

mesenchymal-like and epithelial-like, thus supporting metastatic colonization (Liu et al., 2014).

3.3 Structural and ultrastructural characterization of TNBC cell lines

BT-549 and Hs 578T grew as adherent epithelial-like monolayer cells in a disorganized manner,
appearing to be overlapping one under the other as typical of cancer cells due to the loss contact-



Artigo 3|79

dependent growth inhibition. Hs 578T presents a nucleus-cytoplasm ratio greater than the BT-549
(Fig. 1-1 A-D; M-P). The expression of E-cadherin was not observed in the two cell lines (Fig. 1-1
E,F, Q R).

Under stem/progenitor cell-enriched assay, the BT-549 TS (Fig. 1-1 G-L) and Hs 578T TS (Fig. 1-1
S-Z) grew into 3D non-adherent multicellular spheroids indicated by the quantity of visualized
nucleus (Fig. 1-1H, J, L, T, V, Z) and with a diffuse distribution of actin filaments (Fig. 1-1 G, H, S,
T). Hs 578T TS are twice the size, structurally more dense and the cell surface is better delineated
compared to BT549 TS. BT-549 TS and Hs 578T TS presented no expression of E-cadherin (Fig.
1-1 K, L, X, Z). In Figure 1-11 is possible to visualized the tumorsphere formation during the seven

days of culture.
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Fig. 1. BT-549 and Hs 578T cell lines growing as monolayer and as tumorspheres (TS). I) Cells were stained
with Phalloidin/DAPI (green/blue), Image iT™ LIVE Plasma Membrane and Nuclear Labeling kit (red/blue)
and E-cadherin/DAPI (green/blue). BT-549 (A-F) and Hs 578T (M-R) cell lines cultivated in monolayer.
The phase contrast images are represented in A, C, E for BT-549 and M, O, Q for Hs 578T. Actin stained in
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cytoplasmic projections (white arrow) and peripherally to the plasmatic membrane (cross). Small and
spherical nuclei of BT-549 cell (white dotted arrow) and polymorphic nuclei of Hs 578T cell (spherical -with
dotted arrow; reniform - black arrow). It is observed no expression of E-cadherin in the plasma membrane
for both cell lines. BT-549 TS (G-L) and Hs 578T TS (S-Z) grew as tumorspheres. The phase contrast
images are represented in G, I, H for BT-549 TS and S, U, X for Hs 578T TS. Multicellular structures are
observed, demonstrated by several nuclei presented (asterisk) and actin filaments had homogeneous
distribution. Both cell lines are E-cadherin negative. 11) Tumorspheres culture showing the day 1 (A, H) to
day 7 (G, N), respectively for BT-549 TS and Hs 578T TS. Hs 578T TS are observed since the day 1
(asterisk) and during the period of culture there were a decrease in the number of tumorspheres.

BT-549 and Hs 578T TNBC cell lines are classified as claudin-low, a BC subtype characterized by
high enrichment for epithelial-mesenchymal transition (EMT) markers, immune response genes and
cancer stem cell features (A Prat et al., 2010). EMT is a reversible process by which epithelial cells
lose their characteristics to acquire mesenchymal properties providing migratory ability to the cells
(Lamouille et al., 2014). E-cadherin loss is the main marker of EMT, thus the lack of expression of
this adhesion molecule in BT-549 and Hs 578T showed by us endorse the mesenchymal features of
these cells. Additionally, several authors demonstrated that these cells express mesenchymal
markers (N-cadherin and vimentin) (Ferrari-Amorotti et al., 2014; Kim et al., 2015; Zhang et al.,
2014; Ziperstein et al., 2015). Furthermore, the absence of E-cadherin is also sustained in the BT-
549 TS and Hs 578T TS.

The whole tumorspheres, after seven day of culture under stem/progenitor cell-enriched assay, were
plated in Matrigel™ for three days (Figure 2-1). The tumorspheres attach to the Matrigel™ and it
was possible to visualize cells migration from the tumorspheres with an invasive aspect. The
morphology can also be visualized through the stained with Phalloidin/DAPI and Image iT™. The
tumorspheres presented a higher expression of actin filaments than the migrated cells. BT-549 TS

and Hs 578T TS presented no expression of E-cadherin in Matrigel™ culture (Figure 2-11).
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Fig. 2. BT-549 and Hs 578T tumorsphere cultured in Matrigel™ for three days. I) It is possible to visualize
cells migration from the tumorspheres since the day 1 (arrow). 11) In the third day of culture the cells were
labeled with Phalloidin/DAPI (green/blue) and Image iT™ (red/blue), E-cadherin (green/blue). The
differential interference contrast (DIC) images are represented in A, C, E for BT-549 and G, I, K for Hs
578T. Actin filaments had homogeneous distribution in TS and in migrated cells. Both TS are E-cadherin

negative.

The ability of cancer cells to migrate is one of the hallmarks of metastatic cancer, the major cause

of cancer-related deaths (Hanahan and Weinberg, 2011). Matrigel™ is a complex protein mixture
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obtained from the extracellular matrix extracted from the Engelbreth-Holm-Swarm mouse sarcoma,
a tumor rich in extracellular matrix proteins such as laminin, type IV collagen, fibronectin, growth
factor. Due to these properties, Matrigel™ is widely used in cancer culture models to simulate the
environment of a basement membrane in the studies of cell morphogenesis, differentiation and
tumor growth (Kleinman and Martin, 2005). Matrigel™ facilitates migration, most probably by
providing a supportive and growth factor retaining environment (Anguiano et al., 2017). It is highly
representative of the tumor microenvironment and useful to evaluate the efficacy of drug to inhibit

cell invasion.

To characterize the ultrastructural morphology of cells cultured as monolayer and TS we performed
SEM. In both models the cell lines presented more than one cellular type that differs in the surface
features (rough and smooth) (Fig. 2A-H). It also observed the connection between the cells and
presence of filopodia (Fig. 2A, B, D, E, F, G). On two-dimensional culture, cells use organelles to
explore and move into the surrounding environment, such as filopodia (Yilmaz and Christofori,
2009). Filopodia are actin-rich plasma membrane protrusions that extend out from the cell edge
involved in cell motility (Jacquemet et al., 2015) and this structure has been directly observed in

invasive and metastatic cancer cells (Caswell and Zech, 2018).

Cells ultrastructural characterization by TEM analysis shows amorphous nucleus, visible nucleoli
and organelle-poor cytoplasm. There are numerous secretion vesicles of variable size. Some are
filled with electron-dense granules (dense-core vesicles) and others with electron-lucent granules
(clear-core vesicles) surrounded by a membrane (Fig. 3A-L and 4A-L). The cells are releasing their

secretion products to the outside via exocytosis (Fig. 3D, | and Fig. 4J, L).

The organelles visualized in BT-549 are mitochondria and lysosomes (Fig. 3C, E, F). For BT-549
TS it is possible to observe an increase in the number of mitochondria compared to BT-549 (Fig.
3E, F, G, I). TS are multicellular spheroids and consistent with that our data demonstrate a cohesive
interaction with focal adhesion structures between the cells that form BT-549 TS. Two type of cell
are visualized in BT-549 TS, one presents more mitochondria (Fig. 3G, I, L) and the other more
secretory vesicles (Fig. 3K, L). BT-549 presents filopodia (Figure 3B, E) and apparently this
membrane protrusion is loss in BT-549 TS.

Hs 578T have nucleus/nucleolus bigger compared with BT-549 and the nucleolus presents granular
shape (Fig. 4A-L). The organelles visualized in Hs 578T and Hs 578T TS are mitochondria (Fig.
4B, G), rough endoplasmic reticulum (Fig. 4C, H) and Golgi complex (Fig. 4D, E), being the last
present only in Hs 578T. The cytoplasm is extremely vacuolated, especially in Hs 578T TS (Fig.
4E, G, 1, J). Hs 578T seem to have two type of cell one more vacuolated than the other. Apparently
Hs 578T TS present a more secretory phenotype (Fig. 4H, J, L) than BT-549 and BT-549 TS (Fig.
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3D, H). Furthermore, the plasmatic membrane of Hs 578T and Hs 578T TS (Fig. 4D, G, I) seems to
be more continues than BT-549 and BT-549 TS (Fig. 3A, D, E, H, I, J).
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Fig. 3. Scanning electron microscope (SEM) images of BT-549 and Hs 578T and their tumorspheres (TS).
BT-549: (A) Presence of four cell type that present differences in surface roughness with little or no
secretion and presence of filopodia (white arrow). (B) Two interconnected cells (dotted white arrow) with
cytoplasmic projections (asterisk). BT-549 TS: (C) One type (TS 1) with a rough surface and a compacted
structure. (D) Interconnected cells (dotted white arrow) and several filopodia (white arrow). Hs 578T: (E)
Interconnected cells (dotted white arrow) and rough surface (Cell 1). (F) Smooth surface with secretion
(black arrow) and filopodia (white arrow) (Cell 2). Hs 578T TS: (G) Interconnected cells (dotted white
arrow) (TS 1). (H) Tumorspheres very compacted with individual cells indistinguishable (TS 2)

BT-549

BT-549 TS

Fig. 4. Transmission electron microscopy (TEM) images of BT-549 and BT-549 TS. BT-549: (A) Cell
overview (B) Cell with an amorphous nucleus (n) and two nucleoli (nu). Presence of filopodia (white arrow).
(C) Clear-core (cross) and dense-core (asterisk) secretion vesicles. (D) Exocytosis vesicles (dotted white
arrow). (E) Clear-core (cross) and dense-core (asterisk) secretion vesicles, lysosomes (black arrow) and
mitochondria (mt). (F) Mitochondria (mt) and clear-core (cross) and dense-core (asterisk) secretion vesicles.
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BT-549 TS: (G) Cell with an amorphous nucleus (n), clear-core (cross) and dense-core (asterisk) secretion
vesicles and mitochondria (mt). (H) Intercellular space with vesicles between two cells (dashed outline),
dense-core secretion vesicles (asterisk) and focal adhesion points (arrowhead). (1) Exocytosis vesicle (dotted
arrow) and several mitochondria (mt). (J) Intercellular space with vesicles between three cells (dashed
outline) and focal adhesion points (arrowhead). (K) Dense-core secretion vesicles (asterisk). (L)
Mitochondria and clear-core (cross) and dense-core (asterisk) secretion vesicles

Hs 578T

Hs 578T TS

Fig. 5. Transmission electron microscopy (TEM) images Hs 578T and Hs 578T TS. Hs 578T: (A) Granular
nucleolus (nu). (B) Mitochondria (mt), clear-core (cross) and dense-core (asterisk) secretion vesicles and
cytoplasmic vacuoles (arrow). (C) Cell with an amorphous nucleus (n), rough endoplasmic reticulum (rer),
clear-core (cross) and dense-core (asterisk) secretion vesicles. (D) Golgi complex (cg) and clear-core
secretion vesicles (cross). (E) Clear-core (cross) and dense-core (asterisk) secretion vesicles and several
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vacuoles in the cytoplasm (arrow). (F) Golgi complex (cg) and clear-core secretion vesicles (cross). Hs 578T
TS: (G) Vacuolated cytoplasm (arrow) and presence of mitochondria (mt). (H) Rough endoplasmic
reticulum (rer) and exocytosis vesicles (dotted arrow). (I) Vacuolated cytoplasm (arrow). (J) clear-core
(cross) and dense-core (asterisk) secretion vesicles, cytoplasmic vacuoles (arrow) and exocytosis vesicle
(dotted arrow). (K) filopodia (black arrow) and rough endoplasmic reticulum (rer). (L) Dense-core secretion
vesicles (asterisk) and several exocytosis vesicles (dashed arrow).

In addition to the heterogeneous cell phenotype shown by us, ultrastructural characterization also
showed the heterogeneity within and among BT-549 and Hs 578T cultured in monolayer as well as
TS, having been identified two or four cell types. The cell lines are formed by cells with differences
regarding the cell surface, especially BT-549. It was also possible to visualized filopodia, a
mesenchymal cell characteristic and focal adhesion points representing the communication among
cells in tumorspheres. Moreover, the cell lines formed distinct spheroids being Hs 578T TS more

compact and bigger compared to BT-549 TS.

5 Conclusion

Spheroid models mimic various parameters present in the tumors involved in tumor resistance to the
treatment adding value to studies of development and efficacy of new drugs. The cell tridimensional
arrangement is of great importance since it can influence the drug response (de Lima et al., 2017).
The authors showed that a marine alkaloid analog (3-alkylpyridine) has no action in TNBC cell line
cultured in monolayer model, but in the TS model, the BCSCs and non-BCSCs subpopulations
were decreased after treatment. Further, (Moreira et al., 2018) showed the high chemoresistance of
BCSCs-like subset related to STAT3 gene up-regulation compared to monolayer culture. BCSCs-
like subset were after doxorubicin treatment, 97.4x more resistance than the monolayer model with
an increase in STAT3 expression of 8.7-fold change. Therefore, STAT3 is a promising
chemoresistance biomarker in the BCSCs-like subset related to doxorubicin resistance. Our work
demonstrated large morphological and phenotypic heterogeneity between TNBC cell lines as well
the cell subpopulations. It is well known that tumor cells heterogeneity can influence survival,
therapy responses and in the rate of tumor growth (Haynes et al., 2017). Thus, molecular
understanding of this heterogeneity is essential for the identification of potential therapeutic options

and vulnerabilities of oncological patients.
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Os resultados obtidos nesse estudo permitiram concluir:

- A cultura de enriquecimento de CSCs de mama foi bem-sucedida, como indicado pela alta
expressdo do perfil CD447/CD24" e ALDH™, bem como pela maior resisténcia ao tratamento com
PTX e DOX observado na BT-549 TS e Hs 578T TS quando comparado a linhagem celular

cultivada em monocamada de acordo com os valores de 1C50;

- A BT-549 TS demonstrou valor de 1C50 para DOX de 55,7 uM, que foi 97,4 vezes maior ao 1C50
estimado para BT-549 cultivada em monocamada (0,572 uM);

- O tratamento com DOX resultou na subexpressao de 64 genes e na super-expressao de 3 genes
(STAT3, MAPK3 e PRKCZ) associados a via de sinalizacdo EGFR na BT-549 TS;

- Existe uma grande heterogeneidade morfoldgica e fenotipica entre as linhagens BT-549 e Hs
578T;

- A BT-549 mostrou-se fenotipicamente distinta, além de possuir alta plasticidade induzida por

EMT, como indicado pela regulacédo da expressdo do marcador de superficie CD146;

- Sugere-se 0 seguinte modelo de transicdo das subpopula¢Ges celulares em cultura de
enriquecimento de CSCs: a plasticidade das células tumorais hibridas CD447/CD24"/CD146",
caracterizadas por apresentar um fendtipo mesenquimal e epitelial, e das células tumorais epiteliais
CD44/CD24*/ CD146" dédo origem a CSCs de mama EMT-like CD44*/CD24/CD146" através da
conversdo fenotipica induzida por EMT. Além disso, estas células tumorais podem gerar a CSCs de
mama identificada como ALDH" epitelial-like. As CSCs de mama podem se autorrenovar e
diferenciar em células tumorais (CD44/CD247/CD146);

- Os dados de citotoxicidade mostraram que a BT-549 foi mais resistente ao PTX em vez de DOX,
0 que parece estar associado as células CD24*. Em contraste, a BT-549 TS foi extremamente
resistente a DOX devido ao enriquecimento de CSCs (CD44"/CD247/CD146 e ALDH").
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Até 0 momento para o tratamento de pacientes com TNBC, ndo foram identificados alvos
terapéuticos efetivos, provavelmente devido a vasta heterogeneidade da doenca. Desta forma, a
quimioterapia citotoxica continua sendo a principal forma de tratamento, o que resulta no
prognostico ruim dessa doenca. E sabido que CSCs sdo responsaveis pela heterogeneidade celular
intratumoral, bem como pela resisténcia a morte induzida por multiplas drogas quimioterapicas
implicando na reducdo da eficdcia do tratamento e, subsequente recorréncia da doenga e

disseminacdo metastética.

Neste contexto, nos buscamos possiveis marcadores preditivos de resisténcia a DOX, o
quimioterapico mais usado no tratamento do cancer de mama, em CSCs de mama obtidas da
linhagem celular BT-549. Neste estudo, avaliamos a expressao de varios genes associados a via de
sinalizacdo EGFR. Observamos apds o enriquecimento das CSCs de mama e tratamento com DOX
um significativo aumento na expressdo de STAT3. Isso indica uma forte relacdo de STAT3 com a
resisténcia ao tratamento com DOX atribuida a CSCs de mama, tornando este um potencial alvo
terapéutico no TNBC. Sugerimos que PRKCZ e MAPKS3, cujos genes também foram
superexpressao apos tratamento com DOX, podem atuar em conjunto contribuindo, para aumentar a
ativacdo da via de sinalizacdo STAT3. Em relacdo aos demais genes avaliados, apesar de ndo ter
sido abordado o possivel papel deles nos nossos achados, acreditamos que novos estudos
envolvendo um maior nimero de amostras demonstre a correla¢do entre eles, em que a diminuigéo
da expressdo de um ou mais desses genes pode favorecer o aumento da expressdo de outro(s)

gene(s) e vice-versa.

Células tumorais (ndo-CSCs), através da conversdo fenotipica induzida por EMT, déo origem as
CSCs e essa plasticidade, induzida pelos proprios quimioterapicos, associada a capacidade de
autorrenovacdao das CSCS, bem como com a resisténcia intrinseca dessas células aos
quimioterapicos, resulta na falha do tratamento. Nossos resultados demonstram grande
heterogeneidade celular presente entre duas linhagens celulares estudadas, BT-549 e HS 578T, bem
como entre as células que compdem cada linhagem em termos de morfologia, fenotipagem e
resposta a droga. Além disso, a BT-549 mostrou-se mais heterogénea que Hs578T, alterando
completamente o fendtipo das subpopulacGes celulares que a compdem sob cultura de
enriquecimento de CSCs de mama. O mesmo ndo foi observado para a Hs578T reforgando, dessa
forma, a heterogeneidade existente também entre as duas células apesar de ambas serem TNBC. A

elevada plasticidade fenotipica apresentada pela BT-549 foi associada a inducdo do processo de
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EMT e este achado parece desempenhar um papel importante na resisténcia a DOX, uma vez que ha

uma forte associacdo entre CSCs, EMT e resisténcia a droga.

Estudos mostram uma relacdo entre o fendtipo e a resposta a droga, assim como relatado por nés,
onde sugerimos que o perfil fenotipico das subpopulacgdes celulares presente nas linhagens celulares
influencia na resposta a DOX e PTX. A BT-549 que é fenotipicamente distinta apresentou maior
resisténcia ao tratamento com PTX e maior sensibilidade a DOX, sendo observado o contrario para
Hs 578T, ja as tumoresferas derivadas de Hs 578T e BT-549 sdo, de forma geral mais semelhantes
entre si. Contudo, ressalta-se que para a BT-549 ap6s o enriquecimento de CSCs, foi necessaria
uma concentracdo de DOX 97.4X maior quando comparado ao cultivo em monocamada, reforcando

0 papel das CSCs da quimiorresisténcia.

Assim, através de uma andlise individual das linhagens celulares TNBC, como um modelo
experimental de estudos pré-clinicos, torna-se possivel a compreensdo da heterogeneidade tumoral e
a forma como as CSCs de mama resistem a quimioterapia. Estes achados poderdo possibilitar o
desenvolvimento de tratamentos mais eficientes para o cancer de mama e, subsequente, melhora na
sobrevida e/ou qualidade de vida das pacientes com TNBC. Além disso, STAT3 destaca-se como
um importante preditor de quimiorresisténcia em TNBC com fendtipo EMT e CSCs de mama e sua
inibicdo pode sensibilizar as células ao tratamento. Diante desses resultados, estudos clinicos séo
necessarios para validar o papel da via de sinalizacdo de STAT3 na resisténcia a quimioterapia
como marcador molecular, bem como para elucidar o comportamento das subpopulacées celulares e

sua distribuicdo dentro da massa tumoral, como indicador preditivo de resisténcia ao DOX.
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ANEXO D - PERFIL DE EXPRESSAO DOS MARCADORES CD44, CD24 E CD146 NAS
LINHAGENS CELULARES BT-549 E Hs 578T CULTIVADAS EM MODELOS
MONOCAMADA E TUMORESFERAS

Perfil de expressdo dos marcadores CD44 (APC), CD24 (Alexa Fluor) e CD146 (PE) para cada linhagem
celular analisada. Marca¢do com o isotipo (painel superior) e tripla marcagdo com CD44/CD24/CD146
(painel inferior). Observa-se: dot plot FSC x SSC (1° coluna); Histograma para a marcacdo de CD44 (2°
coluna) que foi utilizada como parametro para definicdo dos gates CD44* e CD44; Células CD44*
analisadas com todas as possiveis combina¢Ges de CD24/CD146 (3° coluna); Células CD44  analisadas com

todas as possiveis combinag¢bes de CD24/CD146 (4° coluna).
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Figura 2 - Gréficos de dot plot e histograma representativo para a BT-549 TS.
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Figura 3 - Gréficos de dot plot e histograma representativo para a Hs 578T.
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