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RESUMO

O cancer gastrico é a terceira causa de morte por cancer no mundo e a quimioterapia
combinatdria é um dos principais tratamentos para esta doenga. Contudo, a principal causa
de falha do tratamento é a quimiorresisténcia. Considerando este obstaculo juntamente
com a descoberta de que muitas proteinas envolvidas na mitose podem estar associadas a
tumorigénese, varios agentes antimitéticos estao sendo desenvolvidos e testados. As
proteinas mitdticas AURKB e NDC80 foram recentemente identificadas como proteinas
potenciais a serem inibidas no cancer gastrico. Portanto, o objetivo deste estudo foi analisar
os efeitos da inibicdo de AURKB e NDC80 pelos farmacos experimentais ZM447439 e INH1,
respectivamente. Analisamos os efeitos em duas linhagens de adenocarcinoma gastrico
avaliando expressdo génica, ciclo celular, morte celular, analise morfométrica nuclear,
capacidade de migracdo e presenca de células-tronco tumorais. E importante enfatizar que
essas duas pequenas moléculas ndo foram testadas na quimioterapia do cancer gastrico até
o momento. Além disso, apds uma revisdo da literatura, concluimos que os melhores
resultados dos ensaios clinicos foram alcangcados quando antimitdticos foram combinados
com a terapia convencional. Dessa forma, avaliamos também os efeitos da associacdo de 5-
FU com ZMA447439. Nossos resultados demonstraram que a monoterapia com 5-FU,
ZM447439 e INH1 induziu a expressdo génica diferencial nas linhagens de cancer gastrico
(ACP02 e ACP03) de pelo menos 22 de um total de 82 genes envolvidos em varias vias, como
apoptose, ciclo celular, senescéncia e transicdo epitélio-mesenquimal. Observamos também
qgue ZM447439 e sua combinacdo com 5-FU induziram apoptose, catastrofe mitotica,
senescéncia e ciclo celular alterado nas linhagens de cancer gastrico. Outro dado
interessante foi a expressdo dos marcadores de células-tronco tumorais gastricas, LGR5 e
CD24, e a capacidade de formar esferas, indicando que ambas ACP02 e ACP03 podem conter
células tronco tumorais. Além disso, a monoterapia com ZM447439 ou 5-FU foi capaz de
inibir a formacao de esferas. Por outro lado, o INH1 mostrou menor atividade antitumoral,
uma vez que apresentou o maior valor de ICso e foi capaz somente de induzir apoptose e
reduzir a migragao celular. Interessantemente, a combinagao do 5-FU com ZM447439
permitiu o uso de doses menores dos compostos, além de ser capaz de induzir a apoptose
num tempo mais curto quando comparado com o tratamento com os farmacos isolados. Em
sintese, os resultados observados sugerem o inibidor de AURKB, ZM447439, e sua
associagao com o agente quimioterdpico 5-FU, como tratamentos promissores do cancer
gastrico com base em sua elevada atividade antitumoral in vitro.

Palavras-chave: antimitéticos, ZM447439, INH1, cancer gastrico.
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ABSTRACT

Gastric cancer is the third cause of cancer death worldwide and combinatorial
chemotherapy is one of the main treatments for this disease. However, the major cause of
treatment failure is chemoresistance. Considering this obstacle together with the discovery
that many proteins involved in mitosis might be associated to tumorigenesis, several new
anti-mitotics are being developed and tested. The mitotic proteins AURKB and NDC80 were
recently shown as potential proteins to be inhibited in gastric cancer. Therefore, the aim of
this study was to analyze the effects of AURKB and NDC80 inhibition by the experimental
drugs ZM447439 and INH1, respectively. We analyzed the effects in two gastric
adenocarcinoma cell lines evaluating gene expression, cell cycle, cell death, nuclear
morphometric analysis, migration ability and presence of gastric cancer stem cells. It is
important to emphasize these two small molecules have not been tested in gastric cancer
chemotherapy until now. Moreover, after reviewing the literature, we concluded the best
results of clinical trials were achieved when anti-mitotics were combined with conventional
therapy. Thus, we evaluated the effects of 5-FU and ZM447439 combination as well. Our
results demonstrated that monotherapy with 5-FU, ZM447439 and INH1 induced differential
gene expression in gastric cancer cell lines (ACP02 and ACP03) of at least 22 from 82 genes
involved in several pathways such as apoptosis, cell cycle, senescence and epithelial
mesenchymal transition. We also observed that ZM447439 and its combination with 5-FU
induced apoptosis, mitotic catastrophe, senescence and altered cell cycle in gastric cancer
cell lines. Another interesting data was the expression of the gastric cancer stem cell
markers LGR5 and CD24, and the ability to form spheres, indicating that both ACP02 and
ACP0O3 may be composed by cancer stem cells. Furthermore, monotherapy with either
ZM447439 or 5-FU were capable of inhibiting the formation of spheres. On the other hand,
INH1 have shown lower antitumoral activity since it presented the highest ICso value and was
only capable of inducing apoptosis and reducing cell migration. Interestingly, the
combination of 5-FU with ZM447439 allowed the use of smaller doses of the compounds, in
addition to being able to induce apoptosis in a shorter time when compared to the
treatment with the isolated drugs. Taken together, our findings suggest that due to the high
antitumoral activity shown by ZM447439 and mainly its association with 5-FU, these might
be promising gastric cancer therapies.

Key words: anti-mitotics, ZM447439, INH1, gastric cancer.
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APRESENTAGAO DA TESE

A presente tese foi estruturada da seguinte forma: Introdugao, Objetivos, Capitulos I-
I, Discussdo Geral, Conclusdes, Perspectivas, Referéncias, Apéndice e Anexo.

A Introducdo descreve dados epidemioldgicos do cancer gastrico, o papel das células
tronco tumorais no processo tumorigénico, os tratamentos convencionais utilizados nesse
tipo de cancer, bem como o direcionamento do tratamento quimioterapico pela utilizacdo
de antimitoticos, dentre eles as moléculas experimentais ZM447439 e INH1, que inibem as
proteinas AURKB e NDC80, respectivamente.

O Capitulo | consiste no artigo de revisdo “Anti-mitotic agents: Are they emerging
molecules for cancer treatment?”, aceito pela revista Pharmacology & Therapeutics. Este
artigo descreve as principais proteinas envolvidas na mitose e dentre estas, quais tem sido
alvo terapéutico contra o cancer em ensaios clinicos com diferentes antimitoticos.

O Capitulo Il foi escrito na forma de artigo cientifico e contempla os resultados
obtidos apds utilizagao dos inibidores ZM447439 e INH1 e da combinagao de ZM447439 com
5-FU, no tratamento das linhagens de adenocarcinoma gdastrico humano ACP02 e ACP03, e
da linhagem de epitélio gastrico ndao tumoral MNO1. Neste capitulo, foram avaliados os
efeitos dos diferentes tratamentos no ciclo celular, na indugdo de apoptose e na morfologia
nuclear a fim de identificar a indugdo de senescéncia e catastrofe mitodtica.

O Capitulo lll ilustra resultados e metodologias adicionais obtidos neste trabalho apds
os diferentes tratamentos acima citados nas linhagens ACP02, ACPO3 e MNO1. Neste
capitulo, foram verificados os efeitos dos tratamentos na expressao de genes envolvidos em
diferentes vias associadas a processos de transformacao e tumorigénese, além de efeitos na

formacdo de esferas e migracao celular.
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Ao final, é apresentada uma Discussdao Geral que contempla os trés capitulos que
compde essa tese, seguida por Conclusdes, Perspectivas geradas a partir desse estudo,

Referéncias, Apéndice e Anexo.
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INTRODUCAO

1. Cancer gastrico

O cancer é uma doenca resultante de sucessivas alteragOes genéticas capazes de

conferir diversas caracteristicas que viabilizam a sobrevivéncia e proliferacdo de células

durante o processo de tumorigénese (HANAHAN & WEINBERG, 2000). As caracteristicas

observadas nas células tumorais incluem (Figura 1): (i) a capacidade de manter a sinalizacdo

proliferativa; (ii) a evasdo de sinais supressores de crescimento; (iii) a evasdo da destruicao

imune; (iv) o potencial replicativo ilimitado; (v) a promocdo de inflamacdo; (vi) a ativacdo da

invasdo e metastase; (vii) a inducdo da angiogénese; (viii) a instabilidade gendmica e

mutacdes; (ix) a resisténcia a morte celular e (x) a desregulacdo do metabolismo energético.

Além disso, o microambiente tumoral propicia a progressdo do cancer e é heterogéneo, pois

além de sua composicdo por células tumorais, pode ser constituido por células tronco

tumorais (CTTs), fibroblastos, pericitos, células endoteliais e do sistema imune (HANAHAN &

WEINBERG, 2011).

Figura 1. Caracterizagdo das células tumorais. Figura adaptada de HANAHAN & WEINBERG (2011).
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Segundo a Organizacdo Mundial da Saude (OMS), esta doenca é uma das principais
causas de mortalidade mundial e resultou em aproximadamente 8,2 milhdes de débitos em
2012. Dentre os tipos de cancer com maiores indices de mortalidade estdo inclusos de
pulmao, figado, estdmago e colorretal (“WHO | World Health Organization”, 2017).

Apesar da diminuigdo nas taxas de incidéncia, o cancer gastrico é a terceira causa de
morte por cancer no mundo e o quinto tipo mais incidente. Dados apresentados pelo
Instituto Nacional do Cancer estimam que, em homens, esse é o segundo cancer mais
frequente nas regioes Norte e Nordeste, quarto nas regioes Sul e Centro-Oeste e quinto na
regido Sudeste. Em mulheres é o quarto mais frequente na regido Norte, quinto nas regioes
Sul e Nordeste e sexto nas regidoes Centro-Oeste e Sudeste. Estimou-se, para o Brasil, a
ocorréncia de aproximadamente 20.000 novos casos de cancer gastrico em 2016 (“Portal -
Instituto Nacional de Cancer - INCA”, 2017)

Diversos fatores predisponentes podem estar associados ao cancer gastrico sendo
que um dos principais é a infeccdo pela bactéria Helicobacter pylori, que apresenta
prevaléncia de aproximadamente 80% em pacientes com este tipo de cancer (BORNSCHEIN
et al., 2010). Esta bactéria foi classificada como carcindgeno classe | em humanos pela OMS
desde 1994. Acredita-se que, na gastrite inflamatdria crénica associada a infecgao por H.
pylori, ocorra a formagao de uma lesdo inicial que induz mudangas histopatoldgicas
progressivas na mucosa gastrica evoluindo de gastrite cronica a atrofia, metaplasia, displasia
e por fim, ao carcinoma (CORREA, 1992; LEE et al., 2012). Estudos mostraram que a infeccdo
por H. pylori pode estar associada a um risco de trés a seis vezes maior na inducdo de cancer
gastrico (ZALl et al., 2011).

Outro patdgeno que tem sido associado em aproximadamente 10% dos casos de

carcinogénese gastrica é o virus Epstein-Barr (VEB), que resulta em modificacbes na
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expressdao de genes relacionados a processos como apoptose, proliferacdo, migracao e
sinalizacdo imune, favorecendo o desenvolvimento do carcinoma (SHINOZAKI-USHIKU et al.,
2015). Apesar de estar associado ao surgimento do cancer gdstrico, estudos ja mostraram
que a taxa de sobrevida é mais elevada em pacientes positivos para o VEB em comparagao
com pacientes negativos para a presenca deste virus (FIGUEIREDO et al., 2015). A melhor
resposta desses pacientes positivos para o VEB é resultante, em parte, de uma menor
heterogeneidade molecular e do recrutamento de células imunes para o tumor devido a
infeccdo. Um estudo recente verificou que pacientes com carcinoma gastrico associado ao
VEB apresentaram um maior grau de homogeneidade molecular e menos genes
diferencialmente expressos, sendo a maioria destes responsaveis pela resposta imune, em
comparacgdao com tumores ndo infectados pelo VEB (KIM et al., 2015).

Outros fatores sdo capazes de influenciar o desenvolvimento do cancer gastrico, tais
como a histéria familiar, a obesidade, o histérico de anemia perniciosa, o tabagismo, a
presenca de pélipos gastricos adenomatosos maiores do que dois centimetros, condicdes
socioecon6micas desfavoraveis, o alto consumo de carne vermelha, de alcool, de alimentos
salgados e defumados (PLUMMER et al., 2004; YANG et al., 2009; ZALl; et al. 2011). A
maioria dos casos de cancer gastrico ocorrem de forma espordadica, porém, 10% resultam de
uma predisposi¢ao familiar e aproximadamente 1 a 3% sdo hereditarios (FIGUEIREDO et al.,
2015).

Em muitos casos, a sintomatologia s6 é percebida em estagios mais avangados da
doenca. A maioria dos sintomas sao inespecificos, tais como disfagia, saciedade precoce,
perda de peso, vOmitos e dispepsia. O diagndstico consiste na realizacdo de gastroscopia e

em uma analise histopatoldgica de bidpsia (WADDELL et al., 2014).
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O tumor pode acometer as trés regides anatomicas do estdbmago conhecidas como
cardia, fundo/corpo e antro pilérico (Figura 2). O epitélio do estdmago dessas diferentes
regides é constituido por unidades gastricas compostas por um epitélio plano, que possui
uma invaginagdao conhecida como “fosseta” seguida por uma extensao tubular chamada de
“glandula”. Por sua vez, a glandula ainda poder ser subdividida em trés regides: istmo, colo e
base. As glandulas sdo compostas principalmente por células mucosas do colo, parietais,
zimogénicas, enteroenddcrinas e células tronco gastricas (CTGs). De maneira geral, as
fossetas possuem células responsaveis pela liberacdo de muco, enquanto que o istmo possui
células imaturas altamente proliferativas e secretoras. Ja o colo possui células produtoras de
muco e a base contém, principalmente, células zimogénicas produtoras de enzimas
digestivas. As CTGs estdo localizadas na base glandular, sendo que as que expressam a
proteina Lgr5 ou vilina estdo geralmente localizadas em glandulas do antro pildrico,
enquanto que as CTGs que expressam Troy ou Sox2 estdo em sua maioria presentes em

glandulas do corpo do estémago (Figura 2) (ZHAO et al., 2015).
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Figura 2. Regi®es anatomicas do estdmago e estrutura do epitélio gastrico com localizacdao de CTGs.
Figura adaptada de YANG et al. (2013) e ZHAO et al. (2015).
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O cancer de estdmago pode ser classificado como adenocarcinoma, linfoma ou
leiomiossarcoma, sendo que adenocarcinoma é o mais frequentemente observado
(aproximadamente 95% dos casos) (HWANG et al., 1994). O adenocarcinoma gastrico pode
ter duas classificagdes segundo a sua localizagdo anatdmica: cardia/proximal ou distal sendo
que nos ultimos anos houve uma redugao na incidéncia de tumores distais e aumento dos
tumores da cdrdia, geralmente associados a um pior progndstico (ZALI et al., 2011). Além
disso, existem diferentes esquemas de classificacdo histopatoldgica sendo a de Lauren, uma
das mais utilizadas. De acordo com essa classificacdo, o cancer gastrico pode ser
categorizado em tipo difuso, que é pouco diferenciado e com auséncia de formacao
glandular, ou tipo intestinal, que geralmente varia de moderadamente a bem diferenciado e,
ao contrario do difuso, forma estruturas glandulares (VAN CUTSEM et al., 2016).
Recentemente, apds avaliacdo molecular de diversas amostras, o projeto The Cancer
Genome Atlas prop0s uma outra classificacdo para adenocarcinomas gastricos em quatro
subtipos: (i) tumores genomicamente estdveis, observado em 20% dos casos; (ii) tumores
com instabilidade de microssatélites, observado em 22% dos casos; (iii) tumores com
instabilidade cromossémica, observado em 50% dos casos; (iv) tumores positivos para VEB,

observado em 9% dos casos (BASS et al., 2014).

2. Células tronco tumorais gastricas (CTTGs)

O mecanismo envolvido no surgimento e progressdo do cancer ainda ndo foi
elucidado, contudo, alguns autores tém sugerido que as CTTs seriam as principais
responsaveis pelo inicio, heterogeneidade, evolugdo, metastase e recidiva do tumor bem
como pela resisténcia ao tratamento (RASSOULI et al., 2016). Portanto, se o cancer é

resultante da maioria de células que compde o tumor ou de um pequeno grupo de CTTs,
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ainda esta em discussdo. Nesse sentido, existem dois modelos principais utilizados para
explicar o processo de carcinogénese. No modelo de evolucdo clonal, células com
instabilidade genética podem apresentar vantagens seletivas que possibilitam a proliferagao
dessas novas populacdes com acumulo de muta¢des. No modelo de CTTs, existe uma
hierarquia onde as CTTs estdo no topo e comandam a formagao do tumor, gerando células
idénticas ou, de maneira unidirecional, se diferenciando em células tumorais
fenotipicamente heterogéneas que possuem potencial tumorigénico e metastatico limitado.
Esses dois modelos ndo sdo mutuamente exclusivos, ja que os tumores que seguem o
modelo de CTTs podem progredir também via modelo de evolugdo clonal.

Um novo modelo alternativo ao de CTTs tem sido sugerido, cuja diferenca consiste na
bidirecionalidade do processo tumoral, ou seja, as CTTs podem se diferenciar em células
tumorais sem caracteristicas tronco bem como essas mesmas, podem se dediferenciar,
gerando continuamente populacdes de CTTs (BRUNGS et al., 2016; MARJANOQVIC et al.,
2013; SHACKLETON et al., 2009; ZHAO et al., 2015).

As CTTs foram identificadas a primeira vez em 1997 na leucemia mieldide aguda,
onde células com os marcadores CD34+/CD38- foram capazes de gerar a doeng¢a quando
transplantadas em camundongos imunodeficientes (BONNET & DICK, 1997). Algumas
caracteristicas observadas em células tronco normais também podem ser atribuidas as CTTs,
tais como a capacidade de auto-renovagao, o potencial de diferenciagao e a alta capacidade
de proliferacdo (BOHL et al., 2011). Além disso, é possivel se observar nas CTTs (Figura 3): (i)
capacidade de formagdo de tumor que possui os mesmos padrdes do tumor original apds
sucessivos transplantes das células tumorais em animais imunocomprometidos; (ii)
capacidade de formacdo de col6nias ou esferas in vitro, que indicam habilidade de auto-

renovacao; (iii) tendéncia a invasdo e migracao devido a expressdo de proteinas relacionadas
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ao processo de metdstase como metaloproteinases de matriz; (iv) superexpressdo de fatores
de transcricdo relacionados a pluripoténcia de células tronco como NANOG, SOX2 e OCT4;
(v) resisténcia aos tratamentos devido a superexpressdo de proteinas envolvidas no reparo
de dano ao DNA ou bombas de efluxo de drogas e por fim, (v) presenca de marcadores

especificos de superficie ou intratumorais (RASSOULI et al., 2016).
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Figura 3. Caracteristicas possiveis de serem observadas nas CTTs: capacidade de migragdo e invasao,
resisténcia a terapia, capacidade de auto-renovacao, expressdo de marcadores especificos, formacao de
tumor in vivo e capacidade de formar colonias ou esferas. Figura adaptada de RASSOULI et al. (2016).

Em 2007, QIAO et al. identificaram a vilina como o primeiro biomarcador para CTGs,
uma proteina especifica de células epiteliais que, mediante regulacdo do calcio, se liga a
actina atuando na reorganizacdo dos filamentos de actina das microvilosidades (ZHAO et al.,

2015). Desde entdo, diversos estudos identificaram outros marcadores de CTGs normais e
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marcadores que podem estar presentes em populagdes de CTTGs tais como CD44, CD133,
CD24, LGR5 e ALDHL1.

O marcador CD44, uma proteina de superficie celular, resulta em caracteristicas
como alta proliferagdo, capacidade de invasao, resisténcia a terapia e tumorigenicidade.
Células positivas para CD133, uma glicoproteina de superficie celular altamente conservada,
possuem correlagdo com fatores clinico-patolégicos como a taxa de sobrevivéncia, o
tamanho do tumor e a profundidade infiltrativa (RASSOULI et al., 2016). CD24 é uma
molécula de adesdo celular cuja expressdo em CTTGs mostrou associacdo com a capacidade
de migracdo e invasdo além de estar relacionada com caracteristicas clinico-patoldgicas
agressivas (BRUNGS et al., 2016). LGR5 é uma proteina transmembrana receptora de R-
espondina que media a sinalizacdo de Wnt, e quando superexpressa, promove proliferacdo,
migracdo e resisténcia quimioterapica em células de cancer gastrico (GLINKA et al., 2011;
WANG et al., 2016). Por sua vez, células que expressam o marcador ALDH1 foram descritas
com alta tumorigenicidade bem como com elevada capacidade de auto-renovagdao e de
geracao de populacdes celulares heterogéneas (KATSUNO et al., 2012).

Além desses marcadores, foram sugeridos para identificagdo de CTTGs os marcadores
cldssicos de células tronco embriondrias SOX2, OCT4 e NANOG (BRUNGS et al., 2016). Um
estudo que avaliou a expressdo desses trés fatores de transcricdo em ressecgdes cirdrgicas
de pacientes com cancer gastrico verificou positividade para Sox2 em 55% das amostras,
para Oct3/4 em 44% das amostras e para Nanog em 10% das amostras. Adicionalmente,
uma correlacdo entre a capacidade de invasdo e um pior progndstico foi observada em
amostras positivas para a expressdao de Sox2 e negativas para Oct3/4 (MATSUOKA et al.,

2012).

26



3. Tratamentos convencionais do cancer gastrico

O procedimento padrdo para tratar o cancer gastrico consiste na linfadenectomia e
gastrectomia (CATALANO et al., 2009; CHOI et al., 2015). Existe ampla discussao sobre qual a
extensdo da resseccdo cirdrgica necessaria para reduzir as taxas de complicacGes e morte a
fim de propiciar um aumento na sobrevida dos pacientes com cancer gastrico. A
gastrectomia subtotal com reconstrucdo, geralmente é aplicada a tumores localizados no
corpo e antro pilérico do estbmago enquanto que a gastrectomia total é realizada quando o
tumor localiza-se no fundo do estdmago. Contudo, ndo ha um consenso sobre o tipo de
ressecgdo a ser realizada em tumores na regido da cardia. Além disso, como o primeiro sitio
de metdstase do cancer gastrico geralmente sdo linfonodos localizados préximos ao local do
tumor, a ressecgdo dos linfonodos e sua avaliagdo também sdo muito importantes nesse tipo
de cancer (MISLEH et al., 2013).

Apesar de cirurgia ser o tratamento de escolha para o cancer gastrico, a maioria dos
pacientes ndo responde de maneira efetiva, resultando em altas taxas de recidiva e baixa
sobrevida associados a cirurgia como Unico tratamento (AJANI et al., 2013). Por esse motivo,
é de grande relevancia a aplicacdo de terapias adjuvantes como radioterapia e/ou
quimioterapia.

Os quimioterapicos geralmente podem ser classificados em quatro grupos principais:
(i) antimetabdlitos, (ii) agentes alquilantes, (iii) inibidores de topoisomerases e (iv) agentes
antimitéticos. Antimetabdlitos sdao moléculas similares aos precursores necessarios na
sintese de DNA ou RNA que podem levar a inibicao da produgdo de nucleotideos ou a
incorporagdo dos antimetabdlitos ao acido nucléico, resultando em limitagdes na sintese de

RNA e DNA e podendo levar a apoptose. Os agentes alquilantes interagem com o DNA pela
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adicdo de um grupo alquila a guanina e pela formacdo de ligacdes covalentes. Esse
mecanismo resulta na fragmentagao do DNA por enzimas de reparo ao tentar remover a
base alquilada e na interferéncia na replicagdo e transcricio do DNA (WHITEBAY et al.,
2013). Os inibidores de topoisomerases interferem nas fung¢Ges normais de quebra,
relaxamento de torgcao das fitas e ligagdo ao DNA da enzima topoisomerase. Um dos
mecanismos desses inibidores consiste na estabilizacdo da enzima, impedindo que ela se
ligue ao DNA. Consequentemente, existe um aumento de quebras no DNA, ativando vias que
levam a apoptose (PERRY et al., 2012; WHITEBAY et al., 2013). Os agentes antimitdticos tém
como alvo diferentes proteinas envolvidas no processo mitdtico, como proteinas motoras,
cinases e tubulinas (ver Capitulo I). Essas drogas podem desequilibrar e bloquear a mitose,
resultando em morte celular (CHAN et al., 2012).

As principais drogas utilizadas nos diferentes regimes de tratamentos
guimioterapicos contra o cancer gastrico sdo 5-fluorouracil (5-FU) e capecitabina
(antimetabdlitos), oxaliplatina e cisplatina (agentes alquilantes ou relacionados a
alquilantes), irinotecan (inibidor de topoisomerase) e docetaxel e paclitaxel (antimitdticos
que afetam os microtubulos). Além dessas drogas, epirrubicina, uma antraciclina, e
trastuzumab, um anticorpo monoclonal, também fazem parte de alguns dos regimes
quimioterdpicos recomendados (AJANI et al., 2013; PERRY et al., 2012; ZANIBONI &
MERIGGI, 2005).

Dentre essas drogas, a quimioterapia baseada em 5-FU é considerada o tratamento
de primeira linha para o cancer gastrico (Ll et al., 2016). O 5-FU é um analogo de uracila, cuja
diferenca consiste em um atomo de fldor no carbono da posicdo 5. Até o momento, os
mecanismos de acdo descritos envolvem inibicdo da enzima timidilato sintase (TS), que esta

envolvida na sintese de timidina, e a incorporacdo erronea ao RNA e DNA. A maior parte da
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droga administrada é catabolizada no figado pela enzima dihidropirimidina-desidrogenase
(DPD), sendo convertida para dihidrofluorouracil (DHFU), sua forma inativa. O restante das
moléculas ndo metabolizadas no figado sdo transportadas para dentro das células onde
serdo transformadas em trés metabdlitos citotdxicos pela via anabdlica (Figura 4): (i)
monofosfato de fluorodesoxiuridina (FAUMP) - metabdlito resultante da conversao de 5-FU
pela enzima timidina fosforilase (TP) em fluorodesoxiuridina (FUdR) que é entdo fosforilada
pela timidina cinase em FAUMP. Essa molécula liga-se a TS formando um complexo ternario
gue inibe a atividade da enzima; (ii) trifosfato de fluorodesoxiuridina (FAUTP) - metabdlito
resultante da fosforilacdo de FAUDP que incorpora-se ao DNA no lugar de trifosfato de
timidina (dTTP); e (iii) trifosfato de fluorouridina (FUTP) - metabdlito resultante da conversao
de 5-FU pela enzima orotato fosforibosiltransferase (OPRT) em monofosfato de fluorouridina
(FUMP), que é finalmente convertido em FUTP. Essa molécula é incorporada ao RNA no lugar

de UTP (LONGLEY et al., 2003; SHIMOYAMA, 2009; TAMATANI et al., 2012).
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Figura 4. Via metabdlica do 5-FU. Adaptado de TAMATANI et al. (2012).
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A inibicdo da enzima TS, que causa um desequilibrio de nucleotideos, e a
incorporacdao de FDUTP ao DNA, podem resultar em mutacdes pelo pareamento erréneo,
falhas no reparo ao DNA, fragmentacdo do DNA por quebra simples ou dupla e inibicdo da
sintese de DNA. A incorporagao de FUTP ao RNA também pode ter diferentes efeitos tais
como inibicdo do processamento do pré-rRNA em rRNA, inibicdo das modificagdes pds
transcricionais de tRNAs, inibicao de splicing no pré-mRNA e inibicdo da poliadenilagao no
mRNA (GHOSHAL & JACOB, 1997; LONGLEY et al., 2003; MOJARDIN et al., 2013).

A administracdo do 5-FU é comumente realizada por infusdo, contudo, o tratamento
com fluoropirimidinas via oral, também vem sendo aplicado em casos de cancer gastrico.
Estudos mostraram que houve uma minima diferenca na eficicia comparando-se a
administracdo via oral com 5-FU infusional. A capecitabina € um exemplo de fluoropirimidina
oral frequentemente utilizada para tratar esse tipo de tumor. Sua ativacdo ocorre através de
dois processos iniciais no figado e um processo final apds atingir a célula tumoral através da
enzima TP (MISLEH et al., 2013).

Um aspecto relevante dos tratamentos quimioterapicos é o desenvolvimento de
quimiorresisténcia. Atualmente, a quimioterapia é baseada principalmente na terapia
combinatéria, visando um tratamento mais efetivo na eliminacdo do tumor e limitando a
toxicidade da droga (LARSSON et al., 2009). Essa maximizacdo no efeito do tratamento é
resultante da sua atuacdo em vdrios alvos simultaneamente ja que cada droga age sobre
diferentes alvos moleculares (KITANO, 2007). Algumas das principais combinacdes
recomendadas pelo guia do National Comprehensive Cancer Network no tratamento para o
cancer gastrico consistem em oxaliplatina ou cisplatina combinada ao 5-FU infusional (ou
oral - capecitabina), e em epirrubicina combinada com cisplatina e 5-FU (ECF) (AJANI et al.,

2013).
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Além da resisténcia as drogas, outro obstaculo dos tratamentos quimioterdpicos
convencionais é sua baixa especificidade pelo tumor, pois como atuam em células
proliferativas, atingem tanto células normais como tumorais resultando, clinicamente, em
mais efeitos colaterais. Por esses motivos, diversos estudos com tratamentos direcionados a
alvos especificos vém sendo realizados considerando-se as anomalias de cada tumor. Essas
anormalidades bioldgicas responsaveis pela evolugdo do cancer gastrico tém sido elucidadas
e consistem basicamente em alteracdes genéticas e epigenéticas. O conhecimento sobre a
complexidade e variabilidade molecular dos tumores permite a escolha de drogas que atuem
nas vias responsaveis pela manutencdo do cancer de acordo com cada paciente, evitando-se
um regime quimioterdpico desnecessario e obtendo-se uma resposta mais efetiva ao
tratamento (CHOI et al., 2015; WADDELL et al., 2014).

Nesse sentido, poucos tratamentos direcionados foram aprovados pela FDA até o
momento para tratar o cancer gastrico, como os anticorpos monoclonais trastuzumab e
ramucirumab, que tem como alvo HER2 e VEGFR-2, respectivamente (I\/IARQUES—LESPIER et
al., 2016). Contudo, outras terapias alvo tém sido estudadas e grande atencdo tem sido

destinada aos agentes antimitéticos.

4. Antimitoticos na terapia contra o cancer

AlteracOes genéticas ou epigenéticas sdo frequentemente observadas em genes
envolvidos na progressao do ciclo celular, principalmente na fase G1 e no controle da
transicdo da fase G1 para a fase S. Contudo, um grande de nimero de alteracdes em genes
que possuem atividade na mitose, como manuten¢dao do fuso mitdtico e segregacao
cromossOmica, ja foram identificadas. Durante a mitose, os mecanismos que garantem a

correta distribuicao dos cromossomos para as células filhas sao essenciais e qualquer falha
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nesse processo pode resultar em instabilidade gen6mica, como aberracdes cromossémicas,
contribuindo para a transformagdo maligna (PEREZ DE CASTRO et al., 2007).

A maioria dos genes envolvidos na mitose que possuem alteracdes genéticas ou
epigenéticas ou ainda, que possuem expressdo alterada em tumores, atuam no ponto de
checagem do fuso mitético (38%). Genes com altera¢des, também estdo frequentemente
envolvidos nas fun¢Ges do centrossomo e progressdo de G2/M (26%) e na dindmica do fuso
(23%). Quanto a classificacdo da funcdo molecular desses genes alterados, a maioria codifica
proteinas cinases (26%), proteinas do cinetécoro (15%) e proteinas associadas aos
microtubulos, ao complexo passageiro cromossomal ou proteinas motoras (15%) (Figura

5)(PEREZ DE CASTRO et al., 2007).
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Figura 5. Principais fungdes celulares e moleculares de genes com alteragdes envolvidos na mitose.
Adaptado de PEREZ DE CASTRO et al. (2007).

Algumas dessas proteinas que resultam em anormalidades nas células tumorais tém
sido consideradas como importantes alvos terapéuticos e por esse motivo, um grande
numero de agentes antimitéticos foi desenvolvido nos uUltimos anos. De maneira geral, o

dano provocado por esse tipo de tratamento consiste em ativacdo do ponto de checagem do
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fuso mitdtico na tentativa de corrigir os erros, ou ainda no escape prematuro da mitose,
podendo levar a morte celular (CHAN et al., 2012).

Até o momento, os alvos da mitose mais estudados no tratamento contra o cancer
incluem microtubulos, cinases e proteinas motoras (ver Capitulo 1). Os primeiros
antimitoticos foram desenvolvidos ha mais de 50 anos e possuem como alvo a tubulina. Sua
ligacdo a tubulina pode estabilizar ou desestabilizar os microtubulos, através do estimulo ou
restricdo da polimerizacdo, respectivamente (JORDAN & WILSON, 2004). Os taxanos
docetaxel e paclitaxel sdo exemplos de drogas estabilizadoras de microtibulos que
frequentemente sdo empregadas com sucesso no tratamento de tumores sélidos (STANTON
etal., 2011).

As principais drogas desenvolvidas que atuam nas cinases, possuem Plkl ou aurora
cinases como alvo. Plkl faz parte de diversos processos da mitose e um deles consiste na
maturacdo dos centrossomos (ver Capitulo ). Consequentemente, sua inibicdo in vitro,
resultou em parada mitdtica e fusos monopolares (SCHMIDT & BASTIANS, 2007). A inibi¢do
de aurora A (AURKA) possui efeitos semelhantes ja que é uma proteina que também atua
nos centrossomos (MALUMBRES & PEREZ DE CASTRO, 2014). Contudo, a inibicdo de aurora
B (AURKB), que possui atividade em diferentes pontos da mitose como alinhamento
cromossémico (ver Capitulo 1), resulta principalmente em células polipléides devido a
progressao do ciclo celular mesmo apds bloqueio da divisdao (SCHMIDT; BASTIANS, 2007). As
proteinas motoras mais estudadas como alvos mitdticos sdo EG5 e CENP-E (ver Capitulo I).
EG5 atua principalmente na separacao dos centrossomos e na formacdo do fuso mitético
bipolar, sendo que o principal efeito resultante de sua inibicdo é a formacdo de fuso
monopolar (JIANG et al., 2006). Por sua vez, a inibicio de CENP-E pode levar a um

alinhamento incorreto dos cromossomos resultando em parada mitética e morte celular ou
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ainda levar a um enfraquecimento na interagao cinetdcoro-microtubulo, resultando na
ativacdo de ponto de checagem do fuso (CHAN et al., 2012).

Considerando-se que com um maior direcionamento do tratamento pode-se obter
uma resposta mais efetiva, € de suma importancia a utilizagdao técnicas que possam auxiliar
no desenvolvimento de novas drogas para a terapia do cancer. O estudo de redes bioldgicas
utilizando uma abordagem de biologia de sistemas tem sido aplicado com sucesso nas
pesquisas sobre tumores (WIST et al., 2009). A utilizacdo de biologia de sistemas para
analisar como compostos pequenos (incluindo quimioterapicos) interagem com proteinas ou
outras macromoléculas levou ao desenvolvimento do campo da farmacologia de sistemas
(BERGER & IYENGAR, 2009). Esta metodologia permite compreender como as drogas atuam
em diferentes tecidos e tipos de células, bem como os efeitos de multiplas a¢cdes dentro de
um Unico tipo de célula que ocorrem devido a interacdo de diversas vias (BERGER &
IYENGAR, 2009; WIST et al., 2009).

Utilizando ferramentas de farmacologia de sistemas, um estudo recente feito pelo
nosso grupo de pesquisas identificou como novos alvos potenciais para o tratamento
quimioterdpico de cancer gastrico, as proteinas AURKB e NDC80 (ou HEC1) (Figura 6)
(ROSADO et al., 2011). Estudos recentes observaram a superexpressdo dessas proteinas no
cancer gastrico, confirmando que podem representar uma nova estratégia terapéutica para

esse tipo de tumor (HONMA et al., 2014; QU et al., 2014).

34



WY
G 4.  qp

Q%.W
=,

ZMaa7439 |
{AURKE)

Figura 6. Identificacdo de novos alvos potenciais (AURKB e NDC80/HEC1) e os seus respectivos inibidores
(dentro dos retangulos) para o tratamento quimioterapico do cancer gastrico a partir de dados de
farmacologia de sistemas. As moléculas quimioterdpicas comumente utilizadas no tratamento do cancer
gastrico estdo indicadas na rede por nés pretos. Adaptado de ROSADO et al. (2011).

5. As proteinas AURKB e NDC80 e seu papel na mitose

AURKB é uma serina treonina cinase que atua principalmente durante a mitose
através da fosforilacdo da histona H3 e assegura o correto alinhamento e segregacdo dos
cromossomos, bem como a execucdo da citocinese (CARMENA & EARNSHAW, 2003). AURKB
faz parte do complexo passageiro cromossomal (CPC) que é composto também por
borealina, survivina e INCENP (ver Capitulo I). Survivina e borealina se ligam a regido N-
terminal da proteina INCENP, enquanto AURKB se liga a regido C-terminal. As subunidades
ndo enzimaticas auxiliam na ativacdo de AURKB bem como no seu deslocamento durante a
mitose, propiciando a fosforilacdo de seus diferentes substratos (CARMENA et al., 2012; VAN

DER HORST & LENS, 2014).
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Durante a fase S do ciclo celular até o final da fase G2, a AURKB estd presente nas
regides pericentroméricas e ja apresenta atividade através da fosforilacdo da Serina 10 na
histona H3. Quando a mitose inicia, a presenca de AURKB e outras proteinas do CPC, pode
ser verificada nos bragos dos cromossomos. Contudo, ao final da profase e durante a
prometafase e metafase, o CPC desloca-se e concentra-se nos centromeros (VAN DER HORST
& LENS, 2014).

O centrébmero de cada cromossomo possui dois complexos macromoleculares
protéicos idénticos, chamados de cinetdcoros, a partir dos quais sdo efetuadas ligacbes com
os microtubulos. Os cinetdcoros sdao compostos por trés camadas principais: uma placa
externa, ou também, coroa fibrosa, uma camada intermediaria e uma placa interna (MAIATO
et al., 2004; WAN et al., 2009). Apds a quebra do envelope nuclear, os cinetdécoros sao
conectados ao fuso. Contudo, para que a transicdo metafase/anafase possa prosseguir com
uma correta segregacdo cromossOmica, € necessario que as cromatides irmas estejam
biorientadas, ou seja, os cinetécoros devem estar conectados a fusos de pdlos opostos
(ligagdo anfitélica). Caso a ligagdo seja monotélica, onde o cinetécoro esta ligado ao
microtubulo de apenas um dos pdlos, sintélica, quando os dois cinetécoros estao ligados a
microtubulos provenientes de um mesmo pdlo, ou merotélica, onde o cinetdcoro estd
conectado a microtubulos de podlos diferentes, uma tensdo incorreta é gerada e ocorre a
ativagao do ponto de checagem do fuso mitdtico para que a ligagao possa ser corrigida

(Figura 7) (ANDREWS et al., 2003).
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Figura 7. Diferentes tipos de ligagBes entre cinetdcoros e microtubulos que podem ocorrer no
fuso mitdtico. Adaptado de TANAKA & HIROTA (2009).

A AURKB possui papel essencial na estabilizacdo de ligagdes incorretas, pois atua na
interagdo dos microtubulos com os cinetécoros. Um dos mecanismos de controle das
ligacdes pela AURKB se da através da fosforilagdo da proteina NDC80, reduzindo sua
afinidade pelos microtubulos (Figura 8) (CARMENA et al., 2012; DELUCA et al., 2006; VARMA
& SALMON, 2012). NDC80 (ou HEC1) compode juntamente com Nuf2, Spc24 e Spc25 o
complexo NDC80 que faz parte de um complexo maior, chamado de KMN. O complexo KMN
é composto ainda pela proteina Knll e pelo complexo Mis12, que contém as proteinas
Mis12, Dsn1, Nnfl e Nsl1 (WAN et al., 2009). Estudos mostraram que esse complexo é
essencial para a ligacdo do cinetdcoro a extremidade positiva dos microtibulos. A regido N-
terminal da proteina Hec1/NDC80 se liga aos microtubulos, enquanto a regido C-terminal de
Spc24 e Spc25 se liga a proteina CENP-T ou ao complexo Mis12 para conectar o complexo

NDC80 a placa interna do cinetécoro (VARMA & SALMON, 2012).
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Figura 8. Estrutura do complexo NDC80 e fosforilagdo da proteina Hecl pela AURKB, para corregdo
da ligagdo incorreta do microtibulo com o cinétocoro. Adaptado de VADER & LENS (2008).

A AURKB também fosforila a proteina MCAK, inibindo sua atividade de
despolimerizacdo dos microtubulos. Sugere-se que essa capacidade de atuar quando existe
uma ligacdo incorreta, deve-se a uma aproximacdo dos substratos, enquanto que na ligacao
anfitélica, a tensao gerada afasta os substratos da enzima AURKB impedindo sua atividade,
ja que ndo é mais necessaria (WALCZAK et al., 2010).

Quando o Uultimo cromossomo estiver alinhado no plano equatorial, a célula
encontra-se na metafase. O rompimento da coesdo entre as cromatides irmds permitindo
seu deslocamento em direcdo aos pdlos opostos, marca a transicao para anafase. Ao iniciar a
anafase, o CPC se desloca para o fuso central e sulco de clivagem (WALCZAK et al., 2010).
Durante a anafase, o complexo auxilia na compactacdo das cromatides e estabilizacdo do

fuso e durante a citocinese, contribui para a maturacdo do anel contratil e regulacdo da
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dindmica do citoesqueleto (CARMENA et al., 2012). Ao final da mitose, o complexo promotor
de anafase (APC/C) reconhece AURKB que é ubiquitinada e degradada pelo proteassoma

(PORTELLA et al., 2011).

6. Os inibidores ZM447439 e INH1

Segundo ROSADO et al. (2011), as moléculas ZM447439 e INH1 mostraram-se
inibidores potentes e seletivos das proteinas anteriormente abordadas AURKB e NDC80,
respectivamente.

A molécula ZM447439, primeiro inibidor de aurora cinase desenvolvido, é um
composto derivado de quinazolina cujo mecanismo de agdo consiste em inibir a enzima
AURKB por meio da competigdo com ATP pela ligagdo ao sitio ativo (Figura 9). Essa molécula
também foi capaz de inibir AURKA. Contudo, a dose necessaria foi vinte vezes maior do que
para AURKB, e as células apresentaram o fendtipo caracteristico de inibigdo de AURKB e nao
de AURKA ou de outras cinases (DITCHFIELD, 2003; GIRDLER et al., 2006; YOON et al., 2012).

Além disso, GIRDLER et al. (2006) sugerem que em baixas concentracdes micromolares,

ZM447439 ndo é um inibidor significativo da atividade de AURKA nas células. Até o

momento, somente estudos in vitro foram realizados com ZM447439 e os principais efeitos
observados nas células foram o incorreto alinhamento e segregagao dos cromossomos,
ultrapassagem do ponto de checagem do fuso mitético e a inibigdo da citocinese, resultando

em células com conteldo elevado de DNA devido a endoreduplicacdo (DITCHFIELD, 2003).
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Figura 9. A. Estrutura molecular do inibidor ZM447439 B. Mecanismo de a¢do do inibidor consiste na
competicdo pelo sitio de ligagdo de ATP. Adaptado de COWAN (2012) e “Tocris Bioscience” (2016).

O composto INH1, que também atua na mitose, se liga a proteina NDC80 impedindo
sua ligacdo com a cinase NEK2 e consequentemente sua ativagao (Figura 10). Essa droga ja
foi testada em camundongos imunodeficientes com xenoenxertos tumorais provenientes de
células de cancer de mama. O tratamento resultou em minimos efeitos colaterais e uma
reducdo significativa do crescimento tumoral. Quando avaliada in vitro, a terapia com INH1
provocou uma localizacdo anormal de NDC80 nos cinetdcoros, reducao significativa de NEK2
(efeito indireto da droga ja que sua reducdo se mostrou independente de NDC80), além de
anormalidades mitéticas, como desalinhamento cromossomico e irregularidades no fuso
mitotico, ocasionando eventual morte celular (WU et al., 2008).

Os compostos ZM447439 e INH1 ja foram estudados em outros tipos de canceres
como o de mama (VIDARSDOTTIR et al., 2012; WU et al., 2008), célon (KAESTNER et al.,

2009), cérvix (ZHANG & ZHANG, 2011), leucemia (WALSBY et al., 2008) e glioblastoma
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(BORGES et al., 2012). Contudo, nenhuma destas moléculas foi utilizada isoladamente ou em

combina¢do com quimioterdpicos convencionais no tratamento de cancer gastrico.
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Figura 10. A. Estrutura molecular do inibidor INH1 B. Mecanismo de agdo do inibidor consiste na
ligacdo ao NDC80, impedindo sua ativacdo por NEK2. Adaptado de COWAN (2012) e “Tocris
Bioscience” (2016).

Considerando-se a atual dificuldade no tratamento do cancer gastrico devido ao
diagndstico tardio e a resisténcia aos quimioterdpicos convencionais, o desenvolvimento e
estudo de novos compostos que atuem em alvos especificos para inclusdo em regimes
combinatérios a fim de permitir terapias mais direcionadas, é de extrema relevancia. Por
esse motivo, essa pesquisa consiste na avaliacdo do tratamento in vitro de linhagens de
cancer gastrico com os compostos ZM447439 e INH1, inibidores de AURKB e NDC80,

respectivamente.
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OBIJETIVOS

Objetivo gerail
Investigar os efeitos dos compostos INH1 e ZM447439 utilizados isoladamente e/ou

em combinacdo com o agente quimioterapico cldssico 5-FU, nas linhagens de

adenocarcinoma gastrico ACP02 e ACPO3.

Objetivos especificos

J Determinar o ICsg (Concentracdo Inibitéria de 50 %) dos compostos 5-FU,
ZM447439 e INH1 utilizados nas linhagens ACP02 e ACP03.

. Avaliar a expressao de genes frequentemente envolvidos em processos
tumorais, nas linhagens ACP02 e ACPO3 e na linhagem de epitélio gastrico ndo tumoral
MNO1, expostas e nao expostas aos compostos.

J Avaliar o efeito dos inibidores ZM447439 e INH1 e do agente quimioterapico
5-FU sobre as linhagens ACP02, ACPO3 e MNO1 quanto a proliferacdo, ciclo celular,
morfologia nuclear, morte e migragao celular.

] Avaliar a presenga de células tronco tumorais nas linhagens estudadas pelo

ensaio de formacgdo de esferas e expressao de marcadores tronco.
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ARTICLE INFO ABSTRACT
Keywaords: Mutations in cancer cells frequently result in cell cycle alterations that lead to unrestricted growth compared to
Mitosis normal cells. Considering this phenomenon, many drugs have been developed to inhibit different cell-cycle
Mitotic inhibitors phases. Mitotic phase targeting disturbs mitosis in tumor cells, triggers the spindle assembly checkpoint and fre-
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The mitotic phase is a crucial time period during which chromo-
somes must be segregated to opposite poles, eventually resulting in

Abbreviations: AE, adverse event; AML, acute myeloid leukemia; APC, anaphase
promoting complex; CLL, chronic lymphocytic leukemia; CPC, chromosomal passenger
complex; CR, complete response; CRi, complete remission with incomplete blood count
recovery; FDA, Food and Drug Administration; LDAC, low-dose cytosine arabinoside;
MCC, mitotic checkpoint complex; NSCLC, non-small cell lung cancer; PD, progressive
disease; P-gp, P-glycoprotein; PR, partial response; SAC, spindle assembly checkpoint;
SD, stable disease; SCLC, small cell lung cancer.

# Contract/grant sponsor: CNPq, CAPES
* Corresponding author at: Centro de Biotecnologia da UFRGS, Sala 219, Departamento
de Biologia Molecular e Biotecnologia, Universidade Federal do Rio Grande do Sul, UFRCS,
Avenida Bento Gongalves 9500, Prédio 43421, Caixa Postal 15005, Porto Alegre, Rio Grande
do Sul 91509-900, Brazil.
E-mail addresses: diegobonatto@gmail.com, diego@cbiot.ufrgs.br (D. Bonatto).

http://dx.doi.org/10.1016/j.pharmthera.2017.02.007
0163-7258/© 2017 Elsevier Inc. All rights reserved,

& Scholey, 2006). It consists of several phases known as prophase,
prometaphase, metaphase, anaphase and telophase (Pines, 2006). Dur-
ing prophase, the duplicated chromosomes from interphase condense,
and the nuclear envelope breaks down. During prometaphase, kineto-
chores connect chromosomes to microtubules, and in metaphase, the
chromosomes align at the equatorial plate between the spindle poles.
Chromatids are separated and pulled to opposite poles during anaphase.
Finally, the mitotic spindle disassembles, and the chromatids
decondense and are surrounded by new nuclear envelopes in telophase.
The cytokinesis process results in two daughter cells via division of the
cytoplasm of the parent cell (Fig. 1) (Jongsma, Berlin, & Neefjes, 2014;
Walczak, Cai, & Khodjakov, 2010). After taxanes and vinca alkaloids
were shown to be clinically effective as anti-tumor compounds, many
other drugs were developed to also target microtubules, kinases,
motor proteins and multi-protein complexes, resulting in mitotic arrest
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Fig. 1. Representation of the major proteins and complexes involved in mitosis as well as drugs that target them.

(triggered by spindle assembly checkpoint-SAC) and mitotic cell death
(Chan, Koh, & Li, 2012). A number of these compounds did not achieve
high response rates in clinical trials; therefore, the incorporation of new
drug development into combination therapies with conventional che-
motherapy remains a challenge. In this article, we will review clinical
experimental anti-mitotic drugs for cancer therapy, and focus on
drugs that are not yet approved by the Food and Drug Administration
(FDA).

2. Overview of the major proteins involved in mitosis

The SAC is the most important mechanism of the mitotic phase,
and it ensures that anaphase will not occur until the chromosomes
are correctly aligned at the equatorial plate (Pérez de Castro, de
Carcer, & Malumbres, 2007). In this sense, cell cycle regulators such
as the CDK1-cyclin B complex are important components of SAC
(D'Angiolella, Mari, Nocera, Rametti, & Grieco, 2003). CDK1 is a crucial

(2017), http://dx.doi.org/10.1016/j.pharmthera.2017.02.007
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protein involved in cell cycle regulation that binds to A and B cyclins,
and during early mitosis, PLK1 aids in regulating this complex because
it phosphorylates and activates CDC25, which in turn activates CDK1
by dephosphorylation (Fig. 1). PLK1 is also capable of negatively regu-
lating Weel and Myt1, which are both involved in the inhibition of
CDK1 (Gautier, Solomon, Booher, Bazan, & Kirschner, 1991; Kumagai
& Dunphy, 1996; Malumbres & Barbacid, 2005; McGowan & Russell,
1993; Mueller, Coleman, Kumagai, & Dunphy, 1995; Nigg, Blangy, &
Lane, 1996). The CDK1-cyclin B complex regulates mitosis entry and
progression through phosphorylation of over 70 proteins, including
the anaphase promoting complex (APC), which binds to CDC20 and is
consequently activated (Malumbres & Barbacid, 2005; Pines, 2006).
APC is a ubiquitin ligase that consists of 11 subunits in animal cells,
and its function is to target proteins for degradation. The ubiquitination
process is performed by E2 enzymes, and proteolysis of targeted pro-
teins is conducted by the 26S proteasome (Hershko & Ciechanover,
1998; Peters, 2002; Pines, 2006; Wieser & Pines, 2015). The APC-
CDC20 complex first targets cyclin A and NEK2A at the beginning of mi-
tosis, before the spindle checkpoint (Geley et al., 2001; Hames, Wattam,
Yamano, Bacchieri, & Fry, 2001). If any incorrect attachment occurs be-
tween kinetochores and microtubules during prophase, the APC is
inactivated and SAC is activated (Rieder, Schultz, Cole, & Sluder, 1994).
This checkpoint is performed by several proteins that localize to three
different layers of the kinetochores, namely, the inner plate, the outer
plate, and when microtubules are not attached, the fibrous corona
(McEwen, Hsieh, Mattheyses, & Rieder, 1998; Musacchio & Salmon,
2007). CENP-A protein localizes at the inner plate and targets the cen-
tromere because it is a histone H3 homolog (Marshall, Marshall, &
Choo, 2008).

The outer kinetochore consists primarily of KNL-1 protein, and
Mis12 and NDC80 complexes (KMN network) (Fig. 1), which are re-
sponsible for regulating the kinetochore-microtubule attachment. This
association with the outer kinetochore mainly serves as a base for
other SAC proteins and cooperates in microtubule attachment to the
centromeres (Cheeseman, Chappie, Wilson-Kubalek, & Desai, 2006;
Varma & Salmon, 2012). KNL-1 is required for correct microtubule at-
tachment and also acts on proteins responsible for SAC activation and
inhibition (Caldas & DeLuca, 2014). The Mis12 complex was shown to
be important for correct segregation of sister chromatids and interac-
tion with ZWINT, a protein that binds to ZW10, which recruits MAD1
and MAD2 to the unattached kinetochores (Goshima, Kiyomitsu, Yoda,
& Yanagida, 2003; Kops, 2005; Obuse et al., 2004). The NDC80 complex
is composed of NDC80, NUF2, SPC24 and SPC25, and aids in the recruit-
ment of MPS1, MAD1 and MAD2 to the kinetochores (Martin-Lluesma,
Stucke, & Nigg, 2002). NDC80 and NUF2 bind directly to the microtu-
bules, and these proteins bind to SPC24 and SPC25, which connect this
complex to the kinetochores (Wan et al., 2009).

MAD?2, BUBR1, BUB3 and CDC20 are essential SAC proteins that form
the mitotic checkpoint complex (MCC) (Fig. 1). The main function of
MCC is to prevent APC activity, which occurs through MCC binding to
CDC20, thus inhibiting APC's activity since CDC20 is a cofactor of APC
(Sudakin, Chan, & Yen, 2001). Another important protein is BUB1. This
kinase is found in lower concentrations after attachment and is recruit-
ed when the tension at the kinetochores is reduced (Taylor, Hussein,
Wang, Elderkin, & Morrow, 2001). BUB1 has an important role in the re-
cruitment of MAD2, BUBR1, CENP-F, CENP-E and other SAC proteins to
the kinetochores and centromeres (Johnson, Scott, Holt, Hussein, &
Taylor, 2004; Musacchio & Salmon, 2007), and also aids in the associa-
tion of MCC to APC (Morrow, 2005). CENP-E is an important kinesin-
like motor protein that attaches to the kinetochores at the beginning
of mitosis and moves to the spindle mid-zone during anaphase (Yen,
Li, Schaar, Szilak, & Cleveland, 1992).

Some key proteins, such as the components of the chromosomal
passenger complex — CPC (borealin, survivin, INCENP and AURKB), lo-
calize at the centromere until metaphase. During anaphase, CPC is
found at the center of the spindle apparatus, and after telophase it

supports the process of cytokinesis (Fig. 1) (Cooke, Heck, & Earnshaw,
1987; Gassmann et al., 2004; van der Horst & Lens, 2014). MCAK inter-
acts with CPC, is controlled by phosphorylation by AURKB, and localizes
at the centromeres as well. MCAK is involved in microtubule attach-
ment to the kinetochores and chromosome alignment and segregation
(Andrews et al., 2004; Kline-Smith, 2003; Knowlton, Lan, &
Stukenberg, 2006; Wordeman & Mitchison, 1995). AURKB is an impor-
tant SAC component that prevents the cell cycle from continuing if the
correct tension does not exist between kinetochores. By interacting
with the MCAK and NDC80 complex, AURKB can control the stabiliza-
tion of kinetochores attachment to the microtubules. Phosphorylation
of NDC80 drives the detachment of microtubules, enabling the correc-
tion of improper attachments (Andrews et al., 2004; DeLuca et al.,
2006). AURKB is also a component of processes such as phosphorylation
of H3 histone, chromosome alignment and cytokinesis (Crosio et al.,
2002; Ditchfield, 2003). Survivin mediates binding of CPC to the centro-
mere, and borealin assists in INCENP and survivin connection (Vader,
Kauw, Medema, & Lens, 2006). INCENP is important for AURKB regula-
tion, and its binding activates AURKB, whereas AURKB phosphorylates
INCENP (Honda, 2003). INCENP is also phosphorylated by CDK1, aiding
in its binding and recruitment of PLK1 (Goto et al., 2006).

Certain important proteins localize at the centrosome, such as
AURKA, EG5 and PLK1 (Fig. 1). During prophase, AURKA primarily local-
izes at the centrosomes to support their maturation and separation
(Hirota et al., 2003; Marumoto, Zhang, & Saya, 2005; Marumoto et al.,
2003). The kinesin-related motor protein EG5 has a similar role in pro-
moting centrosome separation, resulting in two spindle poles, and PLK1
is involved in centrosome maturation (Blangy et al., 1995; Lane & Nigg,
1996).

After the chromosomes are correctly positioned, SAC proteins are re-
moved, and MCC is also disconnected from APC (Fig. 1). The end of SAC
is marked by dynein, which is responsible for removing proteins from
the kinetochores and redistributing them to the poles, and by proteoly-
sis, which is triggered by APC that targets cyclin B and securin for degra-
dation (Fig. 1) (Funabiki et al., 1996; Howell et al., 2001; Murray, 1995).
Degradation of both proteins results in the progression of mitosis
through anaphase since the targeting of cyclin B inactivates CDK1 activ-
ity, and securin negatively regulates the protease separase. Thus, APC
activity results in separase activation, which cleaves cohesin to enable
sister chromatid separation (Peters, 2006; Wieser & Pines, 2015). Dur-
ing anaphase, APC begins to bind to CDH1 instead of CDC20, and this
new complex is responsible for targeting proteins such as PLK1,
AURKA and finally AURKB (Fig. 1) (Lindon & Pines, 2004; Stewart &
Fang, 2005). PLK1 is also a component of the group of proteins involved
in mitotic exit since it activates CDC16 and CDC27 (members of APC)
and phosphorylates cohesin, thus facilitating its cleavage by separase
(Hauf et al., 2005; Jackson, Patrick, Dar, & Huang, 2007; Kraft et al.,
2003).

3. Targets of anti-mitotic treatments and drugs tested in clinical
trials

Several mitotic targets have been explored in recent years, including
drugs that target microtubules, kinases, motor proteins and multi-pro-
tein complexes, such as the 26S proteasome (Chan et al.,, 2012). Clinical
trials usually classify tumors according to the Response Evaluation
Criteria in Solid Tumors. In summary, complete response (CR) is related
to the disappearance of lesions, partial response (PR) refers to a mini-
mum of 30% reduction in the tumor size, progressive disease (PD) indi-
cates a minimum of 20% increase in the tumor size, and stable disease
(SD) denotes a tumor size classified between PR and PD.

3.1. Targeting microtubules

Anti-microtubular drugs were the first treatment described for
targeting mitosis and have been successfully used against different
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types of cancers (Garber, 2005; Salmela & Kallio, 2013). These drugs
modify microtubule dynamics either by inhibiting microtubule poly-
merization (thus destabilizing it) or by enabling polymerization (thus
stabilizing it) (Jordan & Wilson, 2004). Both mechanisms occur through
drug binding to vinca, taxane or colchicine sites, which results in the ac-
tivation of SAC by unattached kinetochores (Chan et al., 2012; Jordan &
Wilson, 2004; Kaur, Kaur, Gill, Soni, & Bariwal, 2014; Weaver &
Cleveland, 2005). Consequently, mitotic cell death or mitotic slippage
is observed (Chan et al., 2012; Salmela & Kallio, 2013). Although anti-
microtubular targeting has been shown to be effective, important side
effects were diagnosed, such as myelosuppression due to the arrest of
mitosis (which prevents bone marrow cells from proliferating) and
neuropathy because microtubules are essential in the transport process-
es inside neurons (Jordan & Wilson, 2004).

Taxanes and epothilones are microtubule stabilizers. In contrast,
vinca alkaloids and colchicines act as microtubule destabilizers. These
mechanisms of action are enabled by drug binding to the taxane site,
vinca domain or colchicine site (Stanton, Gernert, Nettles, & Aneja,
2011). The FDA has already approved several anti-microtubular drugs
for clinical use, and there are many other drugs being studied in clinical
trials, including vinflunine, vintafolide (EC145), ABT-751 (E7010),
tesetaxel, TPI 287, patupilone (EPO906) and sagopilone (ZK-EPO)
(Table 1).

Although most trials with vinflunine monotherapy presented PRs
lower than 15% for solid tumors (Bennouna et al., 2006, 2003;
Blasinska-Morawiec, Tubiana-Mathieu, Fougeray, Pinel, & Bougnoux,
2013; Calvo et al., 2012; Fumoleau et al., 2009; Goldstein et al., 2006;
Hainsworth et al., 2010; Johnson et al., 2006; Olver et al., 2007; Talbot
etal., 2007; Vaughn et al., 2009), in another study, 49% of bladder cancer
patients in which platinum treatment have failed exhibited SD while
18% exhibited PR with a median duration of approximately 9 months
(Culine et al., 2006). A trial on small cell lung cancer (SCLC) observed
that, out of the evaluable patients, 25% had PR and 30% had SD (Spigel
etal, 2010). Another study in advanced breast cancer patients previous-
ly treated with anthracycline/taxane presented relevant results, with
30% of patients exhibiting PR and 35% exhibiting SD (Campone et al.,
2006). A frequent hematologic adverse event (AE) observed in all trials
using this drug as monotherapy was neutropenia, and common non-he-
matological AEs observed included constipation, fatigue and nausea.
The combination of vinflunine with other drugs achieved higher activity
against non-small cell lung cancer (NSCLC) and breast cancer. In the
combined treatment with cisplatin, 32.1% of NSCLC patients presented
PR and 47.2% presented SD (Souquet et al., 2010), while with
gemcitabine 37% presented PR and 42% presented SD (Tournoux-
Facon et al., 2011). Vinflunine combined with carboplatin resulted in
36.8% of patients presenting both PR and SD (Tournoux-Facon,
Robinet, Pinel, Ferre, & Tourani, 2012). For breast cancer patients,
vinflunine therapy combined with doxorubicin resulted in approxi-
mately 48% of patients exhibiting PR and 32% exhibiting SD (Zaman et
al.,, 2011) while in the combination with capecitabine, 43.8% of patients
presented both PR and SD. Combination with trastuzumab achieved
higher response rates with 3.3% of patients presenting CR, 70% present-
ed PR and 23.3% presented SD (Paridaens et al., 2012). When combining
epirubicin with vinflunine, approximately 48.6% of patients had PR and
42.8% had SD (Chan et al., 2014). Other combinations have shown lim-
ited activity or were poorly tolerated in trials with drugs such as
vinflunine with premetrexed or erlotinib on solid tumors (Sanoff et
al., 2011a, 2011b, 2011b), with pazopanib on urothelial cancer
(Gerullis et al., 2013) and with erlotinib on NSCLC (Krzakowski et al.,
2014). Registered performed trials reached phase III, and additional
studies will be started aiming to test the combination with other
drugs or to treat other cancer types (NCT02665039, NCT01844947,
NCT01953003 and NCT02057913).

Another drug included in clinical trials is the folic acid-
desacetylvinblastine monohydrazide (vinca alkaloid molecule) conju-
gate, named EC145 (vintafolide). This compound acts in a different

manner since it first targets the folate receptor, overexpressed in several
cancers, and after being endocytosed, the vinca alkaloid molecule is re-
leased inside the cell (Vlahov et al., 2006). This drug was tested against
different types of solid tumors, achieving the best results when treating
ovarian cancer (Edelman et al., 2012; Lorusso et al., 2012; Morris et al.,
2014; Naumann et al., 2013). A phase II trial with ovarian cancer pa-
tients showed that 5% presented PR and 37% SD, independently of folate
receptor presence on lesions (Morris et al., 2014). A higher objective re-
sponse (CR + PR) rate of 18% was observed in another phase Il trial after
treating the same type of cancer with EC145 combined to pegylated li-
posomal doxorubicin (Naumann et al., 2013). AEs commonly observed
after vintafolide exposure included fatigue and constipation (Edelman
et al,, 2012; Li et al., 2009; Lorusso et al., 2012; Naumann et al., 2013).
Complete trials were registered and reached phase II, and there is a
phase II study ongoing with solid tumors (NCT01002924).

ABT-751 is a sulfonamide that acts by binding to the colchicine site
of 3-tubulin (Segaoula et al., 2016). Although usually well tolerated, ex-
cept in a pediatric study (probably due to the treatment schedule) (Fox
etal,2008), ABT-751 presented a lack of activity against several types of
cancers, with <7% of patients exhibiting PR (Fox et al., 2014; Hande et
al.,, 2006; Mauer et al., 2008) or with no objective responses observed
(Fox et al., 2006, 2008; Meany et al., 2010). A modest activity was ob-
served in patients with refractory or relapsed hematologic malignan-
cies, with approximately 3.4% exhibiting CR (one patient) and 13.8%
PR (Yee et al., 2005). ABT-751 and docetaxel combination employed
to treat patients with advanced castration-resistant prostate cancer,
showed higher activity, reaching 45% of objective response and 50% of
SD. Nevertheless, combination with carboplatin to treat NSCLC patients
showed modest activity (Ma et al., 2012), and combination of
pemetrexed with ABT-751 did not result in a better efficacy compared
with pemetrexed monotherapy (Rudin et al., 2011). Registered trials
achieved phase II, and there is one trial ongoing with patients with neu-
roblastoma (NCT00436852).

Tesetaxel, a semi-synthetic drug that acts similarly to taxanes,
reached phase Il in clinical trials. As a monotherapy in NSCLC patients,
tesetaxel resulted in low objective response rates with 3.8% of evaluable
patients presenting both CR and PR and 65% presenting SD. Although
this treatment frequently resulted in AEs such as fatigue, nausea and
neutropenia, four patients with cardiac problems died (Baas et al.,
2008). When tesetaxel was combined with capecitabine for treatment
of solid tumors, a higher level of SD was observed (82% with a median
duration of 3.3 months), but no objective responses were noted (Saif
etal, 2011).

TPI 287 is a new third-generation taxane capable of crossing the
blood-brain barrier. In vivo experiments showed significantly reduced
proliferation in brain metastases (Ferlini, Gallo, & Scambia, 2008;
Fitzgerald et al., 2012). Recently, a study with children with either neu-
roblastoma or medulloblastoma observed that patients treated with TPI
287 alone exhibited SD as the best response. After that, patients
presenting PD were treated with the combination of TPI 287 and temo-
zolomide. PR was observed in only one patient (12.5%). However, it is
not clear if the PR observed was an effect of the combined TPI 287-
temozolomide therapy or just of temozolomide (Mitchell et al., 2016).
Two trials will be started with cancer patients (NCT01933815 and
NCT02187822) and complete trials have reached phase II.

Patupilone is an epothilone that has been tested against several
types of tumors. Although this drug had no satisfactory effects in certain
clinical trials such as a treatment for breast cancer brain metastasis
(Peereboom et al., 2014), recurrent colorectal cancer (Moorcraft et al.,
2013), epithelial ovarian/primary fallopian tube/primary peritoneal
cancer (Colombo et al., 2012) and castration-resistant prostate cancer
(Hussain et al., 2009), it showed good anti-tumor activity in other trials
either as a monotherapy or combined therapy (Forster et al., 2007; Ten
Bokkel Huinink et al., 2009). Another study treating castration-resistant
prostate cancer resulted in 24% of patients with PR and 57% with SD.
Other results as a monotherapy had lower objective responses and SD
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rates, ranging from 5% to 19.5% and from 30.6% to 42%, respectively
(Melichar et al., 2011; Rubin et al., 2005; Ten Bokkel Huinink et al.,
2009; Tsimberidou et al., 2011). The best responses were observed in
combination with patupilone or with other therapies such as
gemcitabine against solid tumors and with carboplatin, achieving 5%
CR, 57% PR and 14% SD (Forster et al., 2007). Furthermore, combination
with radiotherapy has shown promising results as a treatment for glio-
blastoma multiforme and recurrent gliomas (Fogh et al., 2010). AEs fre-
quently observed in these studies included diarrhea, fatigue, nausea and
neuropathy. Clinical trials have reached phase III, and a phase I/II trial
combining patupilone with celebrex against metastatic colorectal can-
cer is ongoing (NCT00159484). Sagopilone is another epothilone that
did not present objective responses in trials that treated gliomas
(Silvani et al., 2009; Stupp et al., 2011) and other types of solid tumors
(Araki et al., 2012; Arnold et al., 2009). Some studies that also used
this drug as a monotherapy resulted in objective responses with rates
lower than 17.7% for ovarian cancer (Rustin et al., 2011), NSCLC
(Heigener et al., 2013), metastatic breast cancer (Freedman et al.,
2011; Morrow et al., 2010), metastatic melanoma (DeConti et al.,
2010) and solid tumors in general (Schmid et al., 2010). Responses to
treatment were more effective in combined therapies. Sagopilone com-
bined with carboplatin for ovarian cancer treatment resulted in 9% of
CR, 54.5% of PR and 33.33% of SD (McMeekin et al., 2012). Combination
with prednisone against castration-resistant prostate cancer resulted in
2.8% of patients exhibiting CR and 30.6% exhibiting PR (Beer et al.,
2012), while with cisplatin against SCLC, no CR was observed, and
57.7% of patients presented PR (Gauler et al., 2013). Clinical trials with
sagopilone reached phase II, but there are no ongoing trials.

Although many of these clinical trials presented high response rates,
some studies observed lack of response to anti-microtubular drugs. A
few clinical trials and several preclinical studies verified factors that
might account for resistance to these drugs. Two clinical trials observed
that patients with low expression levels of folate receptor on tumors
presented a worst response to vintafolide treatment (Edelman et al.,
2012; Morris et al., 2014). Furthermore, an in vitro study using cancer
cell lines observed that P-glycoprotein (P-gp) overexpression is related
to innate and acquired resistance to vintafolide (Guertin et al., 2016). On
the other hand, P-gp expression apparently does not account for resis-
tance to vinflunine as much as to other Vinca alkaloids. Instead, a resis-
tance to apoptosis was observed and related to Bcl-2 and Bfl-1/A1
ovexpression (Kavallaris, Annereau, & Barret, 2008; Kruczynski & Hill,
2001; Kruczynski et al., 2002). Regarding sagopilone, a study suggested
that NSCLC tumors with higher expression of wild-type TP53 were more
resistant to therapy (Hammer et al., 2010). Finally, several studies fo-
cused on possible explanations for resistance to patupilone. Overex-
pression of galectin-1 was suggested to be associated with resistance
to patupilone (Albrethsen, Angeletti, Horwitz, & Yang, 2014) as well as
MRP7 (Hopper-Borge et al., 2009) and Gli1 (Mozzetti et al., 2012). An-
other factor associated with resistance was the tubulin R282Q mutation
in the drug binding pocket (Mozzetti et al., 2008).

3.2. Targeting mitotic kinases

Considering the obstacles caused by microtubule targeting such as
neurotoxicity, other targets have been studied, e.g., mitotic kinases.
The main mitotic targeted kinases include CDK1, AURKA, AURKB, PLK1
and the NDC80-NEK2 complex (Chan et al., 2012; Salmela & Kallio,
2013). Certain kinases were found to be overexpressed in different
types of cancer, making them likely to be attractive mitotic targets
(Chang et al., 2005; Gritsko et al., 2003; Katayama et al., 1999; Li et al.,
2003; Sen et al., 2002; Smith et al., 2005; Twu et al., 2009). Since
AURKA and PLK1 act on centrosomes at the onset of mitosis, when
these proteins are inhibited, spindle formation is affected, thus activat-
ing SAC and presumably resulting in cell death (Chan et al., 2012;
Jiang et al., 2014; Spdnkuch-Schmitt, Bereiter-Hahn, Kaufmann, &
Strebhardt, 2002). AURKA inhibitors target the ATP binding domain,

and PLK1 inhibitors aim to bind either the kinase domain, thus blocking
catalytic activity, or the polo-box domain, which is responsible for bind-
ing to phosphopeptides (Elia, Cantley, & Yaffe, 2003; Gilmartin et al.,
2009; Lavogina, Enkvist, Viht, & Uri, 2014; Salmela & Kallio, 2013;
Steegmaier et al., 2007; Strebhardt & Ullrich, 2006; Yuan et al., 2011).
This last type of PLK1 inhibitor results in incorrect placement of this pro-
tein, which affects alignment, activates SAC and leads to apoptosis. Inhi-
bition of AURKB usually overcomes SAC, resulting in incorrect
chromosome alignment and segregation, and since it is an important
protein in cytokinesis, it inhibits this process by generating polyploid
cells by endoreduplication (Hauf et al., 2003; Kaestner, Stolz, &
Bastians, 2009). Some AURKB inhibitors also consist of ATP-competitive
compounds (Ikezoe, 2008). NDC80-NEK2 attachment is another target
of mitosis, and its inhibition is accomplished by a compound that
binds to NDC80 to prevent its binding and activation by NEK2 (Wu et
al., 2008). This inhibition usually results in defective mitosis and apo-
ptosis (Gurzov & Izquierdo, 2006; Linton et al., 2014).

3.2.1. Aurora kinase inhibitors

Clinically tested aurora kinase inhibitors include MLN-8237
(alisertib), PHA-739358 (danusertib), AT9283, AZD1152 (barasertib),
ENMD-2076 and PF-03814735 (Table 1).

Based on the AURKA ATP competitive inhibitor MLN-8054, another
AURKA inhibitor known as MLN-8237 or alisertib was designed
(Cervantes et al., 2012). Although this drug was not well tolerated in a
pediatric phase I trial (Mossé et al., 2012), high percentages of SD
were observed in adult patients with advanced solid tumors
(Cervantes et al., 2012; Dees et al., 2012; Matulonis et al., 2012). MLN-
8237 showed greater activity in Non-Hodgkin's lymphomas, multiple
myeloma, and chronic lymphocytic leukemia with 13% of patients
exhibiting PR and 28% exhibiting SD in a phase I trial (Kelly et al.,
2014) and 27% exhibiting objective responses in a phase II study
(Friedberg et al., 2014). The most frequent AEs were hematological
disorders such as neutropenia (Cervantes et al., 2012; Dees et al,,
2012; Friedberg et al., 2014; Kelly et al., 2014; Matulonis et al.,
2012; Melichar et al., 2015). There are several phase I/l studies
ongoing with this inhibitor, including combinations with
other drugs such as irinotecan, temozolomide and paclitaxel
(NCT01898078, NCT01799278, NCT00697346, NCT01091428,

NCT01812005, NCT01094288, NCT01567709, NCT01639911,
NCT01637961, NCT01923337, NCT02259010, NCT01779843,
NCT02219789, NCT01154816, NCT01601535, NCT02367352,

NCT01848067, NCT01540682, NCT02038647 and NCT02551055) as well
as a phase Il trial comparing MLN-8237 with the investigator's choice of
treatment (NCT01482962).

Danusertib (PHA-739358) is a pan-aurora kinase inhibitor that pro-
duced SD as the best response in a phase [ study of solid tumors (23.7%)
(Steeghs et al., 2009) and a phase II study of metastatic castration-resis-
tant prostate cancer (13.6%) (Meulenbeld et al., 2013). Despite these re-
sults, another phase I study observed better responses in patients with
solid tumors, with one patient presenting PR and 45.2% of patients pre-
senting SD, of whom 23.9% showed prolonged stabilization for >-
13 months (Cohen et al., 2009). These three trials presented AEs such
as neutropenia, fatigue and nausea, and the drug was usually well toler-
ated. No active trials are registered.

AT9283 is an AURKA, AURKB, c-ABL and JAK?2 inhibitor (Foran et al.,
2014). A previous trial did not report objective responses and presented
a small percentage of SD in advanced solid tumors (Arkenau et al.,
2012). Another study of leukemia and myelofibrosis showed no clinical
responses, with cardiomyopathy reported in some patients and 4 drug-
related deaths out of 48 patients (Foran et al., 2014). The best result ob-
served was one patient with PR (4.3%) in a phase I study with solid
tumor patients (children and adolescents) (Moreno et al., 2015).

Barasertib (AZD1152) is an ATP competitive AURKB inhibitor. Al-
though this drug was shown to be well tolerated, approximately 25%
of solid tumor patients presented SD as the best response in two trials
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(Boss et al., 2011; Schwartz et al., 2013). Better results were observed in
studies that treated patients with acute myeloid leukemia (AML). A
phase I study showed that 19% of AML patients had a tumor response,
including complete remission with incomplete recovery (CRi) of neu-
trophils, and 38% presented SD (Tsuboi et al., 2011). Similar results
were observed in a phase I/II trial in which 25% of AML patients had a
hematologic response being 14% either CR or CRi (Lowenberg et al.,
2011). In a phase II trial, a comparison between AZD1152 and low-
dose cytosine arabinoside (LDAC) treatments was performed, and the
response was better for barasertib than for LDAC, a treatment common-
ly used against AML (Kantarjian et al., 2013a). Combination of both
treatments in another study showed the highest tumor response com-
pared with barasertib as a monotherapy (27% of CR, 9% of CRi and 9%
of PR) (Kantarjian et al., 2013b). Treatment with barasertib was also
tested against diffuse large B-cell lymphoma with 20% of patients pre-
senting objective responses (Collins et al., 2015). A frequently reported
AE in most studies with AZD1152 was febrile neutropenia. No registered
trials are ongoing.

Studies with ENMD-2076, an AURKA, AURKB and angiogenic kinase
inhibitor (such as VEGFR), have shown activity in ovarian cancer pa-
tients. In one of the studies that recruited patients with solid tumors,
PR was only observed in ovarian cancers (3%), but a high SD rate of
85% was achieved, including other tumors (Diamond et al,, 2011). In an-
other trial, 58% of patients with platinum-resistant ovarian cancers ex-
hibited SD and PR (Matulonis et al., 2013). For both studies, the most
common AEs included hypertension, fatigue and gastrointestinal disor-
ders. Phase II trials are scheduled to begin (NCT02234986,
NCT01639248, NCT01914510).

The ATP competitive inhibitor of AURKA and AURKB known as PF-
03814735, was tested in patients with advanced or metastatic solid tu-
mors. Although this drug was well tolerated (with the most frequent
AEs being diarrhea, fatigue and nausea), no objective responses were
observed, and approximately 37% of patients presented SD (Schoffski
et al.,, 2011). No additional trials were registered.

The possible reasons for the absence of clinical response to some au-
rora inhibitors might be explained by preclinical studies that identified
drug resistance in cells presenting AURKA mutations (T217D and
T217E) (Sloane et al., 2010). Moreover, in colon and pancreatic cancer
cell lines, the resistance to barasertib was attributed to an overexpres-
sion of P-GP and ABCG2 (Guo et al., 2009). Similar results were observed
in another study with AML cell lines (Grundy, Seedhouse, Russell, &
Pallis, 2011). Additionally, a preclinical research verified that overex-
pression of GDF15 conferred resistance to danusertib in a colon cancer
cell line (Bosotti et al., 2012).

3.2.2. PLK1 inhibitors

Clinically tested PLK1 inhibitors include BI6727 (volasertib) and
GSK461364 (Table 1). Volasertib is an ATP competitive inhibitor of
PLK proteins and has demonstrated a longer half-life and volume distri-
bution than BI2536, a similar drug that had its development
discontinued, being substituted by BI6727 (Schoffski et al., 2012). He-
matologic toxicities and fatigue were frequent AEs observed in ad-
vanced solid tumor patients (Lin et al., 2014; Schoffski et al., 2012;
Stadler et al., 2014). Two studies that evaluated different solid tumor
types (Lin et al., 2014; Schoffski et al., 2012) presented low PRs but
high SD percentages (ranging from 40% to 44.1%), while another study
with only advanced or metastatic urothelial cancer showed a higher
PR (14%) and lower SD percentage (26%) (Stadler et al., 2014). In a re-
cent study combining volasertib with afatinib, only 6.9% of solid tumor
patients presented PR (Machiels et al., 2015). Interestingly, a trial that
tested LDAC with or without volasertib in AML patients showed an
overall response (CR and CRi) that was much higher for combined treat-
ment than just with LDAC, i.e., 31% vs. 13.3% (Dohner et al., 2014).
There is a phase Il trial that tests this combination in AML
patients and several other trials ongoing with most of them combining

this compound with other drugs (NCT02003573, NCT01772563,
NCT00804856, NCT01721876, NCT02273388 and NCT01971476).

GSK461364 is another ATP competitive PLK inhibitor with greater
specificity for PLK1. One published trial with solid malignancies showed
a lack of activity from this drug with no objective responses and only
15% of patients exhibiting SD for >4 months (Olmos et al., 2011).
There are no registered trials ongoing with GSK461364.

It is difficult to determine the causes of treatment failure for some
patients since only a few in vivo and in vitro studies have addressed
the resistance mechanisms associated with PLK1 inhibitors. When test-
ing BI2536 in hepatocellular carcinoma in nude mice, the lack of activity
was considered as a consequence of low drug intratumoral levels
(Haupenthal et al., 2012). Other preclinical studies with volasertib indi-
cated that overexpression of P-gp conferred resistance to cancer cells
(Wu et al,, 2015) as well as AKT3 (Nonomiya et al., 2016). Additionally,
overexpression of P-gp was also correlated with resistance to GSK
461364 (Wu et al., 2014) while another group observed that lack of
RARA expression conferred resistance to cancer cells (Liu-Sullivan et
al, 2011).

3.2.3. CDK1 inhibitors

CDK1 inhibitors include ATP-competitive compounds such as P276-
00, terameprocol, dinaciclib and seliciclib (Table 1) (Gallorini, Cataldi, &
di Giacomo, 2012; Mariaule & Belmont, 2014). Dinaciclib was recently
shown to also interact with the bromodomain of CDKs (Martin,
Olesen, Georg, & Schonbrunn, 2013). P276-00 was tested on mantle
cell lymphoma patients, and SD was the best response observed
(18.2%) (Cassaday et al., 2015). There are no ongoing clinical trials reg-
istered. Terameprocol has also no studies ongoing. This inhibitor was
tested in leukemia patients with 7% presenting PR (one patient) and
33% presenting SD (Tibes et al., 2015), and also in glioma patients
with 38% presenting SD as the best response (Grossman et al., 2012).
Both P276-00 and terameprocol reached phase II in clinical trials.

Although dinaciclib had no objective responses against acute leuke-
mias and several solid tumors (Gojo et al., 2013; Nemunaitis et al., 2013;
Stephenson et al., 2014), certain objective responses were observed in a
phase II study with breast cancer patients (8.3% PR) (Mita et al., 2014)
and in a phase I/II study with multiple myeloma patients (11.5% PR)
(Kumar et al., 2014). The best clinical activity of this inhibitor was
against chronic lymphocytic leukemia (CLL), with 54% of patients
exhibiting PR in a phase [ trial (Flynn et al.,, 2015). In addition, despite
the small sample (5 patients), 20% of CR was achieved when the treat-
ment was combined with rituximab (Fabre et al., 2014). Clinical trials
with dinaciclib have reached phase III, and there are several studies on-
going in combination with other drugs to treat leukemia, breast and
pancreatic cancer (NCT01676753, NCT01783171, NCT01624441 and
NCT01515176). Finally, seliciclib was tested against solid tumors in
two phase I studies, and the best result observed was 1.8% of PR, where-
as SD ranged from 10.7% to 38% (Benson et al., 2007; Le Tourneau et al.,
2010). Trials with this inhibitor reached phase II, and there are no stud-
ies to be started in cancer patients.

There is a lack of evidence that explain the low response rates ob-
served in many clinical trials with CDK1 inhibitors. A preclinical study
evaluated mRNA levels and suggested that Notch and TGFp pathways
activation might be related to resistance to dinaciclib (Feldmann et al.,
2011) while another study observed that overexpression of P-gp,
ABCC1 and ABCG2 transporters were associated with resistance to
dinaciclib (Cihalova, Ceckova, Kucera, Klimes, & Staud, 2015).

3.3. Targeting motor proteins

EG5 and CENP-E are the two main anti-motor proteins targeted thus
far. Since EG5 acts on centrosome separation, inhibition of EG5 results in
a monopolar mitotic apparatus, and SAC is consequently activated,
which can lead to mitotic cell death (Kapoor, Mayer, Coughlin, &
Mitchison, 2000). The majority of EG5 inhibitors are non-ATP-
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competitive compounds, and inhibitors with this mechanism of action
are preferentially applied in clinical trials because ATP-competitive in-
hibitors usually cannot cross cell membranes (Rickert et al., 2008;
Salmela & Kallio, 2013). Inhibitors of CENP-E can be classified either as
an ATPase antagonist or farnesyl transferase (Salmela & Kallio, 2013).
Inhibition of ATPase activity results in chromosome mis-alignment
and mitotic arrest leading to cell death (Wood et al., 2010).
Farnesylation inhibition mislocalizes this protein from kinetochores
and results in defective attachment of microtubules to kinetochores, in-
correct tension between sister kinetochores, and activation of SAC
(Schafer-Hales et al., 2007).

3.3.1. EG5 (KSP) inhibitors

Clinically tested KSP inhibitors include ispinesib (SB715992), ARRY-
520 (filanesib), MK-0731 and SB743921 (Table 1). In almost all trials
with ispinesib (which inhibits ATPase activity), SD was the best re-
sponse observed, ranging from 12.5% in a pediatric study to 46% in pa-
tients with hepatocellular carcinoma (Burris et al., 2011; Knox et al.,
2008; Lee et al., 2008a, 2008b; Souid et al., 2010; Tang et al., 2008). Al-
though this drug was usually well tolerated, it was considered to have
unsuccessful effects on tumor responses of melanoma (Lee et al.,
2008a), hepatocellular carcinoma (Knox et al., 2008), renal cell cancer
(Lee et al., 2008b) and prostate adenocarcinoma (Beer et al., 2008).
Two deaths possibly occurred due to ispinesib in a phase II trial with
squamous cell carcinoma of head and neck (Tang et al., 2008). Combina-
tion of ispinesib with docetaxel in a phase I trial for treatment of solid
tumors produced no objective responses, and 29% of patients presented
SD for >18 weeks (Blagden et al., 2008). The best results observed oc-
curred in a study with advanced or metastatic breast cancer patients
of which 6.7% had PR and 60% had SD (27% for >3 months) (Gomez et
al.,, 2012). Registered studies with ispinesib achieved phase II but
there are no trials in progress. Recently, another EG5 inhibitor named
filanesib has been included in several trials. A study in multiple myelo-
ma patients is ongoing (NCT01372540), and another registered study
will begin (NCT02384083). Published data showed that treatment of
advanced myeloid leukemia resulted in 3% of patients with PR and
29% with SD (Khoury et al., 2012) while 18% of solid tumors patients ex-
hibited SD (LoRusso et al., 2015). Common AEs in both trials included
myelosuppression.

Other drugs have been included in clinical trials in the last few
years, but no registered studies are ongoing. One of these compounds
is MK-0731, a non-ATP competitive inhibitor, which showed lack
of activity against solid tumors, with no objective responses and only
10% of patients exhibiting SD for >5 months. Although well tolerated,
hematological AEs were frequently reported (Holen et al.,, 2012). Addi-
tionally, SB 743921 does not have any registered ongoing trials and
showed low activity against solid tumors in a phase I trial. Only one
patient had PR, and approximately 14.6% had SD. One patient died of
pulmonary embolism possibly as a treatment consequence (Holen et
al, 2011).

Both CR and PR were absent in most of the clinical trials with EG5 in-
hibitors considered in this review. Some clinical studies evaluated EG5
expression and verified that there was a low expression of this protein
in tumor samples (Beer et al., 2008; Knox et al., 2008). Considering
the lack of the target protein expression, the authors stated that this
may be one of the reasons why these inhibitors did not achieved clinical
response. In addition, another important suggestion was that these
drugs can only inhibit EG5 in cells undergoing mitotic division. Consid-
ering that many tumors have a low mitotic index, one might assume
that this could be the reason for lack of treatment activity (Beer et al.,
2008). In preclinical studies, D130V and A133D mutations on EG5
were identified as conferring resistance to ispinesib (Luo et al., 2007;
Sheth et al,, 2009). Another study verified that resistance to EG5
inhibitor is associated with Kif15 activity (Sturgill, Norris, Guo, & Ohi,
2016).

3.3.2. CENP-E inhibitors

Clinically tested CENP-E inhibitors include GSK923295 and
lonafarnib (Table 1). GSK923295 (motor domain inhibitor) treatment
resulted in 30% of patients with SD, and just one had PR when solid tu-
mors were treated. Frequent AEs included fatigue, diarrhea and anemia
(Chung et al., 2012). This study was the first and only clinical study pub-
lished with this drug. The most studied drug capable of inhibiting CENP-
E, a farnesylated mitotic protein, is lonafarnib (SCH66336). Lonafarnib is
a farnesyl transferase inhibitor that competes for binding to this en-
zyme, responsible for post-translational modifications of proteins such
as CENP-E, RAS, RAP2, RHOB and E (de Bono, Tolcher, & Rowinsky,
2003). Several clinical studies have shown lack of activity of lonafarnib
as a monotherapy, with no objective responses in solid tumors
(Awada et al., 2002; Castaneda et al., 2011; Eskens et al., 2001;
Hanrahan et al.,, 2009; Sharma et al., 2002; Winquist et al., 2005). Two
phase I studies, one that included different solid tumors (Adjei et al.,
2000) and another with brain tumor patients (Kieran et al., 2007), ob-
served only one patient with PR. The best response achieved with
lonafarnib as a monotherapy occurred in one study that included 35 pa-
tients with chronic myelomonocytic leukemia in which two had CR and
one had PR (Feldman et al., 2008). Higher response rates were observed
when lonafarnib was combined with other drugs. Lonafarnib and pacli-
taxel treatment of solid tumor patients resulted in one patient with PR
and approximately 61% with SD (Ready et al., 2007). In another study,
38% presented PR, mainly NSCLC patients, although all patients had PD
after 3 months (Khuri et al., 2004). When this same combination was
tested only in NSCLC patients, 10% had PR and 38% had SD (Kim et al.,
2005). The combined therapy with lonafarnib and gemcitabine in ad-
vanced urothelial tract cancers resulted in one patient (3%) with CR
and 29% with PR (Theodore et al., 2005), while another clinical trial on
refractory solid tumor patients observed that only 8% achieved PR and
48%, SD (Wong et al., 2011). Two studies have shown that lonafarnib
and temozolomide combination was well tolerated by patients with gli-
oma, with 17.6% presenting PR in one study (Yust-Katz et al., 2013) and
64% presenting SD in another phase I trial (Desjardins et al.,, 2011). A
high response rate of 35% was observed when treating CML patients
with imatinib combined with lonafarnib (Cortes et al., 2007). Finally,
therapy in solid tumor patients with docetaxel and lonafarnib resulted
in one CR and 20.7% PR (Kauh et al.,, 2011). Overall frequent AEs includ-
ed nausea, anorexia and fatigue. CENP-E inhibitor already reached phase
III, and there is a trial ongoing with glioma patients (NCTO0083096).

A possible explanation for resistance to CENP-E inhibitors may be
through P-gp efflux pump mechanism as verified in a human sarcoma
cell line treated with GSK923295 (Tcherniuk & Oleinikov, 2015). Other
studies evaluated resistance to lonafarnib and observed that it could
be associated with the overexpression of Akt and higher phosphoryla-
tion levels of mTOR and p70 S6 kinase (Bruzek, Poynter, Kaufmann, &
Adjei, 2005) as well as to ABC transporter homolog ATP11a overexpres-
sion (Zhang, Groffen, & Heisterkamp, 2005). Resistance was also associ-
ated with activation of Erk and p38 pathways on acute lymphoblastic
leukemia cells (Feldhahn et al., 2012). Another group analyzed samples
of patients with leukemia and correlated W106R and Y361 mutations
on FTPase enzyme to lonafarnib resistance (Raz, Nardi, Azam, Cortes,
& Daley, 2007).

3.4. Targeting multiprotein complexes - 26S proteasome

An important multi-protein complex target in mitosis is the 26S pro-
teasome, which is responsible for degrading proteins ubiquitinated by
APC. Inhibition of this complex primarily results in mitotic arrest and
apoptosis (Ling et al.,, 2003).

A clinically tested proteasome inhibitor is delanzomib (CEP-18770)
(Table 1). This drug prevents 26S proteasome activity by binding revers-
ibly to its 35 site (with chymotryptic activity), resulting in the accumu-
lation of ubiquitinated proteins (Teicher & Tomaszewski, 2015).
Delanzomib was tested against solid tumors and multiple myeloma,
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with 37% of patients exhibiting SD as the best response and presenting
skin rash as the most frequent AE (Gallerani et al., 2013). No registered
trials are ongoing. Oprozomib, another drug that targets proteasome
and was not approved by FDA, has no published results but several trials
are ongoing mostly with multiple myeloma patients in phase I and II
studies (NCT01881789, NCT01832727, NCT01416428, NCT01999335
and NCT02244112).

The possible explanations for the observed lack of response to
delanzomib were not determined. As this drug has a mechanism of ac-
tion similar to bortezomib (Lawasut et al., 2012), both drugs could dis-
play similar mechanisms of resistance. Bortezomib was the first
proteasome inhibitor approved for human use; however, cancer resis-
tance is commonly observed with this compound. The probable causes
of inherent or acquired resistance to bortezomib are associated-muta-
tions and/or overexpression of 35 subunit, downstream alterations in
the activity of proteasome or even an imbalance on levels of proteins in-
volved in apoptosis (Dou & Zonder, 2014; Ruschak, Slassi, Kay, &
Schimmer, 2011).

4. Future perspectives

An important issue regarding these anti-mitotic drugs tested in clin-
ical trials refers to the lack of response, mainly when these agents are
employed in monotherapies. To our knowledge, there are no clinical tri-
als that addressed the reasons for monotherapy treatment failure. How-
ever, several preclinical trials are focusing on the potential mechanisms
of anti-mitotic drug resistance, such as mutations in the drug binding
site of different targets and overexpression of proteins such as P-gp, in-
volved in drug efflux (Guo et al.,, 2009; Mozzetti et al., 2008; Wu et al.,
2014). Moreover, another possible mechanism of resistance that has
been studied consists of cell exiting mitosis prematurely through mitot-
ic slippage after being exposed to anti-mitotic agents (Chan et al., 2012;
Rieder & Maiato, 2004). Accordingly, a recent preclinical study demon-
strated an association between mitotic slippage and resistance to thera-
py after treating liver cancer cells with paclitaxel (He et al., 2016). The
process of mitotic slippage consists of an active SAC that is bypassed
mainly as a consequence of slowly cyclin B degradation triggered by
APC. This depletion happens until a threshold is achieved before the be-
ginning of mitotic cell death, allowing cells to progress through mitosis
and resulting in a forced exit (Brito & Rieder, 2006).

Different cell mechanisms are positively and/or negatively modulat-
ed by anti-mitotic drugs targeting mitosis entry, spindle assembly and
SAC, like mitotic cell death, interphase-associated cell death, cell cycle
progression or cellular arrest in interphase (Gascoigne & Taylor, 2008;
Salmela & Kallio, 2013). On the other hand, the outcome observed for
cancer cells treated with drugs that target mitotic exit is cell death.
The aim of mitotic exit inhibitors is to prevent cyclin B depletion, thus
resulting in cells that will be arrested in mitosis and invariably will die
(Manchado, Guillamot, & Malumbres, 2012). In this context, potential
targets for mitotic exit inhibition include APC, which is essential for cy-
clin B depletion, and CDC20, as it acts by binding and activating this
complex (Manchado et al., 2012; Salmela & Kallio, 2013). No clinical tri-
als have targeted either APC or CDC20 but it has been shown that
inhibiting proteins involved in mitotic exit was more effective against
cancer cells than inhibiting proteins that will result in SAC activation
(Manchado et al., 2010, 2012). Accordingly, a preclinical study verified
that CDC20 knockdown was more effective in killing cells resistant to
cell death when compared to either EG5 inhibition or treatment with
paclitaxel (Huang, Shi, Orth, & Mitchison, 2009). Another study com-
bined proTAME, an APC inhibitor, with paclitaxel or MLN-8054, both
anti-mitotic drugs, which resulted in apoptosis activation in cancer
cells (Giovinazzi, Bellapu, Morozov, & Ishov, 2013).

Another important consideration concerns the combined treatment.
By reviewing clinical trials with anti-mitotic agents, it is clear that better
responses were achieved when combined therapies were employed.
Treatment strategies that seem to be interesting include combinations

that act on different cellular processes as well as combined drugs that
act at different steps of the same pathway. An example of combined
therapy acting in different processes is barasertib and LDAC. Barasertib
is an AURKB inhibitor while LDAC has a mechanism of action that is
not well established (Montalban-Bravo & Garcia-Manero, 2015). This
combination reached the highest percentage of objective response tak-
ing into account all aurora inhibitors that we reviewed (Kantarjian et al.,
2013b). On the other hand, an example of effective combined therapy
that affect the same pathway is the use of lonafarnib, which acts on
CENP-E, with paclitaxel that targets microtubules (Khuri et al., 2004).
At last, although mitotic exit inhibitors have been tested only in preclin-
ical trials, combinations of these inhibitors with anti-mitotic drugs that
activate SAC seem to be an efficient way to trigger mitotic cell death
(Huang et al., 2009).

5. Conclusions

Cancer treatment is still a challenge. Hence, the development of new
drugs aiming to increase survival rates of cancer patients is a crucial pro-
cess. Since anti-microtubule drugs have shown clinical activity against
several tumor types, many drugs have been developed to target other
M-phase proteins such as aurora kinases, CDK1, PLK1, EG5, CENP-E
and the 26S proteasome complex.

From aurora inhibitors, treatment with barasertib and alisertib pre-
sented the highest objective response rates. The best response was
achieved with a combination of barasertib with LDAC for AML and dif-
fuse large B-cell lymphoma treatment. In contrast, anti-EG5 drugs
have shown lack of activity. From PLK1 inhibitors, trials on AML patients
with volasertib combined with LDAC showed better results than GSK
461364. From CENP-E inhibitors, lonafarnib had the highest objective
response rates when combined with paclitaxel for solid tumor treat-
ment, with gemcitabine for urothelial cancer, with imatinib mesylate
for CML, with temozolomide for glioma, and with trastuzumab and pac-
litaxel for breast cancer.

Regarding 26S proteasome inhibitors, ixazomib presented the best
activity for treatment of lymphoma and multiple myeloma while for
anti-CDK1 drugs, the best results were observed with dinaciclib on
CLL patients. Finally, new anti-microtubular drugs such as vinflunine,
ABT-751, patupilone and sagopilone have shown good clinical activity
in combination with classical drugs (carboplatin, docetaxel, doxorubi-
cin, trastuzumab, epirubucin or capecitabine).

The results observed have shown that targeting other mitotic pro-
teins than tubulin, in fact, avoided the neurotoxicity issue. On the
other hand, these new approaches were not as effective as already-ap-
proved anti-microtubular drugs. Most anti-mitotics presented limited
effectiveness as single agents. As observed in preclinical trials, this
might be due to SAC activation, which can result in mitotic slippage,
or even a consequence of mutations in the targeted protein as well as
overexpression of specific proteins, such as P-gp. Targeting mitotic
exit seems an attractive therapeutic strategy rather than activating
SAC since it is not susceptible to mitotic slippage. The highest objective
response rates observed in the conducted trials were achieved with
combinations of the new inhibitors with conventional chemotherapy.
In summary, further studies are required to establish new combined
therapies with effective synergism, as well as novel inhibitors and
anti-mitotic targets aiming to provide a better response to treatments.
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Abstract

Gastric cancer has high mortality rates worldwide. Despite chemotherapy is one of
the main treatments for this disease, failure commonly occurs and is usually a consequence
of chemoresistance. In this study we evaluated the effects of ZM447439 and INH1, two anti-
mitotic compounds that inhibit the activity of AURKB and NDC80, respectively, in two gastric
adenocarcinoma cell lines. We evaluated nuclear morphometry, cell cycle and cell death.
Furthermore, we analyzed the combination of ZM447439 with the standard antitumoral
drug 5-fluorouracil (5-FU). The data indicated that ZM447439 alone and in combination with
5-FU were effective against the two gastric adenocarcinoma cell lines, resulting in nuclei
with characteristics of mitotic catastrophe and senescence. An increase in polyploidization
(>4N DNA content) was also observed, probably a consequence of endoreduplication, as
reported by other studies with cancer cells. Despite drugs alone and combination of 5-FU
with ZM447439 induced apoptosis after 72 and 120 hours, the combined treatment was the
only regimen capable of inducing apoptosis already after 24 hours in both gastric
adenocarcinoma cell lines, indicating that the combined therapy targeting different

biological processes may improve treatment of gastric cancer.

Key words: gastric cancer, AURKB inhibitor, NDC80 inhibitor.
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Introduction

Gastric cancer is the third cause of cancer death worldwide being the highest
mortality rates observed in Eastern Asia, Central and Eastern Europe and South America.’
Increased risk of developing stomach cancer is associated with Helicobacter pylori infection,
tobacco use, family history, inappropriate diet and overweight, among other factors. The
conventional treatment for gastric cancer involves surgery, chemotherapy and/or
radiotherapy, but the combined chemotherapy is one of the main treatment options for this
disease.” Despite tumor resection is the leading treatment of choice, 5-year survival rates of
these patients range from just 10% to 30%.’

Combined therapies usually consist of different regimens containing two or three
drugs, such as docetaxel, cisplatin, 5-fluorouracil (5-FU), epirubicin, oxaliplatin, capecitabine
and irinotecan.>* However, lack of response is frequently observed and is mainly caused by
chemoresistance.” Targeting different biological processes by a combined therapy may be an
option to avoid chemoresistance and to enhance the efficiency against the tumor.

Through the use of systems pharmacology tools and evaluation of biological
networks of chemo-protein and protein-protein interactions in gastric cancer, a previous
study identified AURKB and NDC80 as potential proteins to be inhibited by the experimental
drugs ZM447439 and INH1, respectively.6 AURKB is an essential mitosis-associated protein
and one of the components of chromosomal passenger complex (CPC) that is also composed
by INCENP, borealin and survivin. AURKB mainly localizes at centromeres until metaphase
and, by controlling kinetochore-microtubule attachment, it promotes a correct chromosome
alignment and segregation, while from anaphase until the end of mitosis it localizes at the
spindle midzone and cleavage furrow acting on cytokinesis.”> ZM447439 inhibits this kinase

by competing for its ATP binding site.™®
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NDC80 protein is one of AURKB substrates. Coupled with NUF2, SPC24 and SPC25,
NDC80 is a component of NDC80 complex that localizes at the outer kinetochore plate.'*
NDCB80 is involved on kinetochore-microtubule attachment and plays an important role on
chromosome segregation, as well as on spindle assembly checkpoint.12 Besides being
regulated by AURKB, NDC80 is also phosphorylated by NEK2." By binding to NDC80, INH1
prevents NEK2 from activating this protein.™

These two mitotic inhibitors, ZM447439 and INH1, have been tested in vitro in

14162324 9nd cervical

different tumors such as glioblastomals'ls, leukemia'’™??, breast cancer
cancer® % but they still have not been tested for gastric cancer chemotherapy. Although
INH1 has not been tested in as many cancer cell lines as ZM447439, it was already used as an
in vivo treatment of a breast cancer xenograft, showing satisfactory antitumor activity.**

The aim of this study was to analyze the effects of the anti-mitotic compounds INH1
and ZM447439, as well as the combination of 5-FU with ZM447439, in two gastric

adenocarcinoma cell lines evaluating cell cycle, cell death and nuclear morphometric

analysis.
Material and Methods
Cell lines and drugs

The gastric adenocarcinoma cell lines ACP02 and ACP0O3 were obtained from Jodo de
Barros Barreto University Hospital, Brazil.”® MNO1, a normal gastric epithelium cell line, was
kindly provided by Dr. Rommel Mario Rodriguez Burbano (Federal University of Pard) and
was included as a non-tumoral control. Cells were grown in RPMI 1640 medium (Sigma-
Aldrich) with 10% fetal bovine serum (Gibco) and 1% penicillin/streptomycin (Gibco) at 37 ¢C

in humidified 5% CO, incubator.
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The anti-mitotic compounds, ZM447439 and INH1, were purchased from Tocris
Bioscience and 5-FU from Sigma-Aldrich. Stock solutions of all drugs were prepared in DMSO
(Sigma-Aldrich), stored at -80 2C. Working solutions were prepared just before use in fresh
medium to its final concentrations. In this sense, ICsy determination was made by cell
counting using the Guava EasyCyte flow cytometer considering a minimum of six points. The
dose response curve varied from 0.05 uM to 4 uM for 5-FU, from 1 uM to 3.5 uM for
ZM447439 and from 10 uM to 35 uM for INH1. For the 5-FU and ZM447439 combination,
the values varied from 0.6 uM to 2.4 uM and from 1 uM to 4 uM, respectively. ICso values
were calculated after 120 hours of treatment as a mean of ICsp + s.e.m. of at least two
independent experiments using GraphPad Prism 5 Software (https://www.graphpad.com/).
Negative control samples were cultured in a medium containing DMSO with final

concentrations that never exceeded 0.05% (v/v) for all experiments.
RT-PCR

Total RNA was isolated with Ilustra RNAspin Mini™ Kit (GE Healthcare), according to
manufacturer’s instruction. The cDNA synthesis was obtained with Phusion™ RT-PCR kit
(Finnzymes). RNA and cDNA were quantified using NanoDrop spectrophotometer (Thermo
Fisher Scientific). PCR amplification was performed with a 25 pL mixture containing 100 ng of
cDNA, 0.5 pL of dNTP, 0.25 uL of Taqg DNA polymerase, 5 uL of 5x buffer and 0.5 pL of each
primer (forward and reverse). The PCR program applied consisted of an initial denaturation
of 30 seconds at 98 2C, followed by 35 cycles of 10 seconds at 98 2C, annealing temperature
ranging from 54 oC to 64 °C for 10 seconds and 40 seconds at 72 2C, with a final extension
step at 72 oC for 5 minutes. Primers (Supplemental Table S1) were designed based on

GenBank data and with Primer3Plus software (http://primer3plus.com/). PCR products were
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stained with SYBR green (Life Technologies) and detected using a 2% agarose gel

electrophoresis conducted with 1x TAE buffer.
Nuclear Morphometric Analysis (NMA)

Apoptosis, mitotic catastrophe (MC) and senescence were evaluated after 72 and 120
hours of drug treatment using Nuclear Morphometric Analysis (NMA).* For this analysis,
adhered cells were washed three times with PBS, fixed with 2% paraformaldehyde for 20
minutes and then incubated for 30 minutes in the dark with 300nM DAPI. Images of marked
nuclei were evaluated with Image Pro Plus 6.0 software (Media Cybernetics) considering
nuclear size and regularity parameters. With these data, a Nuclear Irregularity Index (NII)

was obtained and finally the results were distributed in a plot of area versus NII.
Cell cycle and DNA content analysis

Cells were treated for 120 hours, trypsinized and centrifuged for 7 minutes at 1800
rom. The supernatant was discarded, the pellet was resuspended in 1 mL of PBS and cells
were centrifuged again. Then, the pellet was resuspended in 150 pL of PBS and cells were
fixed with 1 mL of cold ethanol (70% in PBS). After incubation at -20°C, cells were
centrifuged, resuspended in 1 mL of PBS and recentrifuged. Finally, the pellet was incubated
for 30 minutes in the dark in 200 uL of a solution containing propidium iodide (Pl), Triton X-
100 and RNAse. The samples were analyzed using the Guava EasyCyte flow cytometer and

guavaSoft 2.7 software (Millipore/Merck).
Caspase 3 activity

Measurement of caspase 3 activity was obtained using the fluorimetric Caspase 3

Assay kit from Sigma-Aldrich. The procedure was performed according to manufacturer’s
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instructions. Briefly, cells were treated for 24 hours, lysed with 1x lysis buffer and sonicated
for 30 seconds (up to three times). Protein quantification was performed using Pierce BCA
Protein Assay Kit (Thermo Fisher Scientific). The reaction solution (200 uL per sample)
containing 1x assay buffer and caspase 3 substrate was mixed with 50 pg of proteins. The
fluorescence intensity (in relative fluorescence units — RFU) was measured during 90 minutes

at room temperature using SpectraMax i3x.

Annexin-V/IP double-staining assay

To evaluate cell death of MNO1 and ACP02, Annexin V-FITC Apoptosis Detection Kit
(Sigma-Aldrich) was used. After 120 hours of treatment, cells were trypsinized and
centrifuged for 5 minutes at 1200 rpm. Samples were washed twice with PBS before
staining. The pellet was resuspended in 1x binding buffer containing annexin V-FITC
conjugate and Pl and was incubated for 10 minutes in the dark. The analysis was performed
using Guava EasyCyte flow cytometer and guavaSoft 2.7 software (Millipore/Merck). Cells
stained just with annexin were considered in early apoptosis, with both annexin and Pl in

late apoptosis, just with Pl in necrosis and without being stained as viable.

Statistical analysis

Results were expressed as mean * s.e.m. of at least two experiments. ANOVA and
Dunnett tests were used for multiple comparisons among treatments and control, while for
single comparisons, Student’s t-test was employed. When data did not satisfy the
assumptions for these tests, Kruskal-Walllis and Wilcoxon-Mann-Whitney with correction for
multiple comparisons were used instead. The caspase data were log transformed due to

asymmetry. P values lower than 0.05 were considered as statistically significant.
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Results and Discussion
Determination of ICsgvalues

The dose of choice of 5-FU for experiments was 1.2 uM, since I1Csp value was 1.3 uM
1+ 0.12 for ACP02 and 1.25 puM = 0.04 for ACP0O3. Both gastric cancer cell lines included in this
study seem to be more sensitive compared to other gastric cancer cell lines that presented
higher 1Cso values for 5-FU, ranging from 4.2 uM to 8. uM31. For ZM447439, the selected
dose was 2 uM, since ICso value was 2.1 uM * 0.18 for ACP02 and 2.1 uM * 0.36 for ACP03.
These ICso values were similar to other cancer cell lines, such as breast and pancreatic
cancer’® and osteosarcoma®® despite other studies described much higher values for
anaplastic thyroid carcinoma®* (over 500 uM). The dose of choice of INH1 was 30 uM being
the 1Csg values of 24 uM + 3.8 for ACP02 and 32.6 uM % 0.76 for ACP03. These values were
similar to the ICso dose observed for malignant pleural mesothelioma cells®®. Since both cell
lines were more sensitive to ZM447439 than INH1 regarding ICso values and did not show
major alterations on cell cycle and NMA after treatment with INH1, we decided to test the
combination of ZM447439 with 5-FU. Therefore, for the combined treatment of 5-FU and
ZM447439 the selected values were 0.8 UM and 1.3 uM, respectively. The ICsq values when
combining these drugs were 0.8 uM + 0.03 (5-FU) and 1.3 uM % 0.05 (ZM447439) for ACP02
while for ACP03 the values were 0.8 uM # 0.05 (5-FU) and 1.3 uM £ 0.08 uM (ZM447439).
On the other hand, the same combination was tested in a colorectal carcinoma cell line by

another group but they observed that these drugs acted as antagonists36.
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Both gastric cancer cell lines presented AURKB and NDC80 transcripts while TP53

expression was absent

The presence of AURKB and NDC80 transcripts in both ACP02 and ACPO3 cell lines
was analyzed by RT-PCR. Other genes that encode proteins frequently involved on tumoral
processes were also evaluated. The proteins that we aimed to target in this study, AURKB
and NDC80, were shown to be overexpressed in gastric cancer by other groups37’38.
Accordingly, we detected the presence of their transcripts on both adenocarcinoma cell lines
(Fig. 1). Expression of CDC2, Bcl-2, BAX, cyclin D1, VEGF, C-Myc and RAS was reported in

different gastric cancer cell lines by other studies®>™

and we verified the presence of these
gene expressions in both ACP02 and ACPO3 as well (Fig. 1). On the other hand, RXRA and
MMP-9 transcripts were not detected on either ACP02 and ACPO3, corroborating with other
groups that did not detect MMP-9 at normal culture conditions® or detected significantly

lower expression levels of RXRA on gastric cancers*’*®

. Furthermore, the tumor suppressor
gene p53 was not detected on both adenocarcinoma cell lines. Absence of p53 was also

reported on the gastric cancer cell line Kato-lll, but most gastric cancer cell lines present

either wild type or mutated p53*.

Fig. 1 Representative RT-PCR analysis of ACPO3 in a 2% agarose gel of genes that encode proteins
frequently involved in the tumoral process.
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The combined treatment induced senescence and mitotic catastrophe-ike nuclear
phenotype

To assess the morphological effects of treatments on nuclei, cells *-*~-e stained with
DAPI and observed by fluorescent microscopy. The normal gastric cell line, ....101, presented
a significant increase of large regular (LR) nuclei after 72 hours and 120 hours of combined
treatment (p<0.001). This morphological alteration was also induced after treatment with
ZM447439 (P<0.01) and 5-FU (P<0.001) alone (Fig. 2). In addition to presenting LR nuclei, a
typical feature of senescence, tumoral cell lines also presented irregular () and large
irregular nuclei (LI), indicating MC. Both ACP02 and ACP03 had a significant increase of | and
LI nuclei after combined treatment (p<0.05) as well as nuclei indicative of senescence after
120 hours (p<0.001) (Fig. 3 and 4). ACP02 treated with ZM447439, presented higher levels of
LI, I and LR nuclei after 72 hours (p<0.001). Similar results were observed after 120 hours,
with an increased number of LR nuclei (p<0.01) and | and LI nuclei (p<0.001). ACPO3 only
presented significantly higher levels of LR nuclei when treated with ZM447439 for 72 hours
(p<0.05). On the other hand, INH1 did not induce any nuclear morphometric changes. A
representative result of an experiment with ACP02 is shown in NMA graphics of control and
treated cells as well as some nuclei pictures corresponding to the different classifications of
this analysis (Fig. 5).

MC was recently suggested not to be an actual type of cell death, but a pathway that
begins on M phase, as a consequence of mitosis disturbance, triggering cell death or
senescence®. Multinucleation due to cytokinesis failure is a common morphological
characteristic observed in MC>', and it was frequently observed in ACPO2 (Fig. 5) after

treatment with ZM447439. Similarly to our results, other studies previously observed MC as
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a consequence of AURKB inhibition in hepatoma16 and colorectal carcinoma® cell lines.

Increase on nuclear size, a typical phenotype of senescence>, was frequently observed after

the combined treatment or treatment with ZM447439 alone. Senescent cells were also

observed in osteosarcoma cells after 72 hours of treatment with 1uM ZM447439°*.
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Fig. 2 Results of different NMA populations according to nuclear morphological appearances from MNO1
cells. (A) 72 hours of treatment with 5-FU, ZM447439 and INH1; (B) 72 hours of 5-FU and ZM447439
combined treatment; (C) 120 hours of 5-FU, ZM447439 or INH1 treatment and (D) 120 hours of 5-FU and
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mitotic catastrophe and small regular indicates apoptosis. *p<0.05,**p<0.01, ***p<0.001
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hours of treatment with 5-FU, ZM447439 and INH1; (B) 72 hours of 5-FU and ZM447439 combined treatment; (C)
120 hours of 5-FU, ZM447439 or INH1 treatment and (D) 120 hours of 5-FU and ZM447439 combined treatment.
Large regular indicates senescence  while irregular and large irregular indicates  mitotic
catastrophe.*p<0.05,**p<0.01, ***p<0.001
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Fig. 5 Representative result of a 120 hours NMA experiment of ACP02 cells. (A) NMA graphic of ACP02 cells not
treated and (B) NMA graphic of ACP02 cells treated with 5-FU combined with ZM447439. Examples of nuclei
observed in each population are shown. LR: large regular; LI: large irregular.

Cell cycle analysis have shown a significant increase of cells with DNA content of 4N

and >4N after treatment with ZM447439

Cell cycle alterations after treatment with 5-FU consisted of a higher number of cells
on S phase (p<0.001 for ACP02 and ACP03 and p<0.05 for MNO1), on G2/M phase (p<0.001
for MNO1 and ACPO3) and cells with >4N (p<0.001 for ACP03). Since we did not observe
TP53 transcripts, a possible explanation might be that lack of p53 results in an inefficient G1
checkpoint, depending on S and G2/M checkpoints to arrest cells after DNA damage in an
attempt to repair this effect caused by the drug>. S and/or G2/M arrest was also reported

by other groups in colorectal carcinoma cells>>°.

Treatment with ZM447439 alone induced a significant increase of cells in S and G2/M
phase as well as cells with DNA content greater than 4N for all cell lines (Fig. 6, 7 and 8).

Several studies have also observed an increased number of polyploid cells (with >4N DNA

content) after treatment with ZM447439, including breast cancer ceII523’24, leukemia

17,19-21

cells , mesothelioma cell lines®’, hepatoma cells'®, osteosarcoma and corectal
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carcinoma cells®®. We observed, as well as other authors, an increase of cells with 4N and
>4N DNA content because inhibiting AURKB results in cytokinesis failure, so cells may
endoreduplicate and become ponpIoid58. Interestingly, the combined treatment of
ZM447439 with 5-FU resulted in a significant cell cycle arrest on S phase (p<0.001 for ACP02
and ACP03) and in an increased number of cells with >4N (p<0.05 for ACP02 and p<0.001 for
ACPO03). A similar result was reported after combining cisplatin with ZM447439 for 72 hours,
which remarkably induced a significant increase of cervical cancer cells on S phase, as well as

increased cells on G2/M phase, but to a less extent?’.
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Fig. 6 MNO1 cell cycle analysis after 120 hours of treatment with (A) 5-FU, ZM447439 or INH1 and (B) 5-FU
combined with ZM447439. *p<0.05,**p<0.01, ***p<0.001
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Fig. 7 ACPO2 cell cycle analysis after 120 hours of treatment with (A) 5-FU, ZM447439 or INH1 and (B) 5-
FU combined with ZM447439. *p<0.05,**p<0.01, ***p<0.001
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Fig. 8 ACPO3 cell cycle analysis after 120 hours of treatment with (A) 5-FU, ZM447439 or INH1 and (B) 5-
FU combined with ZM447439. *p<0.05,**p<0.01, ***p<0.001

As stated before, we verified a lack of TP53 expression in basal conditions in both
ACP02 and ACPO3 cell lines. This might an explanation for the significant increase of
polyploid cells since a previous study have shown that lack of p53 enhances
endoreduplication/polyploidization of cells treated with ZM447439, resulting in colon
carcinoma cells with DNA content greater than 4N°°. Another cell cycle analysis of colorectal
tumor cells treated with ZM447439 presented increased polyploidy levels when cells were
p53- as well®®. Another study observed that a p53- cell line exposed to ZM447439 presented
polyploidy, but afterwards cell cycle progression continued and viability decreased while
other cell lines with active p53, presented most cells arrested with a DNA content of 4N or
8N. They concluded that lack of p53 increases endoreduplication levels®®. Furthermore, a
previous study has shown that tetraploid hepatoma cells were more sensitive to AURKB
inhibition than diploid cells, mainly because of failure on cytokinesis resulting in
reduplication of genome. They suggested that since tetraploid cells reach an excessive DNA
content faster than diploid cells, apoptosis is triggered earlier’®. Finally, still concerning
ZM447439, another study verified that the efficacy of this drug relies on endoreduplication,

which induces apoptosis independently of p53 status in colon carcinoma cells®.
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None of the gastric cell lines studied by our group presented major cell cycle changes
when treated with INH1, similarly to a study with breast cancer cells'*. The only alteration
reported by this other study, and that we did not observe, was an increase of sub-G1 cells,

indicating apoptosis.

Combination of ZM44739 and 5-FU presented a higher caspase 3 activity than drugs

alone after 24 hours

Treatment of all cell lines with isolated drugs for 24 hours did not result in a higher
caspase 3 activity when compared to control samples. Interestingly, the combination of
ZM447439 with 5-FU exhibited a significant increase of caspase 3 activity, indicating
apoptosis (p<0.001 for ACP02 and ACP03 and p<0.05 for MNO1) (Fig. 9). The lack of caspase
activity when treating with isolated drugs (Supplemental Figure S1), may be due to a short
time of exposure (24 hours), not allowing cells to endoreduplicate and consequently, trigger
cell death, in the case of ZM447439. Probably, the combination enhanced the apoptosis
process earlier. Similarly to our results, another study with pancreatic cancer cells also
observed a significant increase of caspase activity when combining ZM447439 with imatinib

(through PDGFR inhibition)®?.

MNO1 - Caspase 3
2.0%107 *
33 Control
@@ 5FU+m

p—

1.5x107

RFU

1.0%107

5.0x108

Fig. 9 Caspase 3 activity of MNO1,
o, TranCospased o | ACPO2 and ACPO3, after 24 hours of

& sFuszm 5-FU and 2ZMA447439 combined
treatment. *p<0.05, ***p<0.001

2.0x1074
—

1.5x1074

RFU

1.0x1074

5.0x106

Control SFU+ZM

ACPO03 - Caspase 3
4.0x107
3 Control

SFU+ZM
3.0x107 =

RFU

2.0%107

1.0x107

Control SFU+ZM

76



Treatment with drugs alone and the combination of 5-FU with ZM447439 induced

apoptosis after 72 and 120 hours

After 72 hours of treatment of both MNO1 and ACP02, 5-FU induced early apoptosis
(p<0.001) and ZM447439 resulted in an increase of early (p<0.001 for ACP02 and p<0.05 for
MNO1) and late apoptotic cells (p<0.01 for ACP02 and p<0.001 for MNO1) (Fig. 10 and 11).
An increase in late apoptotic ACP02 cells was verified after 120 hours of combined treatment
(p<0.001) (Fig. 11). Regarding the treatment for 120 hours with drugs alone, 5-FU induced
early apoptosis (p<0.001) in both MNO1 and ACP02 and late apoptosis just in ACP02
(p<0.001). ZM447439 induced early apoptosis in MNO1 (p<0.05) as well as early and late
apoptosis in ACP02 (p<0.001). On the other hand, INH1 induced early apoptosis just in
ACP02 (p<0.001). Apoptosis induction after treatment with ZM447439 was reported on
several cell lines such as leukemia cells®, Hep2 cells?®, colorectal carcinoma cells®,
glioblastoma cell lines® and breast cell lines’**. A commonly observed result was the
significant reduction of necrotic cells after 120 hours of treatment compared to controls. We
hypothesized that this can be attributed to a high confluence of control cells at the end of

the experiment leading to cell death.
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Fig. 10 Results of MNO1 AN/PI staining (A) after 72 hours of treatment with 5-FU, ZM447439 or INH1 and (B)
after 120 hours of treatment with 5-FU, ZM447439, INH1 or the combined therapy (5-FU +
ZM447439).%p<0.05,**p<0.01, ***p<0.001
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Fig. 11 Results of ACP02 AN/PI staining (A) after 72 hours of treatment with 5-FU, ZM447439 or INH1 and
(B) after 120 hours of treatment with 5-FU, ZM447439, INH1 or the combined therapy (5-FU + ZM447439).
*p<0.05,**p<0.01, ***p<0.001

Conclusions

In summary, this study shows that either ZM447439 alone or combined with 5-FU
induced a significant increase of large irregular and large regular nuclei, indicating the
occurrence of mitotic catastrophe and senescence, respectively. This is probably a
consequence of endoreduplication, since we also verified an increase of cells with DNA
content greater than 4N. Furthermore, we verified that all treatments tested resulted in a
significant increase of apoptosis after 72 and/or 120 hours of treatment, as shown by
annexin and Pl staining. Interestingly, when cells were treated for just 24 hours, the only
treatment capable of inducing apoptosis (significant increase in caspase activity) was the
combination of 5-FU and ZM447439. Altogether, our results indicate that ZM447439 and
mainly its combination with 5-FU, are potential therapy agents against gastric cancer cells,
thus, further preclinical studies are required to evaluate this promising targeted anticancer

therapy.
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Supplemental material

Table S1 Primers used for cDNA detection by RT-PCR

Target gene Primers (5’-3’)

NDC80 F: caaggacccgagaccactta
R: tgtgaggccatgtatgagga

F: gggagagctgaagattgctg
AURKB R: gacagattgaagggcagagg

F: gcgcacagaggaagagaatc
P53 R: cagtctgagtcaggccecttc

F: cctttctcggtcatcagcetc
RXRA R: tgtcaatcaggcagtccttg

F: caggatgtgcttatgcagga
CDC2 R: gctgaccccagcaatacttc

F: ccctgcacaacaacaacaac
BCL2 R: gagagctatggtccctgetg

F: tacgctgttggaagctctga
BAX R: accgtaacaggtgcaggaat

F: cgtggcctctaagatgaagg
Cyclin D1 R: tgaggcggtagtaggacagg

F.: aaggaggagggcagaatcat
VEGF R: aaatgctttctccgctctga

F: attacaaagccgccgactc

C-myc R: ctattcagcacgcttctcctc
F: gagaccggtgagctggatag

MMP-9 R: agggaccacaactcgtcatc
F: ccatccagttcatccagtcc

RAS R: ctccagatctgecttgttcc
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METODOLOGIA E RESULTADOS ADICIONAIS

Morfologia celular

Materiais e Métodos

As linhagens de adenocarcinoma gastrico ACP02 e ACPO3 provenientes das regioes da
cardia e do antro pilérico do estdbmago, respectivamente, sao originarias de pacientes do
Hospital Universitario Jodo de Barros Barreto. A linhagem de epitélio gastrico normal, MNO1,
consiste em um pool de células obtidas em bidpsias e foram cedidas gentilmente pelo Dr.
Rommel Mario Rodriguez Burbano (Instituto de Ciéncias Bioldgicas, Universidade Federal do
Pard). As linhagens foram cultivadas com e sem os tratamentos a 37 2C em meio RPMI 1640
(Sigma-Aldrich) contendo 10% de soro fetal bovino (Gibco) e 1% de
penicilina/estreptomicina. O microscopio invertido Zeiss Axiovert 200 equipado com uma
camera Axiocam MRc (Carl Zeiss) foi utilizado para visualizacdo das células e as imagens

foram obtidas pelo Software AxioVision Rel 4.8.

Resultados

As linhagens MNO1, ACP0O2 e ACPO3 se proliferam em monocamada e apresentam
morfologia semelhante a fibroblastos, com extremidades afiladas. O fendtipo apresentado
para cada tratamento foi semelhante entre as linhagens estudadas, sendo que o tratamento
com ZM447439 induziu alteragao na morfologia com grupos de células dismorficas e de
tamanho aumentado. O fendtipo das células tratadas com 5-FU e INH1 se manteve
semelhante ao controle, com a presenca de algumas células de maior tamanho no

tratamento com 5-FU. As Figuras 1, 2 e 3 apresentam a morfologia de MNO1, ACP02 e ACPO3
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expostas por 120 horas aos tratamentos isolados. A Figura 4 apresenta a morfologia das trés

linhagens expostas ao tratamento combinado de 5-FU e ZM447439 por 24 horas.

Figura 2. Imagem representativa da morfologia das células ACP02 nos diferentes tratamentos.
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Figura 3. Imagem representativa da morfologia das células ACP03 nos diferentes tratamentos.

Figura 4. Imagem representativa da morfologia das células MNO1, ACPO2 e ACP03 expostas ao
tratamento combinado 5-FU + ZM447439.
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PCR em tempo real quantitativo

Materiais e Métodos

O RNA total foi isolado com o kit llustra RNAspin Mini™ (GE Healthcare) apds cinco
dias de tratamento com 5-FU, ZM447439 ou INH1 nas trés linhagens estudadas. A sintese de
cDNA foi realizada com o kit RT? First Strand da Qiagen. A amplificacdo foi realizada com RT?
SYBR Green ROX qPCR Mastermix e com RT? Profiler PCR Array Human Cancer
PathwayFinder da Qiagen no equipamento StepOnePlus (Applied Biosystems). Os valores da

expressao relativa de genes envolvidos em diferentes processos biolégicos (Tabela 1) foi

-AACT

determinada pela aplicagdo do modelo matemadtico 2 e o0s resultados estdo

-AACT

representados em Log,(2 ). A normalizagdo foi realizada com base no gene housekeeping

AACT

RPLPO. Os genes com valor de 2 maior ou igual a 2 foram considerados superexpressos e

com valor menor ou igual a 0,5 subexpressos.

Tabela 1. Genes avaliados por qRT-PCR e os principais processos bioldgicos em que atuam.

C e Genes
Processo Bioldgico

ANGPT1, ANGPT2, CCL2, FGF2, FLT1, SERPINF1,
TEK, VEGFC.

APAF1, BCL2L11, BIRC3, CASP2, CASP7, CASP9,
CFLAR, FASLG, NOL3, XIAP.

AURKA, CCND2, CCND3, CDC20, E2F4, MCM2,
MKI67, SKP2, STMN1, WEE1.

BMI1, ETS2, IGFBP3, IGFBP5, IGFBP7, MAP2K1,
MAP2K3, MAPK14, SERPINB2, SOD1, TBX2.

DDB2, DDIT3, ERCC3, ERCC5, GADD45G, LIG4,
POLB, PPP1R15A.

CDH2, DSP, FOXC2, GSC, KRT14, OCLN, SNAI1,
SNAI2, SNAI3, SOX10.

Angiogénese

Apoptose

Ciclo celular

Senescéncia

Reparo de dano ao DNA

Transicdo epitélio-mesenquimal

Sinalizacdo de hipodxia ADM, ARNT, CA9, EPO, HMOX1, LDHA, SLC2A1.

ACLY, ACSL4, ATP5A1, COX5A, CPT2, G6PD, GPD2,
LPL, PFKL, UQCRFS1.

DKC1, PINX1, TEP1, TERF1, TERF2IP, TINF2, TNKS,
TNKS2.

Metabolismo

Telomeros e telomerase
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Resultados

Apds o tratamento com 5-FU, o total de genes diferencialmente expressos foi 31 para

MNO1, 34 para ACP0O2 e 26 para ACP03. J4 no tratamento com ZM447439 o total foi 32

genes para MNO1, 29 genes para ACP02 e 22 genes para ACP03. Considerando-se o

tratamento com INH1, verificamos que o total foi 27 para MNO1, 33 para ACP02 e 23 para

ACP03. De maneira geral, foi possivel observar genes diferencialmente expressos em todas

as vias analisadas. Entretanto, a linhagem MNO1 exposta ao 5-FU, ACP02 exposta ao

ZM447439 e ACP0O3 exposta aos trés tratamentos, ndo apresentaram alteracdes quanto a

processos associados a teldmeros e telomerases (Tabela 2). As Figuras 5-13 apresentam os

genes diferencialmente expressos de acordo com a linhagem e tratamento avaliados.

Tabela 2. Numero de genes diferencialmente expressos de acordo com os processos bioldgicos avaliados.

Numero de genes diferencialmente expressos

Processo Biologico MNO1 ACPO2 ACPO3
5-FU  [ZMA447439| INH1 5-FU  [ZMA447439| INH1 5-FU  [ZMA47439| INH1

Angiogénese 4 3 1 3 4 3 2 2 4
Apoptose 3 & 2 3 5 2 4 4 3
Ciclo celular 6 6 6 7 2 8 2 3 3
Senescéncia 4 3 2 4 5 4 3 3 2
Reparo de dano ao DNA 4 4 4 5 3 4 5 3 3
Transi¢8o epitélio-mesenquimal 3 4 3 3 4 3 3 4 1
Sinalizag3o de hipoxia 4 1 4 3 3 3 4 1 5
Metabolismo 3 3 3 4 3 4 3 2 2
Telémeros e telomerase 2 2 2 2

Total 31 32 27 34 29 33 20 22 23
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Ensaios para verificagdo da presenca de células tronco tumorais

Materiais e Métodos

Foram utilizadas duas metodologias para avaliacdo da presenca de células tronco
tumorais: ensaio de formacdo de esferas e RT-PCR para verificar a expressao de marcadores
tronco caracteristicos de cancer gastrico.

O ensaio de formacdo de esferas foi realizado com as trés linhagens em tratamento
com 5-FU e ZM447439. O teste foi realizado nas placas Nunc® Microwell de 96 pocos
tratadas para ndo aderéncia da Sigma-Aldrich, utilizando-se RPMI sem soro com

estreptomicina durante 15 dias. Nos primeiros ensaios, verificamos que o inibidor INH1 ndo
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se dilui em meio sem soro e por esse motivo ndao foi dada a continuidade para os
experimentos subsequentes. O numero total de esferas observadas em oito replicatas do
experimento foi comparado entre o controle e cada tratamento, usando como teste
estatistico o teste z para varidveis com distribuicao de Poisson. Os valores-p obtidos foram
ajustados por Bonferroni.

No ensaio de RT-PCR foi avaliada a expressdao dos marcadores LGR5, CD24, CD44 e
CD133 conforme metodologia descrita no Capitulo Il. Os primers utilizados para LGR5 foram
F-5-ATGTTGCTCAGGGTGGACTG-3" e R-5-TTGGGGGCACATAGCTGATG-3’, para CD24 foram
F-5-ATGGGCAGAGCAATGGTG-3’ e R-5-GTGAGACCACGAAGAGACTGG-3’, para CD44 foram
F-5-CTGGGGACTCTGCCTCGT-3’ e R-5'-GGTCTCAAATCCGATGCTCA-3’ e para CD133 foram F-
5-AGGCGTTGGAGAACATGAAC-3’ e R-5'- TGGCGTTGTACTCTGTCAGG-3'.

Resultados

No ensaio de formacdo de esferas, a linhagem MNO1 sé apresentou uma esfera entre
todas as replicatas do controle. Diferentemente, as replicatas do controle das linhagens de
cancer gastrico, apresentaram um total de 17 esferas para ACP02 e de 18 esferas para
ACPO03. Esse numero de esferas foi reduzido significativamente apds tratamento com 5-FU
ou ZM447439 (p<0,001) (Figura 14). A média de esferas observadas nos experimentos esta
apresentada na Figura 15. A Figura 16 mostra esferas observadas em controle de ACP02 e
ACPO3.

Na andlise de expressao génica de marcadores de CTTGs, foi verificada a expressao

de LGR5 e CD24 em ambas as linhagens de adenocarcinoma gastrico (Figura 17).
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Figura 14. Numero total de esferas observadas em oito replicatas do controle e apds
tratamento com 5-FU e ZM447439. ***p<0,001
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Figura 15. Numero médio de esferas observadas por pogo no controle e apés tratamento
com 5-FU e ZM447439.

Figura 16. Imagem representativa de esferas observadas em ACP02 e ACP03 n3o tratadas.
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Figura 17. Analise da expressao génica de marcadores de CTTGs em ACP02 e ACPO3.

Ensaio de migragéo celular

Materiais e métodos

A capacidade de migracdo das células tumorais estd associada com processos de
invasdo e metdstase no cancer, sendo assim, para analise da eficidcia dos diferentes
tratamentos realizamos ensaios de migracdo celular. Para realizacdao deste ensaio, foram
plaqueadas 5 x 10* células por poco, em placas de 12 pocos tratadas com 7,6 pg de
fibronectina (Sigma-Aldrich). Apds 24 horas de cultivo, uma area livre de células foi gerada
com ponteiras de 200 pL na monocamada de células, e o meio de cultura foi retirado para
remocdao dos restos celulares. Logo apds, foi adicionado meio de cultura contendo as
concentragoes de ICsg previamente determinadas (Capitulo 1) para 5-FU, ZM447439, INH1 e
a combinacdo de 5-FU com ZM447439. As imagens das areas geradas foram obtidas em
microscopio invertido Zeiss Axiovert 200 equipado com uma camera Axiocam MRc (Carl
Zeiss) pela utilizacdo do Software AxioVision Rel 4.8 no tempo 0O e de 24 horas de

tratamento. A area livre de células foi medida com o software Imagel) (National Institutes of
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Health) e a area de migracdo foi obtida subtraindo-se a area final (24 horas) da area inicial
(tempo 0). As anadlises estatisticas foram realizadas com resultados de pelo menos dois
experimentos pelo teste ANOVA e Dunnet no caso de multiplas comparacdes e por teste t de
Student no caso de comparacdes entre dois grupos. Os resultados estdo representados

como média * erro padrao. Valores-p menores que 0,05 foram considerados significativos.

Resultados

Ao comparar a area de migracdo celular apds 24 horas, verificamos que as duas
linhagens tumorais migraram significativamente quando comparadas com a linhagem de
epitélio gastrico normal (Figura 18). Além disso, ACPO3 mostrou maior capacidade de
migracdo do que ACP02 (p<0,05). Considerando esses resultados, realizamos novas analises
para verificar se os tratamentos seriam capazes de reduzir a migracao das células tumorais
(Figuras 19 e 20). Observamos que s houve reducdo significativa na migracdo de ACP03
exposta a droga INH1 (p<0,001). Para exemplificar esse resultado, a Figura 21 apresenta
imagens de um experimento de migracdo de ACPO3 exposta e ndo exposta ao tratamento

com INH1.
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Figura 18. Capacidade de migracgdo celular de MNO1, ACP02 e ACP03. *p<0,05 **p<0,01 ***p<0,001.

101



MNO1 ACP02 ACP03

__ 400000+ 300000 __ 400000+

E £ £

i i — i

< 3000001 S < 300000

il ws 2000004 - g —_ ——
O O (=

il g il

D 2000009 —— _ 5 200000

E E E

3 3 100000+ g

S 100000+ o S 100000+

e 2 2

-«< N \< N I< N

" Controle 5FU  ZM447439  INH1 " Controle 5FU  ZM447439  INH1 " Controle 5-FU  ZM447439  INH1

Figura 19. Area de migracdo celular de MNO1, ACPO2 e ACP0O3 apds tratamento com 5-FU, ZM447439 e
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Figura 20. Area de migragdo celular de MNO1, ACP02 e ACP03 apds tratamento combinado de 5-FU e
ZM447439.

Figura 21. Imagem representativa de experimento de migracgdo celular com a linhagem ACP03 controle e
tratada com INH1.
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DISCUSSAO GERAL

O cancer gastrico é considerado um dos tipos de cancer com maiores indices de
mortalidade na populagdo mundial (“WHO | World Health Organization”, 2017). Apesar do
numero crescente de novas drogas para o tratamento dessa doenca, a taxa de sobrevida em
cinco anos ainda é muito baixa no Ocidente, variando de 20 a 25% (MEYER & WILKE, 2011).
Portanto, existe uma grande necessidade de desenvolvimento de novos agentes que possam
aprimorar as terapias convencionalmente utilizadas. A aplicacdo de tratamentos mais
direcionados vem ganhando espaco nos ultimos anos. As proteinas AURKB e NDC80 sdo
exemplos de novos alvos terapéuticos, pois se apresentam superexpressas em diversos tipos
de tumores, incluindo o cancer gastrico, e possuem papel importante durante a mitose
(HONMA et al., 2014; QU et al., 2014; ROSADO et al., 2011). Por esse motivo, o principal
objetivo deste estudo foi avaliar a atividade antitumoral de ZM447439, inibidor de AURKB, e
de INH1, inibidor de NDC80 em linhagens de adenocarcinoma géstrico humano.

Primeiramente, ao analisarmos a expressao génica apds os tratamentos com 5-FU,
ZM447439 e INH1 das trés linhagens estudadas por qRT-PCR, verificamos diversos genes
diferencialmente expressos. Esses perfis de expressdo que observamos podem ter sido
induzidos pelas drogas. Contudo, deve-se considerar a possibilidade de que os elevados
indices de morte celular que verificamos sejam indicativos de uma sele¢do de células que ja
possuiam esse perfil, mas que nao foi observado anteriormente devido a composicao
heterogénea do tumor.

Muitos desses genes diferencialmente expressos estdo relacionados a processos
como apoptose, senescéncia, ciclo celular e transicdo epitélio-mesenquimal (EMT) (Figuras

5-13, Capitulo Ill). E importante ressaltar que os mecanismos antiproliferativos induzidos
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por terapias como a senescéncia, a catastrofe mitética e a apoptose, sao determinantes no
sucesso do tratamento contra o cancer a longo prazo (SHAY & RONINSON, 2004). Nesse
sentido, realizamos ensaios a fim de avaliar os efeitos das drogas citadas previamente, nos
diferentes processos celulares.

A catdstrofe mitética é considerada um mecanismo oncosupressor que se inicia na
fase M em decorréncia de perturbacbes no aparato mitdtico, levando a morte celular ou
senescéncia (GALLUZZI et al., 2012). A presenca de nucleos com grandes alteracdes como,
por exemplo, multinucleagdo, vem sendo utilizada como um marcador morfolédgico para
identificacdo desse mecanismo (GALLUZZI et al., 2012). Por avaliagdo da morfologia nuclear
verificamos que somente ZM447439 ou sua combinacdo com 5-FU foi capaz de induzir
catastrofe mitdtica (Figuras 2-4, Capitulo IlI). Observamos também que um grande numero
de células apresentou tamanho aumentado (Figuras 1-3, Capitulo Ill) e multinucleacao,
provavelmente como consequéncia da falha na citocinese devido a inibicio de AURKB,
corroborando com outros estudos que também utilizaram inibidores desta proteina
(GHANIZADEH-VESALI et al., 2016; TAO et al., 2009; YOON et al., 2012; ZEKRI et al., 2016).

A senescéncia, considerada também um mecanismo antiproliferativo, consiste na
parada irreversivel do ciclo celular, acompanhada por alteragdes especificas no fendtipo das
células (SHAY & RONINSON, 2004). Em nossos experimentos, o tratamento com INH1 ndo
induziu senescéncia em nenhuma linhagem estudada, corroborando com a analise por qRT-
PCR em que verificamos uma subexpressdao génica de IGFBP3 e IGFBP5 nas trés linhagens,
possivelmente resultando em uma inibicdo da senescéncia (KIM et al., 2007; YANG et al.,
2011). Em contrapartida, o tratamento com ZM447439 ou sua combinacdo com 5-FU
aumentou significativamente, nas trés linhagens estudadas, o nimero de células com

morfologia nuclear caracteristica de senescéncia (Figuras 2-4, Capitulo Il). Além disso, ao
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analisarmos a expressao de genes relacionados a senescéncia, verificamos que tanto as
células tratadas com 5-FU quanto com ZM447439, apresentaram a superexpressao de
MAP2K3 e IGFBP3 (Figura 1), genes cuja expressao esta associada a indugdo de senescéncia
(JIA et al., 2010; WANG et al., 2002). Poucos estudos avaliaram a inducdo desse mecanismo
apos utilizagdo de inibidores de AURKB. Contudo, um estudo recente também verificou
senescéncia apos tratamento com ZM447439, sugerindo que sua indugao é tardia e ocorre
progressivamente nas células tetrapldides ou polipléides (SADAIE et al., 2015).

A inducdo de morte celular por apoptose é outro efeito importante do tratamento
antitumoral. Nas analises realizadas por gRT-PCR, verificamos o maior nimero de genes
diferencialmente expressos relacionados a apoptose, apds tratamento com ZM447439,
sendo que a superexpressdao dos genes CASP7, FASLG, CFLAR e BIRC3 foi comum as trés
linhagens estudadas (Figura 1). CASP7 e FASLG estdo associados a inducdo de apoptose, uma
vez que CASP7 pertence ao subgrupo de caspases efetoras e FASLG é uma proteina
transmembrana capaz de se ligar ao receptor FAS, ativando o processo de apoptose
(LAMKANFI & KANNEGANTI, 2010; NAGATA, 1999). A superexpressdo do gene CFLAR
também estd associada a indugao de apoptose, contudo, ainda existem divergéncias quanto
ao seu papel, pois outros estudos mostraram sua capacidade de inibicdo da apoptose
(INOHARA et al., 1997; SCAFFIDI et al., 1999). BIRC3 pertence a familia de proteinas IAP, que
sdo inibidoras da apoptose. A proteina BIRC3 é capaz de se ligar as caspases, mas nao é
capaz de inibi-las diretamente em condigdes fisioldgicas, diferentemente de XIAP, que faz
parte da mesma familia e é considerado o mais potente inibidor de morte celular in vitro
(CALLUS & VAUX, 2007; KUMAR, 2007). O gene XIAP, por sua vez, ndo teve seus niveis de

expressao alterados com as drogas testadas em nosso estudo.
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Dentre os trés tratamentos, as linhagens expostas ao INH1 apresentaram um menor
numero de genes diferencialmente expressos da via apoptética, porém todas apresentaram
superexpressao do indutor de apoptose FASLG (Figura 1).

Cabe ressaltar, que principalmente no tratamento com ZM447439, observamos a
superexpressao de genes indutores e inibidores de apoptose. Esse comportamento é
frequentemente observado quando ha propagacdo da cascata de sinalizagdo pré-apoptotica,
pois mecanismos antiapoptoticos também sdo ativados em uma tentativa de permitir que a
célula lide com o estresse (GALLUZZI et al., 2012). Mesmo com a superexpressdo de alguns
genes antiapoptodticos, verificamos que todos os tratamentos induziram apoptose ou por
ensaio de atividade de caspase ou por marca¢do com anexina e iodeto de propideo (AN/IP).
Inicialmente, avaliamos a atividade de caspase apds 24 horas de tratamento e verificamos
aumento significativo de apoptose somente na combinacdo de 5-FU e ZM447439 (Figura 9,
Capitulo 1l). Com a finalidade de verificar se as drogas utilizadas isoladamente estavam
induzindo apoptose apds as 24 horas, analisamos a marcagdo com AN/IP apds 72 e 120
horas de tratamento. As trés drogas induziram apoptose nos dois tempos em ACP02 (Figura
11, Capitulo II). Também avaliamos se a combina¢do das drogas 5-FU e ZM447439 ainda
estava induzindo apoptose com 120 horas de tratamento e verificamos uma quantidade
significativa de células apoptdticas em ACP02 e ACPO3 (Figura 11, Capitulo Il e Apéndice).
Nossos resultados corroboram com estudos que também observaram inducdo de apoptose
por ZM447439 e INH1 em outras linhagens tumorais (LI et al., 2010; VIDARSDOTTIR et al.,
2012; WU et al.,, 2008) e por 5-FU em células de cancer gastrico (LI & WANG, 2016).
Contudo, os mecanismos envolvidos na inducdo de apoptose por ZM447439 e INH1 ainda

nao foram elucidados.
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Figura 1 Genes subexpressos ou superexpressos tanto em ACP02 quanto em ACP03 apds tratamento
com 5-FU, ZM447439 ou INH1.

A capacidade de EMT esta associada a capacidade de invasdao e migragao em diversos
tipos de tumores, caracteristicas comumente observadas em mestastases. Por esse motivo,
células tumorais em estado mesenquimal, estdao associadas a um pior progndstico. Além
disso, a aquisigdao de propriedades tronco também esta relacionada a EMT. Alguns dos genes
cuja superexpressdao caracteriza estado epitelial como GSC, OCLN e SNAI3 e cuja
superexpressao caracteriza estado EMT parcial ou estado mesenquimal como CDH2, DSP,
ETS2, FOXC2, KRT14, SNAI1, SNAI2 (CHANG et al., 2016) foram avaliados por gRT-PCR. De
maneira geral, as trés linhagens expostas aos tratamentos apresentaram no minimo trés
genes diferencialmente expressos associados ao estado epitelial ou mesenquimal com
excecdo de ACP0O3 exposta ao agente INH1, onde somente um gene envolvido nessa via se

mostrou subexpresso. Ao verificarmos o efeito das drogas na capacidade de migracao
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celular, INH1 foi o Unico tratamento que alterou significativamente a migragao da linhagem
ACPO03, reduzindo sua capacidade de migragao em comparagao com células ndao tratadas
(Figura 19, Capitulo Ill). Considerando-se o tratamento com ZM447439, nossos resultados
corroboram com pesquisa conduzida por TAVANTI et al. (2013), onde também ndo se
verificou redugao na migragao celular de linhagens tumorais. Ao comparar a capacidade de
migracao de ACP02 e ACPO03, verificamos que ACP03 migrou significativamente mais em
comparacdo com ACP02 (Figura 18, Capitulo Ill), confirmando estudo anterior onde foi
observada uma capacidade de migracdo maior de ACP03 (CALCAGNO et al., 2013). Contudo,
esse mesmo estudo, realizou ensaio em matrigel e constatou que ACP02 possui maior
potencial de invasdo do que ACPO03, provavelmente uma consequéncia da auséncia de
proteases ativas em ACP03, necessarias para degradar o substrato (CALCAGNO et al., 2013).

A presenca de CTTs tem sido relacionada ao desenvolvimento do tumor, proliferacdo
celular, metastase e resisténcia ao tratamento (CHANG, 2016). A fim de verificar a presenca
de CTTs em ACP02 e ACPO03, realizamos RT-PCR para avaliar a expressdao de marcadores
tronco. A expressao de dois marcadores, LGR5 e CD24, estava presente (Figura 17, Capitulo
[11). Nesse sentido, realizamos ensaio de formacdo de esferas para confirmacdo da presenca
de CTTs. As duas linhagens de adenocarcinoma gastrico apresentaram formagdo de esferas,
sendo que o tratamento com 5-FU ou ZM447439 foi capaz de inibir significativamente a
formacdo das mesmas. A presenga de CTTGs com expressao dos marcadores LGR5 ou CD24
tem sido demonstrada por outros estudos, contudo, ainda ndao existem pesquisas que
avaliem o efeito de inibidores de AURKB na formacdo de esferas.

Como citado anteriormente, verificamos que diversos genes associados ao ciclo
celular estavam diferencialmente expressos apds os tratamentos. Por esse motivo,

realizamos ensaios com marca¢ao com IP a fim de verificar se o ciclo celular foi alterado apds
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exposicdo as drogas. As trés linhagens estudadas apresentaram comportamento semelhante
quando tratadas com ZM447439, INH1 ou 5-FU + ZM447439 (Tabela 1). De maneira geral, o
tratamento com INH1 ndo induziu grandes alteragdes no ciclo celular de nenhuma das
linhagens, resultado similar ao relatado por WU et al (2008). Contudo, o inibidor ZM447439
induziu altera¢des em diversas fases do ciclo, sendo o acimulo de células em G2/M e de
células com conteudo de DNA>4N, as mais frequentemente relatadas pela literatura.
Diversos estudos descreveram essas alteracdes como consequéncia da endoreduplicacdo
ocasionada pela inibicdo da proteina AURKB, impedindo a divisdo celular ja que possui papel
essencial na citocinese (CRISPI et al., 2010; KAESTNER et al., 2009). Em contrapartida, a
combinacdo de 5-FU com ZM447439 teve como principal efeito o acimulo de células na fase
S, sendo observado aumento de células com >4N somente em ACP03.
E importante considerar também que os tumores apresentam uma heterogeneidade
intra tumoral quanto a fatores genéticos, epigenéticos e fenotipicos (GAY et al., 2016).
Portanto, apds os tratamentos, é possivel que os resultados observados sejam referentes a
uma populagao selecionada de células, uma vez que as células sobreviventes poderiam ser
resistentes ou tolerantes as drogas. Recentemente, os conceitos de tolerancia e resisténcia,
ja bem definidos em areas como a microbiologia (BRAUNER et al., 2010), vém sendo
aplicados no tratamento contra o cancer (DILLMAN & SCHNEIDER, 2015). Células tolerantes
a um determinado tratamento possuem mecanismos transitérios que permitem sua
sobrevivéncia, contudo posteriormente podem voltar a ser sensiveis, enquanto células
resistentes possuem essa capacidade de sobrevivéncia a droga permanentemente
(BRAUNER et al., 2010).
Em resumo, os dados obtidos nesta pesquisa mostram que os tratamentos com

ZM447439, um inibidor de AURKB, e sua combinacdo com o agente quimioterapico 5-FU,
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apresentaram elevada atividade antitumoral em células de adenocarcinoma gastrico
humano. Estes foram capazes de induzir apoptose, senescéncia, catastrofe mitética,
alteragGes do ciclo celular e de inibir a formacdo de esferas (testado somente no tratamento
isolado) (Tabela 1). Além disso, a combinacdo das drogas foi capaz de induzir apoptose apds
24 horas de tratamento, se mostrando mais eficaz do que os tratamentos isolados, e
possibilitou a utilizagdo de uma concentragcdo menor dos dois compostos, o que é
clinicamente desejavel, a fim de reduzir possiveis efeitos colaterais. A observacdo do
potencial antitumoral desta combinacdo in vitro é de suma importancia, uma vez que testes
clinicos realizados com outros antimitoticos, incluindo inibidores de aurora cinases,
mostraram baixa eficacia quando utilizados como monoterapia. Contudo, houve
consideravel aumento nas taxas de resposta quando os mesmos foram combinados com

tratamentos ja estabelecidos na clinica.

Tabela 1. Tabela com a sintese dos principais resultados observados nos diferentes ensaios apds tratamento com 5-FU,
ZM447439, INH1 ou 5-FU + ZM447439 nas linhagens MNO1, ACP02 e ACPO3.

. . L i . . Fase do ciclo em que houve aumento
Apoptose Senescéncia Catéstrofe mitdtica Migragéo celular Formagdo de esferas . .
no nimero de células
MNO1 | ACPO2 | ACPO3 | MNO1 | ACPO2 | ACPO3 | MNO1 | ACPO2 | ACPO3 | MINO1 | ACPO2 | ACPO3 | MNO1 | ACPO2 | ACPO3 MNO1 ACP02 ACPO3

5-FU 4 4 ND 4 NS NS NS NS NS NS NS NS NS v v |seGam s s, G2/M e >4n
ZMaa7439 4 4 ND 4 4 4 4 4 NS NS NS NS NS v v |5G2/Me>an|Ss G2/Me>an| S, G2/Me >4n
INH1 NS f ND NS NS NS NS NS NS NS NS * ND ND ND | NS NS NS
5-FU+ZMA447439 NS 4 4 4 4 4 NS | 4 4 NS | Ns NS | npD | nD | ND s 5 Se>4n

ND= N&o determinado; NS= N&o significante (p>0.05 em comparagdo com controle ndo tratado)
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CONCLUSOES

Os resultados apresentados por diversos estudos com agentes antimitéticos,
mostram que altas taxas de resposta clinica foram observadas somente quando as drogas
foram combinadas com tratamentos utilizados convencionalmente. O presente estudo
observou elevada atividade antitumoral de ZM447439 e, principalmente, de sua associagao
com o agente quimioterdpico 5-FU em células de adenocarcinoma gastrico humano. Desse

modo, frente aos dados obtidos por esse trabalho, podemos concluir que:

e A expressdao diferencial de diversos genes envolvidos em vias relacionadas com
apoptose, senescéncia, EMT e ciclo celular foi verificada apds monoterapia com as
drogas 5-FU, ZM447439 e INH1, em MNO1, ACP0O2 e ACPO3;

*  Ambas as linhagens de adenocarcinoma gastrico expressam LGR5 e CD24, além de
serem capazes de formar esferas, evidenciando a presenca de CTTs entre as células
estudadas;

e A formacdo de esferas pelas linhagens ACP02 e ACPO3 foi inibida tanto por 5-FU
como por ZM447439;

e (O tratamento com o composto ZM447439 bem como sua combina¢do com 5-FU
induziram apoptose, senescéncia e catastrofe mitdtica nas linhagens estudadas;

e As terapias com 5-FU, ZM447439 ou a combinagdo destes dois agentes, induziram
alteragdes significativas em diversas fases do ciclo celular, diferentemente de INH1;

e Entre os tratamentos avaliados neste estudo, INH1 apresentou o maior valor de ICsp €

menor atividade antitumoral;
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® A combinacdo do quimioterdpico 5-FU com ZM447439 permitiu a utilizacdo de doses
menores dos compostos, além de ser capaz de induzir apoptose em menor tempo

guando comparada ao tratamento com as drogas isoladas.
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PERSPECTIVAS

Verificar a expressdao da proteina AURKB fosforilada antes apds tratamento com
ZM447439;

Verificar a expressao de proteinas associadas ao ciclo celular como, por exemplo,
ciclina B1, apds o tratamento com ZM447439, a fim de confirmar se o elevado
nuimero de células observadas em G2/M deve-se ao escape prematuro da mitose
sem a ocorréncia de citocinese;

Analisar a presenca de células senescentes por B-galactosidase apds o tratamento;

Realizar ensaio cometa para verificar se o tratamento induz dano ao DNA.
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Figura 1. Resultados da marcacdo com AN/IP apds 120 horas do tratamento

combinado (5-FU+ZM447439) de ACP03. ***p<0,001
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