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RESUMO

A quimioterapia convencional € o principal tratamento para o cancer e beneficia os
pacientes na forma de diminuigdo da reincidéncia e metastase, além de proporcionar
uma maior sobrevida. No entanto, os alvos das drogas quimioterapicas ndo sao
inteiramente precisos, o que resulta em alguns efeitos secundarios e menor
eficiéncia do tratamento, podendo gerar resisténcia, recidiva e metastase. No
presente estudo, avaliaram-se os efeitos citotéxicos e 0 mecanismo molecular de
uma série de 3-trifluoro(oxo)pyrimido[1,2-a] derivados benzimidazéis (PBZ 1-9) em
diferentes linhagens de células de cancer humano. A potencial atividade antitumoral
dos compostos foi estudada em linhagens de células humanas de cancer de mama

(MCF-7), figado (HepG-2), bexiga (T-24) e colorretal (HCT-116, HT-29 e Caco-2),
além da linhagem nao tumoral HEK-293, derivada de células embrionarias de rim.
ApoOs o tratamento, a citotoxicidade foi expressa em valores de IC50 e o indice de
seletividade (IS) foi calculado através da razdo IC50 da HEK-293/IC50 das células
tumorais. Os compostos que demostraram atividades citotoxicas mais relevantes
foram submetidos aos demais ensaios biolégicos e moleculares. A genotoxicidade
foi analisada por eletroforese em gel de unica célula (ensaio cometa). A producéo de
espécies reativas de oxigénio (ERO) e as alteragbes no potencial de membrana
mitocondrial (AWm) foram estudados utilizando sondas especificas de fluorescéncia,
DCFH(2)-DA (2',7'-diclorodiidrofluoresceinadiacetato) e rodamina-123 por citometria
de fluxo. O ciclo celular foi determinado por citometria de fluxo e as alteracdes na
expressao da proteina y-H2AX (marcador de dano de DNA) foram examinados por
Western Blot. A inibicdo da enzima topoisomerasel humana pelos compostos foi
avaliada utilizando-se o Kit comercial TopoGEN®. Os nossos resultados sugerem
que os compostos PBZ 4, 5 e 9 exerceram a maior citotoxicidade nas células MCF-7,
com valores de IC50 de 15,41, 19,52 e 8,11uM, respectivamente. O composto mais
promissor foi o PBZ 9. A analise de citometria de fluxo indica que esta molécula
altera a progressao do ciclo celular, induz a parada em G1 e causa DNA polipléide

(> 4N). O PBZ 9 interage com a enzima Topo |, gera a produgcdo ERO, inducdo de
danos no DNA e fosforilacdo de y-H2AX. O pré-tratamento com N-acetilcisteina

(NAC) reverte a produgao de ERO observada.



Os nossos resultados sugerem que os efeitos encontrados podem ser consequéncia
da interagcdo do PBZ 9 com a enzima Topo | (agdo direta) e pela geracdo de ERO
(acao indireta). Desta forma, o composto PBZ 9 demonstra ser bastante promissor
para a continuidade de estudos que comprovem seu potencial uso para terapia do

cancer de mama.

Palavras-chave: Trifluoro(oxo)pyrimido[1,2-a] derivados benzimidazois, atividade

citotoxica, morte celular, espécies reativas de oxigénio, terapia antitumoral.



ABSTRACT

Conventional chemotherapy is the main treatment for cancer and benefits patients in
the form of decreased relapse and metastasis and longer overall survival. However,
as the target therapy drugs is not wholly precise, it also results in quite a few side
effects, and is less efficient in many cancer cells, which are considered the reason for
chemotherapy resistance, relapse, and metastasis. In the present study, we
evaluated the cytotoxic effects and the molecular mechanism of a series of
substituted 3-trifluoro(oxo)pyrimido[1,2-a] benzimidazoles derivatives (PBZ 1-9) in
different human cancer cell lines. The potential antitumoral activity of the compounds
was evaluated in the breast cancer cell lines (MCF-7), liver (HepG-2), bladder (T-24),
colorectal (HCT-116, HT-29, Caco-2), as well as in the nontumoral human embrionic
kidney cells HEK-293. After the treatment the cytotoxicity was expressed as IC50
values. Selective index (Sl) was calculated by the ratio IC50 of HEK-293 cells/IC50 of
tumoral cells. Compounds showing cytotoxic activities were subjected to further
analysis. Genotoxicity induction was analyzed by single-cell gel electrophoresis
(comet assay). The production of reactive oxygen species (ROS) and changes in
mitochondrial membrane potential (AWm) were studied using specific fluorescence
probes, DCFH(2)-DA (2',7'-dichlorodihydrofluorescein diacetate) and rhodamine-123
by flow cytometry. The cell cycle was determined by flow cytometry and changes in
protein expression (y-H2AX) were examined by western blotting. The compounds
interaction with Topo | was evaluated in a cell-free system (TopoGEN® Kkit). Our
results suggest that PBZ 4, 5 and 9 exerted the highest cytotoxicity against MCF-7
cells, with IC50 values of 1541, 19.52 and 8.11 pM, respectively. The most
promising compound was the PBZ 9 in MCF-7 cells. Flow cytometric analysis
indicates that PBZ 9 alters cell cycle progression, induces G1 arrest and causes DNA
polyploidy (>4N). PBZ 9 interacts with Topo |, generates ROS and y-H2AX
phosphorylation. The pretreatment with N-acetyl cysteine (NAC) abrogates the
observed ROS production. Our results demonstrate that these effects might be
consequence to the putative interaction of PBZ 9 with Topo | enzyme (direct action)
and ROS generation (indirect action). Therefore, PBZ 9 seems to be an interesting

molecule to be further investigated in breast cancer therapy.



Keywords: Trifluoro(oxo)pyrimido[1,2-a] benzimidazoles derivatives, cytotoxic

activity, cell death, reactive oxigen species, antitumoral therapy.
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1 INTRODUCAO

O céancer é um dos maiores problemas de saude publica e uma das principais
causas de morte no mundo. Segundo a Organizagdo Mundial de Saude (OMS), em
2012 houve cerca de 8,2 milhées de mortes decorrentes desta doenca (FERLAY et
al., 2015).

Conhecido por ser uma doenca caracterizada pelo aumento descontrolado de
células em um determinado tecido, o cancer se desenvolve a partir do surgimento de
uma unica célula anormal, que perdeu o seu mecanismo de regulagdo do
crescimento e da multiplicagdo celular, geralmente, devido a danos no DNA
(HANAHAN & WEINBERG, 2011).

Trata-se de uma doenga complexa que envolve fatores moleculares, celulares
e teciduais, além de presumir uma iniciagdo mutagénica com potencial para invadir
tecidos adjacentes ou distantes do seu local de origem (CARRASSA & DAMIA,
2011). A etiologia multipla da doenga indica que os canceres podem se desenvolver
devido a fatores exégenos ou enddgenos, ou ambos. De acordo com a OMS, cerca
de 30% das mortes por cancer sao devidos aos cinco principais fatores de riscos
comportamentais e alimentares: (1) alto indice de massa corporal, (2) baixa ingestao
de frutas e legumes, (3) falta de atividade fisica, (4) tabagismo e (5) uso de alcool
(WHO, 2014).

As principais abordagens terapéuticas para o tratamento e/ou completa
remogao do cancer sao a cirurgia, radioterapia e quimioterapia. Entretanto, os efeitos
adversos resultantes desses tratamentos s&o muitos, além da total ineficacia em
alguns casos (HEROLD & MARCOM, 2008).

Durante as ultimas décadas, o aumento do conhecimento dos mecanismos
moleculares envolvidos no cancer serve de base para a procura de novas
estratégias terapéuticas mais eficientes (LAURIA et al., 2010). Sendo assim, na
busca por novas moléculas que apresentem mecanismos de acdo inéditos, os
compostos de sintese quimica tém sido incluidos como fonte potencial para o
desenvolvimento de novos medicamentos (SIDHU et al.,, 2015). Tais moléculas
proporcionam uma rica fonte de alvos que possam ser especificos para a inibicao do
crescimento de células cancerosas, abrindo oportunidades para encontrar novos

agentes anticancer com melhores caracteristicas de agcao (MARIN et al., 2010).
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Dentre os compostos quimicos que possuem atividades antitumorais, ha os
derivados benzimidazdis, com estrutura semelhante a purina, molécula que faz parte
da estrutura do DNA e RNA. Estes compostos apresentam interessantes
propriedades, despertando grande interesse na medicina (NOFAL et al., 2011,
KAMAL et al., 2012). Porém, ainda é necessario um entendimento mais detalhado
acerca do mecanismo de agao destes compostos, a fim de serem eficientemente
administrados ao paciente como um agente uUnico ou em combinagdo com outros
farmacos (REDMOND et al., 2008).

Tendo em vista os altos indices de Obitos causados por essa doencga e,
também as resisténcias que os tumores vém apresentando frente ao tratamento
quimioterapico, este trabalho buscou avaliar o potencial citotéxico e genotoxico de

novos compostos derivados pirimidicos, em diferentes linhagens tumorais.
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2 REFERENCIAL TEORICO

2.1 Aspectos Gerais do Cancer

O cancer é uma doenga multifatorial, de etiologia ainda desconhecida, porém
com fatores de risco significativos para o seu desenvolvimento, como as alteragdes
genéticas, o desequilibrio hormonal e a influéncia de fatores ambientais. Além disso,
sabe-se que o cancer se origina de uma unica célula mutada que se multiplicou e
suas descendentes acumularam essas altera¢gdes genotipicas ao longo do tempo,
dando origem a célula cancerosa (AMERICAN CANCER SOCIETY; HANAHAN &
WEINBERG, 2011).

De acordo com Hanahan & Weinberg (2011), para o desenvolvimento da
doenga € necessaria uma série de alteragcbes fisioldogicas que causem o
desequilibrio da homeostase celular. Estas alteracbes podem ser: perda da
sinalizagdo da proliferacdo celular; insensibilidade a sinais supressores de
crescimento; habilidade de invasdo e metastase; resisténcia celular; inducdo da
angiogénese; potencial replicativo ilimitado; instabilidade genbémica e mutacao;
inflamagao; e mais recentemente: o papel do sistema imune na progressdao do

tumor; e a reprogramacéao da energia celular (Figura 1).

Figura 1. Principais caracteristicas moleculares para o desenvolvimento do céncer.

Sustaining Evading
proliferative growth
signaling suppressors

Deregulating Avoiding
cellular immune
energetics destruction

Resisting Enabling

cell replicative
death immontality
Genome Tumor-
instability & promoting
mutaton inflammation
Inducing Activating
angiogenesis invasion &

metastasis

Fonte: Hanahan & Weinberg, 2011.
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O processo de carcinogénese geralmente é lento, podendo levar alguns anos
até que o tumor se desenvolva e seja visivel. Didaticamente, esse processo pode ser
dividido em trés estagios: iniciagdo, promogao e progressao tumoral. O estagio de
iniciacdo € a etapa em que ocorre o dano no DNA e se acumulam as lesbes
genotoxicas. O estagio de promogéo é quando acontece a transformagao da célula
normal em cancerosa. E por fim, o estagio de progressao é quando o microambiente
tumoral comeca a se estabelecer e aparecem as primeiras manifestagdes clinicas da
doenca (COUSSENS & WERB, 2002).

Mutagbes espontaneas sao frequentes no DNA, entretanto, ndo significa que
alteram o crescimento normal das células, mas podem gerar alguns fenédmenos
como danos oxidativos e erros na acao de enzimas. Contudo, nas células
cancerosas, a caracteristica principal € o rapido crescimento da populagao celular,
evidenciando a perda dos mecanismos de multiplicagado celular (JELONEK et al.,
2010).

Varias alteragbes genéticas sdo geralmente necessarias para o
desenvolvimento do tumor. Os genes que participam na formag¢ao de tumores, séo
0os que nas células normais estdo envolvidos nos processos de controle do ciclo
celular, reparo de DNA e apoptose (WANG et al., 2015).

Normalmente, os proto-oncogenes ativam a proliferagéo celular no embrido e
no feto, além de desempenharem um papel importante na regeneracao de tecidos
destruidos. Quando sofrem mutagao, tornam-se oncogenes que codificam proteinas
que alteram o controle do ciclo mitético, gerando uma divisdo desordenada. O mais
frequente € o oncogene ras, que envia sinais constantes para a célula iniciar o
processo de mitose (STAMATAKOS et al., 2010).

Mutacgdes nos genes supressores de tumor (p53, BRCA1 e 2, APC, p16 e RB)
estdo relacionados com a maioria dos tumores malignos. Cerca de 50% dos tumores
malignos diagnosticados apresentaram mutagdo ou delegdo no gene p53
evidenciando a importancia deste gene no ciclo celular normal (SIEGEL et al., 2014).

O ciclo celular normal apresenta alguns mecanismos de reparo de DNA,
bloqueando a propagacao da informagao genética incorreta as células filhas. Apesar
de eficiente, estes mecanismos sédo passiveis de erros, permitindo que a mutagao
seja transmitida as células filhas ou permaneca latente na célula alterada (MERKLE,
2007).
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O acumulo dessas alteragbes pode ocorrer em um ou mais genes e assim,
provocar a instabilidade gendmica, o que determina a magnilidade do tumor e sua
capacidade de apresentar metastases (JELONEK et al., 2010).

As interagcbes moleculares e celulares do microambiente tumoral demonstram
a complexidade do cancer no que tange a sua origem. Sabe-se que fatores externos
também tém grande influéncia no desenvolvimento da doenga. O aumento no
numero de casos de cancer esta diretamente relacionado as mudangas nos habitos
nutricionais e altera¢gdes hormonais (BRAY et al., 2012).

Diversos estudos epidemiolégicos relacionam o desenvolvimento de céncer e
a presenca de recidivas apos o tratamento com o uso de alcool, tabaco, excesso de
sal e carne vermelha, dietas pobres em vegetais, falta de exercicios e uso de

horménios exogenos (SIEGEL et al., 2014).

2.2 Epidemiologia do Cancer

De acordo com a Organizagdo Mundial de Saude (OMS), no ano de 2012, os
trés tipos de cancer que mais causaram mortes foram o cancer de pulmao (19,4%),
o cancer de figado (9,1%) e o cancer de estébmago (8,8%), respectivamente
(FERLAY et al., 2015).

A estimativa da taxa de incidéncia de cancer da Agéncia Internacional de
Pesquisa em Cancer (International Agency for Research on Cancer - IARC), em
2012 foi de 14,1 milhdes de novos casos e 0Os canceres mais comumente
diagnosticados foram de pulmao (13%), de mama (11,9%) e colorretal (9,7%),

respectivamente, conforme demonstrado na Figura 2 (SIEGEL et al., 2014).

Figura 2. Estimativa das taxas de incidéncia e de mortalidade padronizadas por

idade em ambos os sexos, no ano de 2012.
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World *
ASR (W)
Male Female
Lung
Breast
Colorectum
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Fonte: IARC, 2012.
*Age-standardised rate (W): é a taxa do numero de novos casos ou 6bitos por 100.000 pessoas por

ano. Uma taxa padronizada por idade é a taxa que a populagao teria se tivesse uma estrutura etaria
padrao. A padronizagdo € necessaria quando se comparam varias populagbes que diferem em

relagdo a idade, porque a idade tem uma forte influéncia sobre o risco de cancer.

Paises de baixa e média renda sdo os que apresentam o0 maior numero de
mortes e incidéncia, cerca de 65% (5,3 milhdes) e 57% (8 milhdes), respectivamente
(IARC, 2012). Problemas no sistema publico de saude relacionados ao diagnéstico
precoce, o custo elevado dos tratamentos, crescimento e envelhecimento da
populagado, além do aumento da prevaléncia dos fatores de risco conhecidos sao
implicacbes causadas pelas diferengas socioecondmicas das regides (PISANI, 2011;
BRAY et al,, 2012; TORRE et al., 2015).

Em contrapartida, os paises mais ricos apresentam uma maior taxa de
prevaléncia de cancer, em torno de 16,9 milhdes de casos (52%) (IARC, 2012). As
transformacgdes que os padrbes de saude-doencga sofreram nas ultimas décadas se
deve ao crescimento da economia mundial que desencadeou uma mudancga nas
condigdes de trabalho, nutricdo e consumo (KUSHI et al.,, 2012; TORRE et al.,
2015).

Conhecida como transi¢cao epidemiolégica, as transformagdes nos padroes de
saude-doenga em cada regido acompanham as variagées no perfil demografico de
cada pais (SANTOSA et al.,, 2014). Paises em processos de urbanizagdo e de

industrializagdo, com maiores avangos nas areas da ciéncia e tecnologia tendem a
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apresentar uma maior exposicdo a fatores de risco, bem como baixas taxas de
natalidade e mortalidade (OMRAN, 2005).

O processo de transigdo epidemioldgica fica ainda mais evidente no que diz
respeito a morbimortalidade da populagdo mundial, onde a ocorréncia de doencas
infectocontagiosas esta diminuindo e o numero de doengas cronico-degenerativas
esta cada vez maior (HASHIM & BOFFETTA, 2014).

Na ultima década, o Brasil teve um crescimento econdmico alto em relagao a
meédia mundial, e consequentemente, uma mudanca no estilo de vida e nos habitos
alimentares dos brasileiros. Sendo assim, a transicdo epidemiolégica acompanhou o
desenvolvimento demografico do pais, e doengas crénicas, como o cancer tiveram
maior destaque e atengdo dos Orgados responsaveis pela saude publica do pais
(CONDE & MONTEIRO, 2014; CURADO & DE SOUZA, 2014).

Segundo a OMS (2014), os tipos de canceres prevalentes no Brasil
acompanham as estatisticas de saude mundiais, sendo o tipo de cancer mais
prevalente no pais o de mama (22,7%), seguido pelo cancer de proéstata (19,7%) e
cancer colorretal (8%). Na escala mundial, os tipos mais prevalentes também sao: o
cancer de mama (19,2%), cancer de proéstata (11,9%) e cancer colorretal (10,9%),

respectivamente (Figura 3).

Figura 3. Estimativa das taxas de prevaléncia dos principais tipos de céancer no

Brasil e no mundo, em ambos 0s sexos.

5-year prevalence 5-year prevalence

1,893,078 (5 8%)
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322,643 (29.8%) 6,232,108 (19.2%)
11,426 841 (35 2%) ———
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Fonte: Adapatado de GLOBOCAN, 2012.
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De acordo com o Instituto Nacional do Cancer (INCA), em 2014 foram
esperados cerca de 576 mil novos casos de cancer no Brasil, sendo 52% destes em
homens. O cancer de prostata (22,8%) é o que mais acomete os homens; ja nas

mulheres, o cancer de mama (20,8%) € o mais representativo (Figura 4).

Figura 4. Distribuicdo proporcional dos dez tipos de céncer mais incidentes

estimados para 2014 por sexo, exceto pele ndo melanoma*

........... 3 Z3Ca casos

Prostata 68 800 22 5% Muheres Wama Feminina 57.120 208%

Traquea. Bronquio e Pulmao 16.400 54% Colon e Reb 17530 64%

Colon e Reto 15070 50% Colo do Ukro 15580 5%

Estomago 12870 4.3% fraques, Brongquio e Pulmao 10530 0%

Cavdade Oral 11280 3.7% GiEnduta Tireoide 8.050 259%

Esotago 8010 2.6% Esbmago 1520 2%

Lannge 6870 2.3% Corpo do Uero 5900 22%

Bewga 8.750 2.2% Ovano 5.680 21%

Leucema 5050 1.7% Linfoma ndo Hodgkin 4850 15%

Sesema Nervoso Central 4 960 1.6% Leucem@s 4320 1.5%

Fonte: Estimativa 2014 — INCA.
*Numeros arredondados para 10 ou multiplos de 10.

2.3 Cancer de Mama

O céancer de mama é o segundo tipo de cancer mais frequente no mundo e o
primeiro entre as mulheres. No Brasil a estimativa de incidéncia para o ano de 2014
foi de 57.120 casos, com um risco estimado de 56,09 casos a cada 100 mil mulheres
(INCA, 2014).

O risco estimado para cancer de mama no Brasil varia conforme a regi&o:
Sudeste (71,18/ 100 mil), Sul (70,98/ 100 mil), Centro-Oeste (51,30/ 100 mil) e
Nordeste (36,74/ 100 mil). Na regido Norte, é o segundo tumor mais incidente com
21,29 casos para cada 100 mil mulheres (INCA, 2014). Esta diferenga entre regides
também se aplica em nivel mundial, as maiores taxas de incidéncia estdo na Europa
Ocidental (96/ 100 mil) e as menores se encontram na Africa Central e Asia Oriental
(27/ 100 mil) (BRAY et al., 2015; FERLAY et al., 2015).

O tecido mamario (Figura 5) é composto basicamente por lobos (tecido
glandular), por ductos e por estroma (tecido adiposo e tecido conjuntivo).
Desenvolve-se sob a agdo de horménios esterdides ovarianos (progesterona e
estrogeno) e fatores de crescimento durante a puberdade e ainda no periodo de
gravidez e lactagdo, sendo que na menopausa o tecido glandular se atrofia (MILLS
et al., 2011).
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Figura 5. Tecido Mamario Normal.
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Fonte: American Cancer Society.

Os mecanismos pelos quais o cancer de mama se desenvolve ainda nao
estdo totalmente elucidados, porém alguns fatores de risco importantes estédo
geralmente relacionados a eventos hormonais e reprodutivos. A idade também é um
dos principais fatores de risco para o desenvolvimento da doenga. De acordo com a
Sociedade Americana de Cancer, as taxas de incidéncia e mortalidade aumentam
com a idade, 79% dos novos casos e 88% das mortes ocorreram em mulheres com
50 anos ou mais (DIETERICH et al., 2014; AMERICAN CANCER SOCIETY).

A predisposigao genética é outro evento conhecido na etiologia do cancer de
mama. Estima-se que entre 5-10% do total de casos sao resultados de mutagdes
hereditarias, incluindo mutagdes nos genes BRCA1, BRCA2 e p53 (SCHWARTZ et
al., 2009; FASCHING et al., 2013).

Sao diversos os tipos e subtipos de cancer de mama. Alguns critérios sao
importantes para o diagndstico como: tipo histolégico, avaliagdo imunohistoquimica,
estadiamento e o carater invasivo do tumor. De acordo com o carater invasivo, o
cancer de mama é dividido em dois grupos: o cancer de mama in situ é do tipo n&o
invasivo, ou seja, as células tumorais permanecem no seu local de origem; e o
cancer de mama invasivo, que atinge além do local de origem do tumor, os tecidos
adjancentes circundantes ou distantes (COCQUYT & VAN BELLE, 2005).

O diagndstico precoce do céncer de mama influencia diretamente no
tratamento e na cura. Em paises desenvolvidos, a sobrevida média apds cinco anos

de tratamento é cerca de 85%, enquanto em paises em desenvolvimento € de 60%.
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A diferengca provavelmente se deve ao diagndstico precoce e acesso aos
tratamentos (YOULDEN et al., 2012).

A rapidez e precisdo na analise dos tumores também influenciam na
diminuicdo das taxas de mortalidade. Conhecer o tamanho da massa tumoral, grau
de diferenciagdo, marcagao para proteinas receptoras de estrogeno (RE) e de
proteinas receptoras de progesterona (RP), superexpressao de HER2, Bcl-2 ou p53,
mutacdo em BRCA1 e BRCA2 s&o informagdes relevantes para o diagndstico e
posterior tratamento (AMERICAN CANCER SOCIETY; SOTIRIOU & PUSZTAI,
2009).

A deteccado de RE e RP através de imunohistoquimica indica o progndéstico da
doenca e quanto maior o numero de marcagoes, melhor o tempo de sobrevida. Por
serem receptores de hormoénios, a presenca de RE e RP na imunohistoquimica
também indica o tratamento hormonal com moduladores seletivos. Um exemplo € o
tamoxifeno, que compete com o estradiol pela ligagdo ao RE evitando a proliferagéo
das células tumorais em resposta ao horménio (DROOG et al., 2013).

Outro marcador importante utilizado na imunohistoquimica é o receptor de
fator de crescimento epidermal 2 (HER2). A sua superexpressdo € observada em
aproximadamente 30% dos tumores de mama e indica um pior prognostico com uma
resposta menor ao tratamento, além de um aumento no potencial metastatico
(SOTIRIOU & PUSZTAI, 2009).

Baseados nesses biomarcadores, o cancer de mama pode ser classificado
em: receptores hormonais positivos, HER2 positivo (com RE e RP positivos ou
negativos) ou triplo negativo (RE, RP e HER2 negativos). As marcagdes positivas ou
negativas para as proteinas receptoras hormonais dentro da imunohistoquimica
podem diagnosticar diferentes estagios da doencga, ou seja, tumores RE positivos e
RP negativos ou ambos positivo sdo diferentes biologicamente e clinicamente.
Geralmente, RE+ e RP- apresentam mau prognostico e sao tumores mais
agressivos em relacéo ao tumores RE+ e RP+ (CHIOREAN et al., 2013).

Diferengas clinicas também s&o observadas nos tumores hereditarios.
Mutacdes no gene BRCA1 s&o geralmente notadas no carcinoma ductal invasivo e
triplo negativo, ja o cancer de mama ligado ao BRCA2 geralmente apresenta
morfologia semelhante ao cancer de mama esporadico. Estes genes sdo muito

importantes para a estabilidade gendmica, pois estao envolvidos em processos de
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reparo de DNA e checkpoint do ciclo celular. Portanto, € compreensivel que as
formas mutadas destes genes estejam diretamente envolvidos na tumorigénese do
cancer de mama (KITAGISHI et al., 2013; SINN et al., 2013).

2.4 Quimioterapia

De forma geral, o tratamento padrdo para os casos de cancer é cirurgia,
radioterapia e quimioterapia. Porém, em alguns casos, 0 sucesso desses
tratamentos é limitado, uma vez que os tumores podem apresentar metastases ou
ainda resisténcia aos medicamentos (KROL et al., 2010).

Existem outros tipos de abordagens terapéuticas para o cancer, como por
exemplo, a imunoterapia, a terapia alvo-especifica e o transplante de células tronco,
porém a quimioterapia ainda é a abordagem mais utilizada, seja de forma isolada ou
em combinag¢des com outros tratamentos (AMERICAN CANCER SOCIETY).

Os medicamentos antineoplasicos podem ser utilizados isolados ou em
combinacgdes, dependendo do tipo do tumor e do avango da doencga. A quimioterapia
pode ser neoadjuvante (primeira intervengao terapéutica, antes mesmo da cirurgia),
adjuvante (logo apos a cirurgia) ou paliativa, onde o objetivo é amenizar os sintomas
no paciente, ja que nao ha possibilidade de cura (NEIDLE & THURSTON, 2005).

Em muitos casos a terapia neoadjuvante tem a finalidade de reduzir o
tamanho do tumor antes da remocgado cirdrgica e assim facilitar a completa
ressecgao, uma vez que as taxas de sobrevida de pacientes sdo maiores com a total
remogao do tumor primario. Ainda assim, alguns pacientes apresentam recidiva local
ou metastase mesmo apds a completa ressecgao do tumor primario (DOVAL et al.,
2013).

Apesar dos efeitos adversos resultantes da quimioterapia, visto que os
medicamentos ndo diferenciam as células normais das tumorais, o uso de diferentes
drogas com mecanismos de agao diversos faz com que esta seja uma das principais
abordagens de tratamento para o cancer. Isto se da pela grande variabilidade dos
tipos de tumores, nos quais as caracteristicas morfolégicas, genotipicas e
fisiolégicas sao distintas (SHAIKH & SHIH, 2012).

Conforme demonstrado na Figura 6, os quimioterapicos podem ser divididos

em duas classes: ciclo celular especificos, onde exercem sua agao sobre as células
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que encontram-se em divisao; e ciclo celular ndo especificos, que podem atuar nas

células tumorais independente de estarem em divisdo ou em GO.

Figura 6. Fases do ciclo celular em que atuam os agentes quimioterapicos.
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Fonte: Almeida et al., 2005.

A classificacdo dos agentes quimioterapicos disponiveis para o tratamento de
diversos tipos de cancer se da de acordo com o seu respectivo mecanismo de acao.

Na tabela 1, encontra-se um esquema com as principais classes de quimioterapicos.

Tabela 1: Principais classes de quimioterapicos, mecanismo de acéo e

exemplos de diferentes medicamentos antineoplasicos.

Classe Mecanismo de agao Exemplos
Agentes Interagem quimicamente com o Mostardas
Alquilantes DNA, gerando lesbdes que nitrogenadas,
interferem nos processos de agentes platinados,
replicacao e sintese de proteinas. nitrossuréias e

Atuam em todas as fases do ciclo  sulfonatos de alquila.

celular de modo inespecifico.

Agentes Blogueiam bioquimicamente a 5-fluorouracil,
Antimetabdlitos sintese de DNA, portanto, atuam metotrexato,
na fase S do ciclo. Sado citarabina, 6-

extremamente toxicos uma vez mercaptopurina e

que atuam como analogos de floxuridina.
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base, substituindo a base
hidrogenada do acido nucléico,
levando a DNA polimerase ao
erro.
Antraciclinas Estéo inseridos no grupo de
antibidticos anti-tumorais. Atuam
como agentes intercalantes de
DNA e interferem nas enzimas
envolvidas na sua replicacao.
Inibidores de Inibem as topoisomerases através
Topoisomerase do envenenamento da enzima ou
da inibicdo catalitica. As
topoisomerases sao diferenciadas
em tipos | e Il de acordo com seus

mecanismos e propriedades

fisicas.
Inibidores Atuam durante a diviséo celular
Mitéticos ligando-se nas proteinas

microtubulares do fuso mitético
que resulta no bloqueio da
replicagao e perda da viabilidade
celular.

Derivados de Transferem o grupamento platino
Platina na posicao N7 da guanina e da
adenina no DNA através de
pontes mono e bifuncionais que
impedem a replicacao e sintese

do DNA.

Doxorrubicina,
daunorrubicina,

idarrubicina.

Camptotecina,
irinotecano,
topotecano,

etoposideo e

teniposideo.

Alcaldides de vinca
(vimblastina e
vincristina) e taxanos

(paclitaxel).

Cisplatina,
carboplatina e

oxaliplatina.

2.4.1 Resisténcia Tumoral

Apds o tratamento com agentes quimioterapicos, alguns pacientes que

recidivam apresentam o desenvolvimento de resisténcia a multiplas drogas (RMD)

dificultando, assim, a terapéutica (KROL et al., 2010).
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A resisténcia a drogas antitumorais é caracterizada pela auséncia de resposta
ao tratamento em alguns tipos de tumores, sendo um dos maiores obstaculos para o
sucesso da quimioterapia. A habilidade dos tumores de sobreviverem a exposigao
aos agentes citotoxicos em doses maximas toleradas pelos tecidos normais
configura esta resisténcia, que se encontra em cerca de 90% dos casos de céncer
metastatico, onde sao reconhecidos dois tipos de resisténcia: a intrinseca, quando
nao ha resposta ja no primeiro ciclo do tratamento, e a adquirida, quando aparece
apos o segundo ciclo da quimioterapia (YARDLEY, 2013).

No caso, a RMD é do tipo adquirida, na qual ndo se observa resposta do
tumor as drogas utilizadas no inicio da quimioterapia, tanto quanto nas que séo
implementadas ao longo do tratamento (VADLAPATLA et al., 2013).

Os mecanismos envolvidos na RMD s&o diversos e ainda ndo totalmente
compreendidos, pois este tipo de resisténcia atua de forma simultanea em diferentes
sitios de acao, contra uma variedade de agentes citotéxicos com estruturas quimicas
distintas. Inclusive, esta € uma das principais dificuldades em se compreender a
RMD, os medicamentos quimioterapicos utilizados ndo tém analogia estrutural ou
farmacoldgica, como, por exemplo, a vimblastina, que € um alcaloide bisinddlico, e a
doxorrubicina, que € uma antraciclina (KROL et al., 2010; MARQUETTE & NABELL,
2012).

2.5 Derivados Benzimidazoéis

Sao muitas as frentes de atuagdo farmacoldgica de moléculas derivadas
benzimidazdis. Em uma completa revisdo sobre a acado terapéutica dessas
moléculas, Bansal & Silakari (2012) utilizam o termo "Master Key" para denominar o
nucleo benzimidazol como importante agente terapéutico para diferentes alvos
bioldgicos.

Na década de 40, os primeiros estudos acerca do potencial terapéutico do
nucleo benzimidazol (Figura 7) comegaram a ser publicados e especulava-se que o
amplo espectro de atuacéo se devia, principalmente, a similaridade da estrutura do
nucleo benzimidazol com a estrutura das purinas (heterociclicos constituintes do
DNA e RNA) (WOOLLEY, 1943; BRINK & FOLKERS, 1949).
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Figura 7. Comparativo entre a estrutura do nucleo benzimidazol e a estrutura da

purina.
H
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Nucleo Benzimidazol Purina \H

Fonte: Adaptado de Amaral, 2005.

A partir desses estudos, a pesquisa constante e o desenvolvimento de novas
moléculas contendo o nucleo benzimidazol demonstraram um importante avanco na
descoberta de novas drogas (BANSAL & SILAKARI, 2012).

As acbes bioldgicas dos derivados benzimidazodis descritas na literatura
cientifica sdo variadas e entre as principais estdo: anti-inflamatoria, analgésica, anti-
histaminico, antimicrobiana, anti-helmintica, antiviral, anti-hipertensiva, antioxidante,
antiulcera, antibacteriana, antifungica, antitumoral, e outras (BOIANI & GONZALEZ,
2005; BANSAL & SILAKARI, 2012; BAROT et al., 2013; GABA et al., 2014).

Os compostos heterociclicos nitrogenados, como os derivados benzimidazéis,
apresentam também um importante papel no desenvolvimento de agrotéxicos
(fungicidas) e antiparasitarios veterinarios. Heterociclicos nitrogenados sdao mais
abundantes na natureza que os que contém oxigénio ou enxofre, provavelmente
pela ampla distribuicdo de acidos nucléicos envolvidos em quase todos os processos
de plantas e animais (DANAHER et al., 2007).

Todas as sete posicdes do nucleo benzimidazol podem ser substituidas por
diferentes radicais quimicos, embora a maior parte dos compostos biologicamente
ativos sdo os que apresentam os grupos funcionais nas posigdes 1, 2 e/ou 5 ou 6
(YADAV & GANGULY, 2015).

Tamanha versatilidade das moléculas derivadas benzimidazol resultou em

diferentes medicamentos utilizados na clinica, conforme demonstrado na tabela 2:

Tabela 2: Alguns exemplos de medicamentos derivados benzimidazol.
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Medicamento

Acgao

Molécula

Albendazol Anti-helmintico . , /
/\/ A >—O
“ i
Omeprazol Antiulcera —
HyCO—(, ~N
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% \S/ CHj
® OCH;
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Astemizol Anti-histaminico F
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N // \\[/\\
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— i
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Candesartana Anti-hipertensivo %
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2.5.1 Atividade Antitumoral
Sendo o nucleo benzimidazol um isdstero das bases purinicas dos acidos

nucléicos, apresentando uma estrutura que permite a ampla atividade bioldgica,
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estas moléculas sdo importantes para o desenho de novas drogas antitumorais
(YADAV & GANGULY, 2015).

Skibo e colaboradores desenvolveram o pyrrolo[1,2-albenzimidazol, um
potencial agente anticAncer que atua clivando as bases A e G, além de promover a
alquilagao do DNA (SCHULZ et al., 1995).

Uma série de compostos sintetizados a partir da base de uma droga
antitumoral em estudo clinico (SNS-314), derivados de 2-aminobenzimidazol, se
mostraram potentes inibidores de Aurora quinase em linhagens de cancer colorretal
(HCT-116) e em camundongos. Essas quinases s&do expressas na fase G2/M do
ciclo celular e s&o importantes na regulacado da mitose (ZHONG et al., 2009).

Ni e colaboradores desenvolveram uma série de inibidores de quinase
envolvidas em checkpoint, como o 4-(aminoalquilamino)-3-benzimidazol-quinolinone
e observaram o efeito sinérgico desta molécula com a camptotecina, importante
agente citotoxico, em células de melanoma (MDA-MB-435) (NI et al., 2006).

Bis-benzimidazois e seus derivados apresentaram atividade anticancer em
diferentes linhagens celulares. Mostraram-se inibidores de topoisomerase | e Il em
células de cancer de mama (MDA-MB 231), além de uma significativa atividade
contra linhagens que expressaram multirresisténcia da glicoproteina P (BIELAWSKI
et al., 2004; STYSKALA et al., 2008).

Como dito anteriormente, o nucleo benzimidazol € muito versatil e por isso um
importante modelo para o desenho de novas drogas. Complexos de benzimidazois
combinados com metais de transicéo, principalmente o cobre, demonstraram a agao
intercalante da dupla hélice do DNA, promovendo assim, uma alta citotoxicidade em
linhagens tumorais (ZHOU & YANG, 2006).

2.5.2 Derivados Pirimidobenzimidazéis

As pirimidinas sdo compostos heterociclicos, encontrados nos acidos
nucléicos, que contém dois atomos de nitrogénio nas posi¢cdes 1 e 3 do anel (Figura
8).

Figura 8. Estrutura geral de uma pirimidina.
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Pirimidina

Fonte: Amaral, 2005.

Alguns estudos com compostos derivados pirimidinicos revelaram uma série
de atividades farmacoldgicas, incluindo a atividade antitumoral (ZHAO et al., 2012).
Os nitrogénios que se encontram nos anéis pirimidinicos sdo nucleofilicos, podendo
ser alquilados e € esta alquilacdo que determina as potenciais atividades
antitumorais, anti-inflamatdrias, antivirais, entre outras (BRONDANI, 2008).

Em um estudo realizado por Zanatta et al. (2009), os compostos derivados de
3-trifluormetilpirimido[1,2-a] benzimidazois e de 3-oxo-pirimido[1,2-a] benzimidazdis
apresentaram efeito inibitério da topoisomerase | destacando assim o potencial uso
destas moléculas para terapia antitumoral.

No presente trabalho foram estudados compostos derivados de
pirimidobenzimidazdis (Figura 9), sintetizados e gentilmente cedidos pela professora
Simone Schneider Amaral da Universidade de Ciéncias da Saude de Porto Alegre
(UFCSPA).

Figura 9. Estrutura principal dos compostos estudados.

Pirimido[1,2-a]benzimidazol

Fonte: Amaral, 2005.
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A sintese dessas moléculas foi obtida através de reacbes de
ciclocondensacao. A nomenclatura se da conforme a posicado em que os radicais se
encontram nos anéis heterociclicos (mono, di ou tri) (AMARAL, 2005).

A estrutura e a nomenclatura dos compostos denominados PBZ

(pirimidobenzimidazdis) e numerados de 1 a 9, exceto os numeros 7 e 8 (Figura 10).

Figura 10. Estrutura dos compostos PBZs estudados.
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H

(CH5),0OH
Fonte: Amaral, 2005.

Alguns estudos demonstraram a potente citotoxicidade de derivados
pirimidobenzimidazois em diferentes linhagens celulares. A estrutura planar destes
analogos pode facilitar a insergdo no DNA, resultando na quebra da molécula
(ABDEL-MOHSEN et al., 2010; NEOCHORITIS et al., 2011; BANSAL & SILAKARI,
2012;)

Diversos sdao os estudos acerca do mecanismo de acdo de medicamentos
que contenham em sua estrutura o0 nucleo benzimidazol. Entretanto, os
medicamentos estudados ja estdo estabelecidos no mercado, sendo que sao poucas
as moléculas inéditas em suas estruturas, principalmente, em moléculas que
combinam o anel pirimidinico com o nucleo benzimidazol. Diante do exposto,
buscamos neste trabalho elucidar os efeitos citotoxicos e genotoxicos das moléculas

PBZs contribuindo, desta forma, para o estudo do design de novos farmacos.
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3 OBJETIVOS

3.1 Objetivo Geral

Avaliar o potencial citotoxico e genotdxico de compostos derivados
pirimidobenzimidazéis (PBZs) em células tumorais humanas e buscar estabelecer

um possivel mecanismo de agao das moléculas neste modelo de estudo.

3.2 Objetivos Especificos

e Verificar o potencial citotoxico dos diferentes compostos PBZs nas linhagens
tumorais MCF-7 (adenocarcinoma de mama), HCT-116 (carcinoma colorretal),
HepG-2 (carcinoma hepatocelular), HT-29 (adenocarcinomacolorretal),T-24
(cancer de bexiga) e Caco-2 (adenocarcinomacolorretal) e na linhagem nao
tumoral HEK-293 (células de rim de embrido humano), pelo ensaio de MTT. A
partir dos resultados de IC50 e indice de seletividade (IS), realizar demais
ensaios bioldgicos com os compostos mais promissores, como:

o Avaliar a indugédo de danos no DNA dos compostos, utilizando o ensaio
cometa alcalino, bem como a indug¢ao de fosforilagdo da histona H2AX,
por western blot;

o Analisar a progressao de ciclo celular das células tratadas com os
compostos PBZs por citometria de fluxo, com marcacao por iodeto de
propideo;

o Medir a produgao intracelular das espécies reativas de oxigénio pelo

ensaio DCFH-DA, por citometria de fluxo;

o Determinar a frequéncia de células apoptéticas induzidas pelos
compostos, através da medicdo de anexina V, por citometria de fluxo;
o Verificar o potencial transmembranico da mitocOndria, através da

retencédo mitocondrial da rodamina 123, por citometria de fluxo;

o Analisar a inibicdo da enzima topoisomerase | por ensaio de

relaxamento de plasmideo (TopoGEN®).



4 ARTIGO CIENTIFICO

Os resultados e a discussao estdo apresentados na forma de um artigo
cientifico, que sera submetido a revista Investigational New Drugs.

Para facilitar a leitura, as figuras estao inseridas ao longo do texto (diferente
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Abstract

INTRODUCTION: Conventional chemotherapy is the main treatment for cancer and
benefits patients in the form of decreased relapse and metastasis and longer overall
survival. However, as the target therapy drugs is not wholly precise, it also results in
quite a few side effects, and is less efficient in many cancer cells, which are
considered the reason for chemotherapy resistance, relapse, and metastasis. In the
present study, we report the biologic evaluation and molecular mechanism of a series
of substituted 3-trifluoro(oxo)pyrimido[1,2-a] benzimidazoles derivatives (PBZ 1-9)
against the growth of several human cancer cell lines.

METHODS: The potential antitumoral activity of the compounds was evaluated in
vitro by examining the cytotoxic effects against human cancer cell lines (MCF-7,
HepG-2, T-24, HCT-116, HT-29 and Caco-2) and a nontumoral cell HEK-293. After
the treatment the cytotoxicity was expressed as IC50 values, i.e. the concentrations
of the test agent inducing 50% reduction in cell numbers compared with control
cultures. Selective index (SI) was calculated by IC50 in HEK-293 cells/IC50 in
tumoral cells. The well-known drug mitoxantrone (MXT) was used as reference
compound. Compounds showing cytotoxic activities were subjected to others tests.
Genotoxicity induction was analyzed by single-cell gel electrophoresis (comet assay).
The production of reactive oxygen species (ROS) and changes in mitochondrial
membrane potential (AWYm) were studied using specific fluorescence probes,
DCFH(2)-DA (2',7'-dichlorodihydrofluorescein diacetate) and rhodamine-123 by flow
cytometry. The cell cycle was determined by flow cytometry and changes in protein
expression (YH2AX) were examined by western blotting. Topo | activity were
evaluated in a cell-free system.

RESULTS: Our results suggest that PBZ 04, 05 and 09 exerted the highest
cytotoxicity against MCF-7 cells, with an IC50 values of 15.41, 19.52 and 8.11 uM,
respectively. The most promising compound was the PBZ 09 in MCF-7 cells.

Flow cytometric analysis indicates that PBZ 09 alters cell cycle progression, induces
G1 arrest and causes DNA polyploidy (>4N). PBZ 09 generates ROS and yH2AX
phosphorylation. The pretreatment with N-acetyl cysteine (NAC) abrogates PBZ 09-
induced ROS production. Relaxation of the plasmid was inhibited only by PBZ 09.
CONCLUSION: The present work demonstrates that specially PBZ 09 promotes a
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reduction in cell viability by necrosis and apoptosis. According to our results, these
events might be consequence to the putative interaction of PBZ 09 with Topo |
enzyme (direct action) and ROS generation (indirect action). There is an increased
DNA damage with increased levels of yH2AX (known to be a marker of DNA
damage), leading to cell cycle arrest and cell death induction. Our data indicate that

PBZ 09 is a small molecule that may potentially be used for future clinical

management of breast cancer.

Keywords: Trifluoro(oxo)pyrimido[1,2-a] benzimidazoles derivatives, citotoxic

activity, cell death, reactive oxigen species, antitumoral therapy.



45

Introduction

Cancer is the second worldwide cause of death, exceeded only by
cardiovascular diseases [1]. It is characterized by uncontrolled cell proliferation and
an absence of cell death that, except for hematological cancers, generates an
abnormal cell mass or tumor [2]. This primary tumor grows thanks to new
vascularization and, in time, acquires metastatic potential and spreads to other body
sites, which causes metastasis and finally death [3]. Cancer is caused by damage or
mutations in the genetic material of the cells due to environmental or inherited factors
[1,2]. While surgery and radiotherapy are the primary treatment used for local and
non-metastatic cancers, anti-cancer drugs (chemotherapy, hormone and biological

therapies) are the choice currently used in metastatic cancers [1].

Chemotherapy is based on the inhibition of the division of rapidly
growing cells, which is a characteristic of the cancerous cells, but unfortunately, it
also affects normal cells with fast proliferation rates, such as the hair follicles, bone
marrow and gastrointestinal tract cells, generating the characteristic side effects of
chemotherapy [4]. The indiscriminate destruction of normal cells, the toxicity of
conventional chemotherapeutic drugs, as well as the development of multidrug
resistance [5,6], support the need to find new effective targeted treatments based on

the changes in the molecular biology of the tumor cells.

Heterocycles are a class of compounds very well-documented as
important antitumor agents [7]. Among them, heterocyclic isosteres of purine based
nucleic acid such as benzimidazoles, an important scaffold in various biologically
active molecules, are widely explored for development of anticancer agents [8-11]. In
this context, the goal of this research was to investigate a possible antitumor action of
seven pyrimido[1,2-a] benzimidazoles in MCF-7, HepG-2, T-24, HCT-116, HT-29 and

Caco-2 tumoral cells in comparison with HEK-293 non tumoral cell.
Materials and Methods
Chemicals

Dulbecco’s modified Eagle’s medium (DMEM), low-melting-point
agarose (LMP), high-melting-point agarose (HMP), phosphate-buffered saline (PBS;

NasHPO4, KHoPO4 and KCI, pH 7.4), propidium iodide (Pl), mitoxantrone (MXT),

hydrogen peroxide (H20>2), amino acids and nitrogenated bases were purchased from
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Sigma (St. Louis, MO, USA). Fetal bovine serum (FBS) and penicillin/streptomycin
were obtained from Gibco-BRL (Grand Island, NY, USA). Primary antibody (anti-p-
histone H2AX and anti-B-actin) and secondary antibody (anti-rabbit and anti-mouse)
were obtained from Santa Cruz Biotechnology (California, USA). Annexin V-
Phycoerythrin (PE) and 7-Amino-Actinomycin (7-AAD) were purchased from BD

Biosciences (San Diego, CA). All other reagents were of analytical grade.

A series of seven diferent pyrimidobenzimidazoles (Fig. 1) PBZ01 — 4-

phenyl-pyrimido[1,2-a]benzimidazol-2(1H)-one, PBZ02 - 4-(3-
hydroxypropyl)pyrimido[1,2-alenzimidazol-2(1H)-one, PBZ03 - 2,3,4,3a,hexahidro-
5,11a-4-oxo-furano[2’,3’,6,5]pyrimido[1,2-a]benzimidazol-2(1H)-one, PBZ04
pyrimido[1,2-albenzimidazol-2(1H)-one, PBZ05 - 4-methyl-2-
(trifluoromethyl)pyrimido[1,2-albenzimidazole, PBZ06 - 2-
(trifluoromethyl)pyrimido[1,2-albenzimidazole, PBZ09 -  3-(1-hydroxyethyl)-2-

(trifluoromethyl)-pyrimido[1,2-albenzimidazole were prepared as described previously
[12].

PBZ 01 - C1gH11N30 PBZ 02 - C13H13N30-
N H N H
\>\N/ \>\N/
N N
(0] (0]
P H & (CH3):0H
PBZ 03 - C12H11N302 PBZ 04 - C1gH7N30
N H N H
> >
N N
(0] (0]
H H

(CH3),OH =
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PBZ 05 - C12HgF3N3 PBZ 06 - C11HgF3N3
N N
SR iy g
/ \
N S N \
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PBZ 09 - C13H109F3N30

-
a

—

(CH;),0OH

Figure 1.Chemical structure of pyrimidobenzimidazoles PBZ01 - 4-phenyl-
pyrimido[1,2-a] benzimidazol-2(1H)-one, PBZ02 — 4-(3-hydroxypropyl)pyrimido[1,2-

albenzimidazol-2(1H)-one, PBZ03 - 2,3,4,3a,hexahidro-5,11a-4-oxo-
furano[2’,3’,6,5]pyrimido[1,2-a]benzimidazol-2(1H)-one, PBZ04 - pyrimido[1,2-
albenzimidazol-2(1H)-one, PBZ05 — 4-methyl-2- (trifluoromethyl)pyrimido[1,2-

albenzimidazole, PBZ06 — 2-(trifluoromethyl)pyrimido[1,2-albenzimidazole, PBZ09 —
3-(1-hydroxyethyl)-2-(trifluoromethyl)-pyrimido[1,2-a]benzimidazole.

For cell treatments, stock solutions of the PBZs were prepared freshly prior to
use, using dimethylsulfoxide (DMSQO) as solvent. The appropriate concentrations
were obtained by diluting the stock solution in sterile distilled water, and the final
concentration of DMSO in the incubation mixture never exceeded 0.1%. Control
samples were always treated with the same amount of DMSO (0.1% v/v) as used in

the corresponding experiments.

Culture conditions

The human cell lines MCF-7 (breast adenocarcinoma), HepG-2

(hepatoma), T-24 (bladder cancer), Caco-2 (colorectal adenocarcinoma) and HEK-
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293 (human embryonic kidney) were obtained from the Rio de Janeiro Cell Bank (Rio
de Janeiro, RJ, Brazil). The HCT-116 cell (colorectal carcinoma), and HT-29 cell

(colorectal adenocarcinoma) were kindly provided by Dr. Annette K. Larsen (Institut
National de la Santé et de la Recherche Médicale - INSERM, Paris, Franca). All cell
lines except MCF-7 were grown in DMEM supplemented with 10% or 20% (for Caco-

2) FBS, 100 units.mL ' penicilin and 100 pg.mL " streptomycin at 37°C in a

humidified atmosphere of 5% CO». MCF-7 cells were maintained in RPMI-1640
supplemented with 20% FBS at the same conditions described above.

Cell viability assay

The cytotoxic potential of the PBZs were evaluated by the MTT assay in

human tumor cell lines as well as in HEK-293 normal cells. Cells (1 x 104 cells — for

24 h; and 3 x 103 cells — for 72 and 120 h) were seeded on 96-well plates in growth

medium and incubated overnight. Afterwards, PBZs (0.1, 0.5, 2.5, 5.0, and 10 pM)
was added to each well and incubated for 24, 72, and 120h. Mitoxantrone, a
cytostatic anthracenedione that intercalates in DNA and increases the incidence of
double-strand breaks by stabilizing the cleavable complex of topoisomerase Il and

DNA, was used as positive control [13]. At the end of each treatment, cytotoxicity was

assessed by means of the thiazolyl blue tetrazolium bromide [14]. Absorbance was
measured with a SpectraMax reader (Bio-Rad, USA) at a test wavelength of 540nm.

The absorbance of negative control cells was set as 100% viability, and the values

for treated cells were calculated as a percentage of the control.

All other experiments (cell cycle comet, apoptosis, ROS production,
rhodamine 123, protein expression assays and DNA relaxation assays) were
conducted in the breast cancer cell line MCF-7 using PBZ04, PBZ05 and PBZ09
(IC50 = 15.41 uM, 19.52 uM, and 8.11 uM, respectively), as determined by MTT
assay. Cells (2 x 105 cells/mL) were seeded on 6-well tissue culture plates, and

grown for 1 day up to 70-80% confluence before treatment with the test substance.
The PBZs 04, 05 and 09 were added to medium with FBS to obtain the different
concentrations, and cells were treated at 37°C for 24 h in humidified atmosphere

containing 5% COo.

Cell cycle distribution by flow cytometric analysis
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Cell cycle distribution determination analysis was performed as
previously described [15]. After treatment, cells were trypsinized, centrifuged and
resuspended in ice-cold 70% ethanol, and left for 24 h at 4°C. Ethanol-fixed cells
were centrifuged, washed with PBS and resuspended in buffer containing 0.2 mg/mL
RNAse, 50 pyg/mL Pl and 0.1% Triton X-100, and incubated for 30 min at room
temperature. Samples were analyzedona FACS Calibur flow cytometer (Becton-
Dikinson, San Fransisco, CA) using the CellQuest software. A total of 10,000 events
were measured per sample.The data were analyzed to determine the percentage of
cells at each phase of the cell cycle (sub-G1, G1, S and G2/M).

Assessment of apoptosis by flow cytometric analysis

Annexin V-PE was used in conjunction with a vital dye, 7-AAD, to
distinguish apoptotic (Annexin V-PE positive, 7-AAD negative) from necrotic (Annexin
V-PE positive, 7-AAD positive) cells. After treatment, cells were trypsinized, collected
and resuspended in 40 pL of binding buffer with 2 pyL Annexin V-PE. Cells were
incubated for 15 min in the dark at room temperature. After incubation, 160 uL of
binding buffer and 2 uL of 7-AAD were added. Cells were incubated for 5 min and
additional 200 pL of binding buffer were added. Before analysis, cells were filtered
through a cell strainer cap fitted to a polystyrene round bottom flow cytometric tube.
Data were collected and analyzed by a FACS Calibur flow cytometer with CellQuest
software, in a total of 10,000 events per sample; fluorescence was measured and the
percentage of viable, early apoptotic, late apoptotic and necrotic cells was

determined.

Alkaline Comet assay

The alkaline comet assay was performed as previously described [16].

Briefly, 10 uL of cell suspension (1 x 104 cells) treated with PBZs 04, 05 and 09 were

mixed with 90 yL LMP agarose, spread on a normal agarose precoated microscope
slide, and placed at 4°C for 5 min to allow for solidification. Cells were lysed in high

concentration of salt and detergent (2.5 M NaCl, 100 mM Na2EDTA, 10 mM Tris with
1% Triton X-100 and 10% DMSO freshly added) for 2 h. Slides were removed from
lysing solution and washed three times with PBS. Subsequently, cells were exposed
to alkali conditions (300 mM NaOH/1 mM NasEDTA, pH >13, 30 min, 4°C) to allow

DNA unwinding and expression of alkali-labile sites. Electrophoresis was conducted
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for25 min at 25 V and 300 mA (94 V/cm). After electrophoresis, the slides were
neutralized and silver stained [17]. One hundred cells were scored visually according
to the tail length and the amount of DNA present in the tail. Each comet was given an
arbitrary value of 0—4 (0, undamaged; 4, maximally damaged), as described by
Collins et al. [18]. Damage score was thus assigned to each sample and can range
from 0 (completely undamaged: 100 cells X 0) to 400 (with maximum damage: 100
cells X 4). International guidelines and recommendations for the comet assay
consider that visual scoring of comets is a well-validated evaluation method, as it is

highly correlated with computer-based image analysis [18,19].

Reactive oxygen species (ROS) detection by flow cytometric analysis

Levels of intracellular ROS were estimated following treatment with
PBZs 04, 05 and 09 using 2’,7’-dichlorofluorescein diacetate (HoDCFDA, Sigma) as
a fluorescent probe. Detection of oxidative stress was done by incubating the cells
with 20 yM of HoDCFDA for 20 min at 37°C. Cells were then detached by

trypsinization and washed twice with PBS. After filtration through cell strainer cap,
cells were analyzed using a FACSCalibur flow cytometer with CellQuest software in
accordance with Bass et al. [20]. A total of 10,000 events were measured per
sample. DCF fluorescence intensity was shown in arbitrary units. In recovery
experiments, cells were pre-treated with the antioxidante/N-acetyl-cysteine (NAC) (2
mM) for 2 h and then the PBZs were added.

Assay of the electrochemical potential

After treatment cells were incubated with 2 mM Rh123 (rhodamine 123)
for 30 minutes at 37° C, washed, and then resuspended in 100 pL PBS.
Mitochondrial electrochemical potential is correlated to the fluorescence intensity of
Rho123 (with decreased fluorescence signifying loss of the mitochondrial
electrochemical potential) [21]. Flow cytometry was performed using a FACS Calibur
(Becton Dickinson, San Jose, California, United States) with excitation at 488nm and

emission read using a 525-550nm filter (FL1).

Western blotting

The MCF-7 cells (1 x107 cells/mL) were treated with PBZs 04, 05 and
09 at IC50 for 24 h, after which they were washed twice with PBS and resuspended

in lysis buffer (20 mMTris/acetate, pH 7.5, 270 mM sucrose, 1 mM EDTA, 1 mM
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EGTA, 1% Triton X-100, 1 mM ortovanadate, 1 mM sodium glycerophosphate, 5 mM
sodium fluoride, 1 mM sodium pyrophosphate, 5 mMB-mercaptoethanol, 1 mM
bezamidine, 35 ug/mL PMSF, 5 pg/ mL leupeptine). The samples were homogenized
and incubated on ice for 20 min before being centrifuged at 12,000 g for 15 min. The

supernatants were assayed for protein concentration.

For western-blot analyses, a 30 pg sample of total proteins was
separated on 15% SDS-polyacrylamide gel and transferred to a
polyvinylidenedifluoride membrane. The membranes were blocked by incubation in
TBS buffer containing 0.1% Tween-20 and 5% dried milk for 1 h at room temperature
and washed with TBS buffer containing 0.1% Tween-20. They were then blotted
overnight at 4°C with primary antibodies [rabbit polyclonal anti-p-histone H2AX
(1/1000 dilution) and mouse monoclonal anti-B-actin (1/1000 dilution)]. The blots
were washed 3 times with TBS-0.1% Tween and developed with peroxidase-linked
secondary antibodies (1/3000). All blots were developed by ECL Western Blotting
Detection Kit Reagent and detected using a ChemiDoc (Bio-Rad) imaging system. In
recovery experiments, cells were pre-treated with the antioxidante NAC as described

above.

DNA relaxation assay

The inhibitory effects of PBZs 04, 05 and 09 on human Topo | were
measured using Topo | Drug Screening Kit (TopoGEN, Inc, Port Orange, Florida,
USA). Supercoiled (pHOT-1) plasmid DNA (250 ng) was incubated with Topo | (4
units) at 37°C for 30 minin relaxation buffer (10 mMTris buffer pH 7.9, 1 mM EDTA,
0.15 M NaCl, 0.1% BSA, 0.1 mM spermidine and 5% glycerol) in the absence or
presence of compounds. 100 uM of campothecin (CPT) was used as positive control.
The reaction was stopped by addition of 10% SDS (2 pL). Proteinase K (50 pg/mL)
was added and incubated at 37°C for 30 min. DNA samples were subjected to
electrophoresis on a 1% agarose gel for 90 min. at room temperature and visualized
with 0.5 mg/mL ethidium bromide [22].

Statistical analysis
The IC50 values and their 95% confidence intervals (Cl 95%) were

obtained by nonlinear regression using GraphPad Prism v5 program (Intuitive

Software for Science, San Diego, CA, USA). Selective index (Sl) was calculated by
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IC50 in HEK-293 cells/IC50 in tumoral cells. All experiments were independently
repeated at least three times, with triplicate samples for each treatment. Results are
expressed as means * standard deviation (SD). Data were analyzed by one-way
analysis of variance (ANOVA), and means were compared using Tukey test, with P <

0.05 considered as statistically significant.

Results
Effects of PBZs on tumoral cells

Table 1 shows the cytotoxic effects of PBZs on cell lines. The
antiproliferative effects were quantified in terms of IC50 values. The lower the 1C50
value, the higher the antiproliferative activity [23]. The ratio between the cytotoxic
parameters found in HEK-293 cells and those observed in tumoral cell lines can be
considered as a measurement of compound selectivity index (Sl). The Sl value is
also shown in Table 1 (superscript). Each cell line had a different sensitivity and
selectivity to PBZs, as evidenced by IC50 and Sl values. Interestingly, our results
suggest that PBZ 04, 05 and 09 exerted the highest cytotoxicity against MCF-7 cells,
with IC50 values of 15.41, 19.52 and 8.11 uM, respectively. In addition, PBZ04 also
showed a significant inhibitory activity in human cancer cell line T-24 and HepG-2
(Table 1) with IC50 values of 6.90 and 17.67 uM after 24 h of treatment and
potencies of four and two fold greater in those cells than in normal cells (HEK-293),
respectively. When we compared all PBZs, the most resistant cell line was Caco-2,
which showed an IC50 of 44.9 uM, while the MCF-7 cell line was found to be the
most sensitive which an IC50 of 8.11 yM. Considering that breast cancer is an entity
that becomes more prominent day by day, with increasing importance [24], we
chosed the MCF-7 cells for further experiments to verify the cytotoxic mechanisms of
PBZ 04, 05 and 09 in this cell lines. Our results demonstrated that treatment with
PBZ 04, 05 and 09 reduced cell viability in a dose- and time-dependent manner (Fig.
2). The MTT assay confirmed that MCF-7 cells have a higher sensitivity to PBZ-09 at
24, 72 and 120h (Table 1 and Fig. 2). Mitoxantrone, used in this study as a positive

control, demonstrated IC50 values <4 pM in human cell lines (Table 1).
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Figure 2. Cell viability in each HEK-293 and MCF-7 cell lines was assessed by MTT
assay. Cells were treated with increasing concentrations of PBZs 04, 05 and 09 for
24, 72 and 120 h. Data are expressed as the percentage of the control cells and are

the means * standard deviation (SD).

Cell cycle distribution by flow cytometric analysis
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In order to identify the mechanisms underlying PBZ 04, 05 and 09-
induced sensitivity of MCF-7 cells, we examined the effect of them on cell cycle
distribution. After treatment with IC50 values for 24h, cells were analyzed and as
shown in Fig. 3A-B, PBZ 04, 05 and 09 significantly provoked cell cycle arrest
leading to the accumulation of cells in G1 phase and cells at S/G2 phases were
markedly decreased. These results indicated that these compounds increased

sensitivity of MCF-7 cells through inducing G1 phase arrest rather than promoting

apoptosis.
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Figure 3A. Effect of PBZs treatment on the cell cycle distribution. Statistical analysis
was applied for comparing control non-treated cells with treated cells (black bars).

Data are expressed as mean + SD of three independent experiments.
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Figure 3B. Cell cycle profile of MCF-7 cells after 24 hours treatment with PBZs 04,

05 and 09. Purple histogram: control and green line: PBZs treatment.

Cell death

The morphology of treated MCF-7 cells was analyzed using annexin V-
PE/7-AAD staining and the percentages of viable, apoptotic and necrotic cells were
calculated. After 24 h of PBZ 04, 05 and 09 treatment, approximately 7.18%, 9.49%
and 6.13% MCF-7 cells were in late apoptosis (labeled with both annexin V-PE and
7-AAD), and a remarkable decrease was observed in the viable cells population
(unlabeled with either annexin-V or 7-AAD) compared with the untreated control cells
(Fig. 4A-B). The percentage of necrotic cells (labeled with 7-AAD) were high for all
three compounds (16.75%, 19.55% and 28.55% for PBZ 04, 05 and 09,

respectively). So, the dominant cell death type was late apoptosis and necrotic cells.
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Figure 4A. Annexin V assays analyzing in MCF-7 cells treated with IC50 PBZs. The
sum of the percentages of Annexin V and 7-AAD-PE-positive cells was calculated.
Three independent experiments were pooled and analyzed as a combined data set.
Results are expressed as means + standard deviation (SD). Data were analyzed by
one-way analysis of variance (ANOVA), and means were compared using Tukey test,

with P < 0.05 considered as statistically significant.
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Figure 4B. Apoptosis induction in MCF-7 cells. PBZs 04, 05 and 09-induced
apoptosis as shown in the representative example of Annexin V flow cytometry
analysis with the x axis showing Annexin V staining and the y axis 7-amino-
actinomycin D (7-AAD) and phycoerythrin (PE) staining. The percentage of annexin-
V-positive cells was determined in the whole-cell population (10,000 cells) by
FACSCalibur flow cytometry and CELLQuest software. Percentage of cells in each
quadrant, LL: Viable cells (Annexin V =/ PE -), LR: early apoptotic cells (Annexin V

+/ PE -), UL: necrotic cells (Annexin V -/ PE +) and UR: late apoptotic/necrotic cells

(Annexin V +/ PE +).

Genotoxicity induction

The alkaline (pH > 13) comet assay detects DNA strand breaks and
alkali-labile sites. Our results showed that PBZ04 does not generate DNA-strand
breaks. However, PBZ 05 and 09 induce signifcant DNA damage (Fig. 5). MMS (80

MM) was used as positive control.
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Figure 5. Effect of PBZs 04, 05 and 09 after 24 h of treatment on DNA damage index
using MCF-7 cells, determined by comet assay. Control (untreated) or treated cells
with PBZs at concentrations IC50 were used. Data are expressed as mean + SD of
three independent experiments. The alkylating agent methyl methane sulphonate

(MMS) was used as the positive control.
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ROS detection, mitochondrial depolarization and expression of yH2AX

Many compounds may sensitize cancer cells through ROS generation
[23,25-26]. In addition, ROS have also been reported to be important mediators of
apoptosis and also to be related to caspase activation [23]. Consequently, we
investigated whether PBZ 04, 05 and 09 antitumoral activities in MCF-7 cells were
initiated through ROS generation. Results shown in Fig. 6A revealed that both
PBZ04 and PBZ09 induce an increase in intracellular ROS production in MCF-7

cells, as measured by flow cytometry. The intensity of the fluorescence probe
increased in both PBZs (Fig. 6B).

DCF Fluorescence
(Relative units)

Figure 6A. Flow cytometry detection of reactive oxygen species in MCF-7 cells
challenged with PBZs 04, 05 and 09. Cells were treated with IC50s after 24 hours’s
treatment, and 1mM H2O2 (hydrogen peroxide). Mean data for DCF fluorescence.
Results are expressed as means + standard deviation (SD). Data were analyzed by
one-way analysis of variance (ANOVA), and means were compared using Tukey test,

with P < 0.05 considered as statistically significant.
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Figure 6B. Representative histograms: number of cellular events versus
fluorescence intensity. FL1-H: relative DCF fluorescence intensity. Cells were treated
with vehicle negative control, PBZs 04, 05 and 09 after 24 hours’s treatment, and

1mM H202 (hydrogen peroxide).

In order to understand the implications of these findings with regards to
indirect effect of PBZs on ROS production in MCF-7 cells, we treated cells with NAC,
a ROS scavenger, should abrogate ROS effect. The intensity of the fluorescence
probe decreased in both PBZs (Fig. 7).
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DCF Fluorescence
(Relative units)

Figure 7A. PBZ04, 05 and 09-induced 2',7'-dichlorofluoroscein (DCF) fluorescence is
blocked by antioxidants. Cells were pretreated with 2 mM N-acetyl-I-cysteine (NAC)
for 2 h.
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Cells pretreated (2 h) 2 mM NAC plus PBZs (24 h)
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Figure 7B. Representative histograms: number of cellular events versus

fluorescence intensity. FL1-H: relative DCF fluorescence intensity.

Mitochondrial electrochemical potential is correlated to the fluorescence
intensity of Rho123 (with decreased fluorescence signifying loss of the mitochondrial
electrochemical potential) [21]. Our flow cytometry results with MCF-7 cell showed
that after 24 h treatment PBZ 04, 05 and 09 induce significant mitochondrial
depolarization (Fig. 8).
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Figure 8. Decreased of mitochondrial electrochemical potential, with decreased
fluorescence signifying loss of the mitochondrial electrochemical potential. Mean data
for Rho-123 fluorescence. Results are expressed as means * standard deviation
(SD). Data were analyzed by one-way analysis of variance (ANOVA), and means

were compared using Tukey test, with P < 0.05 considered as statistically significant.

ROS are known to induce DNA damage, therefore we evaluated the
expression of the phosphorylated form of H2AX (yH2AX), a well-known marker of
double strand DNA breaks (DSBs) [26]. The protein yH2AX was induced after PBZ
04, 05 and 09 treatment and returned to the baseline levels of untreated cells after
treatment with NAC (Fig. 9). These results suggested that ROS generation promotes
DNA damage in MCF-7 cells treated with PBZ 04, 05 and 09 and therefore

contributes to cell death induction.
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Figure 9. The level of y-H2AX protein induction was analyzed by Western blotting.
Cells were treated with PBZs 04, 05 and 09 for 24 h with or without NAC (2 mM). The

data shown represent three independent experiments with compareble outcomes.

TOPO I inhibition

In addition, the effects of PBZ 04, 05 and 09 on Topo | activity were
evaluated in a cell-free system. Purified human DNA Topo | was incubated with PBZ
04, 05 and 09 in the presence of supercoiled plasmid DNA. Relaxation of the plasmid
was inhibited only by PBZ09 (Fig. 10). The Topo | inhibitor CPT was used as positive

control.
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Figure 10. Inhibition of topoisomerase I-mediated plasmid relaxation in the presence
of PBZs. Line 1 of agarose gel contains marker relaxed DNA. In the negative control,
Topo | enzyme was incubated with the vehicle used for substance dilution (Line 2).
Campothecin (CPT) served as positive control (Line 3). The supercoiled DNA was
incubated with Topo | in the presence of PBZs 04, 05 and 09 at IC50. (Lines 4-6). In
the negative control, Topo | enzyme was incubated with the vehicle used for
substance dilution (Line 4). The DNA was analysed by electrophoresis using a 1%
agarose gel. The gel was stained with ethidium bromide and photographed under UV
light.

Discussion

Lack of selectivity of most cancer chemotherapeutics remains a major

limiting factor and standard cancer drugs such as doxorubicin [28], cisplatin [29], and
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5-fluorouracil [30] have very limited efficacy. The development of new specific
therapies is necessary. In the present study we tested the effect that compounds
derived from pyrimidobenzimidazoles (PBZs) cause against a panel of six human
tumoral cell lines: MCF-7, HepG-2, T-24, HCT-116, HT-29, Caco-2 (Table 1), aiming

to contribute with new therapeutic alternatives.

For this investigation, an initial screening with seven different PBZs in
acute treatment was done, in a tentative to select only the PBZs capable to cause
great impact on cell viabilitty. Subsequently, selected PBZs 04, 05 and 09were used
for long time treatments, in a sub chronic (72 h) and chronic (120 h) treatment just
only in MCF-7 cells (Fig. 2).

Considering the cytotoxic results and selectivity index, we chosed the
24 h treatment to verify the PBZs 04, 05 and 09 cytotoxic mechanisms in tumoral cell
line MCF-7 cells. To determine whether the decrease in cell viability was related to
apoptosis and/or necrosis induction, Annexin V assay was performed in MCF-7 cells
treated with PBZs 04, 05 and 09 (IC50 values) for 24 h. Surprisingly, the three
compounds increased the apoptotic and a great number of necrotic cells. These
agents appear to act rapidly on the mitochondria (Fig. 8), resulting in necrotic cell
death (Fig. 4A-B). The cell data support a great selectivity of PBZ09 for cancer cells
at low drug concentration (8.11 uM), without any noticeable toxicity against human
nontumoral cells. When energy demand is greater than supply as it is seen with
necrosis, cells encounter a bioenergetic catastrophe that leads to necrotic cell death
with a rapid ATP depletion [31-33]. Recently, the Food and Drug Administration
approved anticancer agent topotecan, shown to result in necrotic cell death,
increased levels of major histocompatibility complex class | proteins in breast cancer
cells, leading to increased cytokine release, immune stimulation, and cancer death
[34].

Many compounds may sensitize cancer cells through ROS generation
[23]. Elevated ROS levels cause extensive DNA lesions, PARP1 hyperactivation, and
severe NAD+/ATP depletion that stimulate Ca2+-dependent programmed necrosis
[35]. On the basis of this evidence and our observations, we ascertained the effect of

PBZs 04 and 09 on ROS production (Fig. 6A-B), suggesting that cell death might be
due to the presence of high level of ROS. ROS are highly reactive molecules that can
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oxidize macromolecules, such as DNA [36]. The comet assay is sensitive and
valuable technique to detect primary (repairable) single and double-strand DNA
breaks, as well asalkali-labile sites in the alkaline version. The results indicate that
the three PBZs induced significant DNA strand breaks in MCF-7 cells (Fig. 5).

The cell cycle analysis also showed a significant increase in the fraction
of GO/G1 phase in the treated cells when compared to control cells (Fig. 3A-B).
Induction of GO/G1 growth arrest and DNA polyploidy (>4 N) by a variety of drugs
were associated with increase in DNA damage response and checkpoint proteins like
YH2AX. Level of yH2AX, known to be a marker of DNA damage [37-39], were
increased after PBZs 04, 05 and 09 treatment and level in treatment cells returned to
baseline after treatment with NAC (Fig. 7A-B; Fig. 9).

Planar fused benzimidazole analogs have the potential to get inserted
into the space between the base pairs of DNA resulting in DNA cleavage [7]. Since
PBZs also display a planar structure, we decided to investigate if PBZs could interact
with the Topol enzyme. Consistently, just PBZ09 inhibited human Topo | activity in
vitro (Fig. 10). A key function of topoisomerase | enzyme is relaxation of DNA
supercoiling ahead of the replication and transcription machinery, and during DNA
repair and chromatin remodelling [40,41]. Inhibitors of topoisomerase | block the
second transesterification reaction, which prevents the DNA religation step and
stabilizes the cleavage complex with topoisomerase |. Thus, transient reversible
topoisomerase |-cleavage complex intermediates can be converted into irreversible
DNA lesions upon collision with the DNA replication or transcription machinery. The
DNA replication fork collision with the drug-stalled topoisomerase |-cleavage complex
on the leading strand produces a replication-dependent DNA double-strand end,
resulting in so-called replication fork run-off [42]. On the whole, we consider that
PBZ09 is a potent Topo | inhibitor and acts as a kind of Topo | suppressor. PBZ09
can insert into DNA base pairs, resulting in DNA structure distortion, and then

inhibiting the binding of DNA to Topo I, finally affecting the catalytic activity of Topo I.

Reported literature has shown the various substituted derivatives of
benzimidazole  nucleus  exhibiting remarkable biological activity as
antitumor/antiproliferative/anticancer activity [43]. Based on this activity, a

benzimidazo[1,2-a]quinoline derivative has exerted potent activity on all cell lines
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tested with IC50 of 0.8-30 uM and showed a special selectivity toward HelLa cells

[43]. More fused planar benzimidazole derivatives have been reported to exhibit
potent cytotoxicity. The examplaries include pyrimido[1,2-a]benzimidazole-3(4H)-one
[45] and 1,3-diarylpyrazino[1,2- a] benzimidazole [46]. Bis-benzimidazoles are
another class of compounds exploited in the discovery of an effective anticancer
agent. The Hoechst-33342 is the openers of this series exhibiting in vitro antitumor as
well as DNA topoisomerase | inhibitory activities [47]. N-aminomethyl-1H-
benzimidazole-5-carboxylic acid derivatives showed potent growth-inhibitory activity
against tumoral cell lines and inhibited topoisomerase Il activity at 10 times lower

concentration than etoposide in relaxation assay [48].

Why particular PBZ09 exhibit enhanced cytotoxicity in MCF-7 cancer
cell lines compared with others cancer cells and normal cells, and why this
compound exhibited increased cytotoxicity compared with PBZ04 and 05, it is not
obvious from comparing the chemical structures of these molecules. However, some
correlations of PBZ04, 05 and 09structure and activity can be made. For example,
the compound with a methyl group at the position 4 of the pyrimidine ring (PBZ05,
Fig.1) was less active than the compounds with hydrogen at the same position
(structure PBZ 04 and 09, Fig.1). In addition, the introduction of a hydroxyethyl group
at the position 3 of the pyrimidine ring (PBZ09) seems to enhance cytotoxicity. This
may be associated with the nucleophilicicity of such group which can contribute to its
increased activity in MCF-7 cells. Even taking these features into account, the
cytotoxicity of individual PBZ09 most probably represents a multi-factorial interplay
between innate chemical properties and the metabolic pathways that are active in the

different cell lines.

Conclusions

The present work, demonstrated that especially PBZ09 promotes a
reduction in cell viability by necrosis and apoptosis. According to our results,
summarized in Figure 11, these events might well be consequence to the putative
interaction of PBZ09 with Topo | enzyme (direct action) and ROS generation (indirect
action). There is an increased DNA damage with increased levels of yH2AX (known

to be a marker of DNA damage), leading to cell cycle arrest and cell death induction.
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Our data indicate that PBZ09 is a small molecule that may potentially be used for

future clinical management of breast cancer.

PBZ09

Intercalation
with DNA — Topo I ROS formation |— NAC
inhibition

DNA single and double strand breaks
(SSB and DSB) wd 7H2AX induction

Cell cycle arrest
and mitochondrial
depolarization

|

Necrosis/
apoptosis

Figure 11. Schematic representation of the plausible molecular mechanism proposed
for the induction of cytotoxicity by PBZ09. The induction of single (SSB) and double
(DSB) strand breaks originated by topoisomarese | inhibition and/or ROS formation

as the main mechanisms involved in cell death.
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5 CONSIDERAGOES FINAIS

O conjunto de dados gerados neste trabalho evidencia que uma nova classe
de compostos pirimidobenzimidazéis (PBZs) possui potencial citotoxico para o
tratamento do cancer, especialmente para o cancer de mama. Dentre os sete
compostos testados, os PBZs 04, 05 e 09 foram capazes de inibir o crescimento da
linhagem tumoral MCF-7 na faixa do IC50 de 20 uM, sendo o PBZ 09 o mais efetivo
na citotoxicidade nesta mesma linhagem (8,11 uM) e com a seletividade de 3x maior

em comparagao as células ndo tumorais (HEK-293).

A interacdo direta do composto PBZ 09 com enzima topoisomerase |, além da
sua capacidade de induzir a formagdo de espécies ativas de oxigénio e o
consequente aumento de danos no DNA, parecem ser 0s principais responsaveis

pela indugdo da morte celular observada.

Para corroborar se de fato houve o aumento de espécies reativas de oxigénio,
as células foram previamente tratadas, durante 2 h, com N-acetilcisteina (2 mM). A
N-acetilcisteina € um antioxidante que atua diretamente como sequestrador de
radicais livres, além de ser um precursor da glutationa importante antioxidante
presente no organismo. De fato, a N-acetilsisteina inibiu a produ¢do de ERO
causada pelos PBZs 04 e 09, conforme demonstrado pela diminuicdo da intensidade

relativa do fluoréforo DCF e na expressao da proteina fosforilada yH2AX.

Portanto, o PBZ 09 parece ser uma molécula promissora para futuros estudos
in vivo, uma vez que foi bastante seletiva para a linhagem tumoral MCF-7 e né&o
afetou a linhagem normal, situagdo ideal que se busca para os esquemas

quimioterapicos.
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6 PERSPECTIVAS

* Realizar ensaios de viabilidade, ciclo e morte celular em tempos mais longos
de exposicdo com os PBZs 04, 05 e 09, utilizando também outras linhagens de
cancer de mama;

* Avaliar o envolvimento de caspases sinalizadoras e efetoras na resposta
celular induzida pelos compostos PBZs 04, 05 e 09;

* Verificar a expressdao de genes de reparo de DNA antes e apds os
tratamentos;

+ Utilizagcdo de um modelo in vivo de cancer de mama para averiguar a agao

dos PBZs 04, 05 e 09.
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the consecutive numbering of the main text. Do not number the appendix figures,

"A1, A2, A3, etc." Figures in online appendices (Electronic Supplementary
Material) should, however, be numbered separately.

Figure Captions
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depicts. Include the captions in the text file of the manuscript, not in the figure file.

# Figure captions begin with the term Fig. in bold type, followed by the figure
number, also in bold type.

& No punctuation is to be included after the number, nor is any punctuation to
be placed at the end of the caption.

# |dentify all elements found in the figure in the figure caption; and use boxes,
circles, etc., as coordinate points in graphs.

# |dentify previously published material by giving the original source in the form of
a reference citation at the end of the figure caption.

Figure Placement and Size

Figures should be submitted separately from the text, if possible.

When preparing your figures, size figures to fit in the column width.

For most journals the figures should be 39 mm, 84 mm, 129 mm, or 174 mm
wide and not higher than 234 mm.

For books and book-sized journals, the figures should be 80 mm or 122 mm
wide and not higher than 198 mm.

Permissions

If you include figures that have already been published elsewhere, you must obtain
permission from the copyright owner(s) for both the print and online format. Please be
aware that some publishers do not grant electronic rights for free and that Springer will not
be able to refund any costs that may have occurred to receive these permissions. In such
cases, material from other sources should be used.

Accessibility

In order to give people of all abilities and disabilities access to the content of your
figures, please make sure that

All figures have descriptive captions (blind users could then use a text-to-
speech software or a text-to-Braille hardware)

Patterns are used instead of or in addition to colors for conveying information
(colorblind users would then be able to distinguish the visual elements)

Any figure lettering has a contrast ratio of at least 4.5:1

ELECTRONIC SUPPLEMENTARY MATERIAL

Springer accepts electronic multimedia files (animations, movies, audio, etc.) and other
supplementary files to be published online along with an article or a book chapter. This
feature can add dimension to the author's article, as certain information cannot be printed
or is more convenient in electronic form.

Submission

Supply all supplementary material in standard file formats.
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Please include in each file the following information: article title, journal name,
author names; affiliation and e-mail address of the corresponding author.

To accommodate user downloads, please keep in mind that larger-sized files
may require very long download times and that some users may experience
other problems during downloading.

Audio, Video, and Animations
Resolution: 16:9 or 4:3
Maximum file size: 25 GB
Minimum video duration: 1 sec
Supported file formats: avi, wmv, mp4, mov, m2p, mp2, mpg, mpeg, flv, mxf,
mts, m4v, 3gp

Text and Presentations
Submit your material in PDF format; .doc or .ppt files are not suitable for long-

term viability.
A collection of figures may also be combined in a PDF file.

Spreadsheets

Spreadsheets should be converted to PDF if no interaction with the data is
intended. If the readers should be encouraged to make their own calculations,
spreadsheets should be submitted as .xIs files (MS Excel).

Specialized Formats

Specialized format such as .pdb (chemical), .wrl (VRML), .nb
(Mathematica notebook), and .tex can also be supplied.

Collecting Multiple Files
It is possible to collect multiple files in a .zip or .gz file.

Numbering

If supplying any supplementary material, the text must make specific mention of
the material as a citation, similar to that of figures and tables.

Refer to the supplementary files as “Online Resource”, e.g., "... as shown in the
animation (Online Resource 3)", “... additional data are given in Online Resource
4”. Name the files consecutively, e.g. “ESM_3.mpg”, “ESM_4.pdf".

Captions

For each supplementary material, please supply a concise caption describing
the content of the file.

Processing of supplementary files

Electronic supplementary material will be published as received from the
author without any conversion, editing, or reformatting.

Accessibility

In order to give people of all abilities and disabilities access to the content of
your supplementary files, please make sure that
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The manuscript contains a descriptive caption for each supplementary material
Video files do not contain anything that flashes more than three times per second
(so that users prone to seizures caused by such effects are not put at risk)

DOES SPRINGER PROVIDE ENGLISH LANGUAGE SUPPORT?

Manuscripts that are accepted for publication will be checked by our copyeditors for spelling and

formal style. This may not be sufficient if English is not your native language and substantial editing
would be required. In that case, you may want to have your manuscript edited by a native speaker
prior to submission. A clear and concise language will help editors and reviewers concentrate on the
scientific content of your paper and thus smooth the peer review process.

The following editing service provides language editing for scientific articles in all areas Springer

publishes in:

Edanz English editing for scientists

Use of an editing service is neither a requirement nor a guarantee of acceptance for publication.

Please contact the editing service directly to make arrangements for editing and payment.

For Authors from China
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ETHICAL RESPONSIBILITIES OF AUTHORS

This journal is committed to upholding the integrity of the scientific record. As a member of
the Committee on Publication Ethics (COPE) the journal will follow the COPE guidelines on
how to deal with potential acts of misconduct.

Authors should refrain from misrepresenting research results which could damage the trust
in the journal, the professionalism of scientific authorship, and ultimately the entire scientific
endeavour. Maintaining integrity of the research and its presentation can be achieved by
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following the rules of good scientific practice, which include:

& The manuscript has not been submitted to more than one journal for
simultaneous consideration.

& The manuscript has not been published previously (partly or in full), unless the
new work concerns an expansion of previous work (please provide transparency
on the re-use of material to avoid the hint of text-recycling (“self-plagiarism”)).

= A single study is not split up into several parts to increase the quantity of
submissions and submitted to various journals or to one journal over time
(e.g. “salami-publishing”).

& No data have been fabricated or manipulated (including images) to support
your conclusions

= No data, text, or theories by others are presented as if they were the author’'s own
(“plagiarism”). Proper acknowledgements to other works must be given (this
includes material that is closely copied (near verbatim), summarized and/or
paraphrased), quotation marks are used for verbatim copying of material, and
permissions are secured for material that is copyrighted.

Important note: the journal may use software to screen for plagiarism.

= Consent to submit has been received explicitly from all co-authors, as well as
from the responsible authorities - tacitly or explicitly - at the institute/organization
where the work has been carried out, before the work is submitted.

= Authors whose names appear on the submission have contributed sufficiently to
the scientific work and therefore share collective responsibility and accountability
for the results.

In addition:

Changes of authorship or in the order of authors are not accepted after
acceptance of a manuscript.

Requesting to add or delete authors at revision stage, proof stage, or after
publication is a serious matter and may be considered when justifiably warranted.
Justification for changes in authorship must be compelling and may be considered
only after receipt of written approval from all authors and a convincing, detailed
explanation about the role/deletion of the new/deleted author. In case of changes
at revision stage, a letter must accompany the revised manuscript. In case of
changes after acceptance or publication, the request and documentation must be
sent via the Publisher to the Editor-in-Chief. In all cases, further documentation
may be required to support your request. The decision on accepting the change
rests with the Editor-in-Chief of the journal and may be turned down. Therefore
authors are strongly advised to ensure the correct author group, corresponding
author, and order of authors at submission.

Upon request authors should be prepared to send relevant documentation or data
in order to verify the validity of the results. This could be in the form of raw data,
samples, records, etc.

If there is a suspicion of misconduct, the journal will carry out an investigation following the
COPE guidelines. If, after investigation, the allegation seems to raise valid concerns, the
accused author will be contacted and given an opportunity to address the issue. If
misconduct has been established beyond reasonable doubt, this may result in the Editor-
in-Chief's implementation of the following measures, including, but not limited to:

If the article is still under consideration, it may be rejected and returned to the author.
If the article has already been published online, depending on the nature and
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severity of the infraction, either an erratum will be placed with the article or in
severe cases complete retraction of the article will occur. The reason must be
given in the published erratum or retraction note.

The author’s institution may be informed.

COMPLIANCE WITH ETHICAL STANDARDS

To ensure objectivity and transparency in research and to ensure that accepted principles of
ethical and professional conduct have been followed, authors should include information
regarding sources of funding, potential conflicts of interest (financial or non-financial),
informed consent if the research involved human participants, and a statement on welfare of
animals if the research involved animals.

Authors should include the following statements (if applicable) in a separate section

entitled “Compliance with Ethical Standards” when submitting a paper:

Disclosure of potential conflicts of interest

Research involving Human Participants and/or Animals

Informed consent
Please note that standards could vary slightly per journal dependent on their peer review
policies (i.e. single or double blind peer review) as well as per journal subject discipline.
Before submitting your article check the instructions following this section carefully.

The corresponding author should be prepared to collect documentation of compliance
with ethical standards and send if requested during peer review or after publication.

The Editors reserve the right to reject manuscripts that do not comply with the above-
mentioned guidelines. The author will be held responsible for false statements or failure to
fulfill the above-mentioned guidelines.

RESEARCH INVOLVING HUMAN PARTICIPANTS AND/OR ANIMALS

1) Statement of human rights

When reporting studies that involve human participants, authors should include a statement that the
studies have been approved by the appropriate institutional and/or national research ethics
committee and have been performed in accordance with the ethical standards as laid down in the
1964 Declaration of Helsinki and its later amendments or comparable ethical standards.

If doubt exists whether the research was conducted in accordance with the 1964 Helsinki
Declaration or comparable standards, the authors must explain the reasons for their
approach, and demonstrate that the independent ethics committee or institutional review
board explicitly approved the doubtful aspects of the study.

The following statements should be included in the text before the References section:

Ethical approval: “All procedures performed in studies involving human participants were
in accordance with the ethical standards of the institutional and/or national research
committee and with the 1964 Helsinki declaration and its later amendments or comparable
ethical standards.”

For retrospective studies, please add the following sentence:
“For this type of study formal consent is not required.”
2) Statement on the welfare of animals

The welfare of animals used for research must be respected. When reporting experiments
on animals, authors should indicate whether the international, national, and/or institutional
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guidelines for the care and use of animals have been followed, and that the studies have
been approved by a research ethics committee at the institution or practice at which the
studies were conducted (where such a committee exists).

For studies with animals, the following statement should be included in the text before the
References section:

Ethical approval: “All applicable international, national, and/or institutional guidelines for
the care and use of animals were followed.”

If applicable (where such a committee exists): “All procedures performed in studies
involving animals were in accordance with the ethical standards of the institution or practice
at which the studies were conducted.”

If articles do not contain studies with human participants or animals by any of the
authors, please select one of the following statements:

“This article does not contain any studies with human participants performed by any of
the authors.”

“This article does not contain any studies with animals performed by any of the authors.”

“This article does not contain any studies with human participants or animals performed by
any of the authors.”

INFORMED CONSENT

All individuals have individual rights that are not to be infringed. Individual participants in
studies have, for example, the right to decide what happens to the (identifiable) personal data
gathered, to what they have said during a study or an interview, as well as to any photograph
that was taken. Hence it is important that all participants gave their informed consent in
writing prior to inclusion in the study. Identifying details (names, dates of birth, identity
numbers and other information) of the participants that were studied should not be published
in written descriptions, photographs, and genetic profiles unless the information is essential
for scientific purposes and the participant (or parent or guardian if the participant is
incapable) gave written informed consent for publication. Complete anonymity is difficult to
achieve in some cases, and informed consent should be obtained if there is any doubt. For
example, masking the eye region in photographs of participants is inadequate protection of
anonymity. If identifying characteristics are altered to protect anonymity, such as in genetic
profiles, authors should provide assurance that alterations do not distort scientific meaning.

The following statement should be included:

Informed consent: “Informed consent was obtained from all individual participants included
in the study.”

If identifying information about participants is available in the article, the following

statement should be included:

“Additional informed consent was obtained from all individual participants for whom
identifying information is included in this article.”

AFTER ACCEPTANCE

Upon acceptance of your article you will receive a link to the special Author Query Application
at Springer’'s web page where you can sign the Copyright Transfer Statement online and
indicate whether you wish to order OpenChoice and offprints.

Once the Author Query Application has been completed, your article will be processed and
you will receive the proofs.
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Open Choice

In addition to the normal publication process (whereby an article is submitted to the journal
and access to that article is granted to customers who have purchased a subscription),
Springer now provides an alternative publishing option: Springer Open Choice. A Springer
Open Choice article receives all the benefits of a regular subscription-based article, but in
addition is made available publicly through Springer’s online platform SpringerLink.

Springer Open Choice

Copyright transfer

Authors will be asked to transfer copyright of the article to the Publisher (or grant the
Publisher exclusive publication and dissemination rights). This will ensure the widest
possible protection and dissemination of information under copyright laws.

Open Choice articles do not require transfer of copyright as the copyright remains with the
author. In opting for open access, the author(s) agree to publish the article under the
Creative Commons Attribution License..

Offprints

Offprints can be ordered by the corresponding author.
Color illustrations

Publication of color illustrations is free of charge.
Proof reading

The purpose of the proof is to check for typesetting or conversion errors and the completeness and
accuracy of the text, tables and figures. Substantial changes in content, e.g., new results,

corrected values, title and authorship, are not allowed without the approval of the Editor.

After online publication, further changes can only be made in the form of an Erratum, which
will be hyperlinked to the article.

Online First

The article will be published online after receipt of the corrected proofs. This is the official first
publication citable with the DOI. After release of the printed version, the paper can also be
cited by issue and page numbers.
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