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RESUMO

A ativacdo da via p53 por inibicdo de MDM2 tem sido proposta como uma
nova estratégia para o desenvolvimento de novos agentes antitumorais.
Analogos da cis-imidazolina chamados nutlins apresentaram habilidade em
bloguear a ligagdo da proteina p53 a MDM2, de forma a prevenir a
degradacéo da p53 e exibir atividade antitumoral in vivo e antiproliferativa in
vitro. Tendo em vista o potencial antitumoral dos nutlins e sua complexa
producdo, foram planejados e sintetizados analogos como o LQFMO030,
empregando a estratégia da simplificagdo molecular. Assim, o objetivo deste
trabalho foi avaliar a atividade antitumoral in vivo e antiproliferativa in vitro do
composto LQFMO030 utilizando o modelo experimental do tumor ascitico de
Ehrlich (TAE). Para a avaliacdo da atividade antitumoral in vivo foram
utilizados camundongos swiss albinos machos tratados por 10 dias com 50,
75 ou 150 mg/Kg do composto LQFMO030. ApoOs o tratamento, a atividade
antitumoral do composto foi avaliada pela diferenca de peso e do volume de
liquido ascitico, pelo numero de células tumorais utilizando o teste de
exclusdo do azul de tripano, pela angiogénese peritonial e pela producéao de
VEGF. Os mecanismos antitumorais foram avaliados por citometria de fluxo
e avaliou-se ainda os parametros hematoldgicos e bioquimicos dos animais.
A atividade antiproliferativa in vitro foi avaliada em células do TAE pelo
método da exclusdo do azul de tripano e os mecanismos envolvidos na
morte das células do TAE foram investigados por microscopia Optica e de
fluorescéncia, citometria de fluxo, PCR em tempo real e western blot. Os
dados foram analisados por andlise de variancia (one-way ANOVA) e teste a
posteriori de Newman-Keuls para comparacdo de médias ou por teste de t
com o auxilio do programa Graph pad prism. As médias foram consideradas
estatisticamente significativas quando p < 0,05. O composto LQFMO030 foi
capaz de inibir o tumor dos animais portadores do TAE de maneira dose-
dependente, com uma DEs, de 150 mg/kg. Houve reducdo ainda na
angiogénese peritonial, na produgdo de VEGF e o tratamento ndo alterou
significativamente os parametros hematologicos e bioguimicos dos animais.
O tratamento in vitro também apresentou atividade antiproliferativa e
citotoxica concentracdo-dependente, aumentou a expressdo da proteina p53
e ativou a via da p53 (através da ativacdo das proteinas p21 e p27 e
reducdo da MDM2). O composto também causou retencdo das células na
fase G1 do ciclo celular e levou as células a apoptose. A apoptose ainda foi
observada pela morfologia das células, pela fragmentacdo de DNA, pela
externalizacdo da fosfatidilserina e pela ativacdo de caspases iniciadoras e
efetoras. A transcricio do gene p53 ndo foi afetada pelo LQFMO030,
indicando que a regulacdo da p53 foi pds-transcricional. Assim como 0s
nutlins, LQFMO030 apresentou atividade antitumoral in vivo e antiproliferativa
in vitro, provavelmente por inibir a interagdo p53-MDM2 e reativar p53 com
suas principais fungdes, a retencdo no ciclo celular e a apoptose. Esses
resultados sugerem que LQFMO030 € um interessante candidato no
desenvolvimento de novos agentes terapéuticos antitumorais.
Palavras-chave: LQFMO030; nutlin; apoptose; p53; MDM2; tumor ascitico de
Ehrlich.
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ABSTRACT

Activation of the p53 pathway by inhibition of MDM2 has been proposed as a
new strategy for developing new anti-tumor agents. Analogs of cis-
imidazoline called nutlins showed ability to block the binding of p53 to MDM2,
preventing p53 degradation and thus exhibiting in vivo anti-tumor and in vitro
antiproliferative activities. In view of the anti-tumor potential of the nutlins and
their complex production, we designed and synthesized analogues as
LQFMO030 by employing the strategy of molecular simplification. The aim of
this study was to evaluate the anti-tumor activity in vivo and the
antiproliferative activity in vitro of the LQFM030 compound in the
experimental model Ehrlich ascites tumor (EAT). For evaluation of anti-tumor
activity in vivo we used male Swiss albino mice that were treated for 10 days
with 50, 75 or 150 mg / kg of the compound LQFMO030. After treatment, the
anti-tumor activity of the compound was assessed by the difference of the
weight and ascitic fluid volume, number of tumor cells by trypan blue
exclusion test, peritoneal angiogenesis and the VEGF production. The anti-
tumor mechanisms were assessed by flow cytometry and we also assessed
hematological and biochemical parameters of the animals. The in vitro
antiproliferative activity was evaluated in EAT cells by using the trypan blue
exclusion method, and the mechanisms involved in the death of EAT cells
were investigated by optical and fluorescence microscopy, flow cytometry,
real-time PCR and western blot. Data were analyzed by analysis of variance
(one-way ANOVA) and subsequent Newman-Keuls test to compare means
or by t test using the Graph pad prism program. Means were considered
statistically significant when p<0.05. The LQFMO030 compound was able to
inhibit the tumor of EAT bearing animals in a dose-dependent manner with
an EDsy of 150 mg/kg. We also observed reduction in peritoneal
angiogenesis and in VEGF production, and the treatment did not significantly
change the hematological and biochemical parameters of the animals. The in
vitro treatment also showed antiproliferative and cytotoxic concentration-
dependent activities, increased the expression of p53 protein and activated
the p53 pathway (through activation of proteins p21 and p27 and MDM2
reduction). Furthermore, the compound caused a retention of EAT cells in the
G1 phase of the cell cycle and led the cells to apoptosis. We observed
apoptosis by the morphology of the cells, DNA fragmentation, externalization
of phosphatidylserine and by activation of initiator and effector caspases. The
transcription of p53 was not affected by LQFMO030, indicating that the
regulation of p53 was post-transcriptional. Just as nutlins, LQFM030 showed
antitumor activity in vivo and antiproliferative activity in vitro, probably by
inhibiting the p53-MDM2 interaction and reactivating p53 and its main
functions, the retention in the cell cycle and apoptosis. These results suggest
that LQFMO30 is an interesting candidate in the development of new anti-
tumor therapeutic agents.

Keywords: LQFMO030; nutlin; apoptosis; p53; MDMZ2; Ehrlich ascites tumor
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1. INTRODUCAO

1.1 Céncer

O cancer (ou neoplasia maligna) € a desregulacdo da homeostase e
dos mecanismos que regem o controle do crescimento e da replicacdo
celular. Dentre 0s mecanismos que contribuem para o desenvolvimento do
cancer estdo a auto-suficiéncia em relacdo aos sinais de crescimento, a
angiogénese, o potencial replicativo ilimitado, a invasdo dos tecidos e
metastase e a evasdo da apoptose e insensibilidade aos sinais anti-
crescimento (COSTA, 2005). A progressdo de um tecido normal para um
cancer invasivo é caracterizada por mudancas geneéticas e epigenéticas

(UMAR; DUNN; GREENWALD, 2012) (Figura 1).

Figura 1: Transformacdo de um tecido normal em um céncer invasivo. Uma célula é
transformada por mudancas genéticas e/ou epigenéticas, passa a ter potencial
replicativo ilimitado e insensibilidade aos sinais anti-crescimento, levando a displasia.
Na fase severa da displasia, o0 tecido passa a ter células atipicas e angiogénese,

culminando com a metastase.

Cancer
invasivo

Carcinoma in

Displasia Displasia
moderada severa

Inicio da

Tecido normal transformagao

Displasia leve

Adaptado de: UMAR; DUNN; GREENWALD, 2012.
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O cancer tem sido uma das doencas mais temidas desde o século 20.
A incidéncia tem aumentado continuamente no mundo com o aumento da
expectativa de vida da populacédo, fazendo com que esta doenca seja a
causa mais comum de morte nos paises desenvolvidos e a segunda nos
paises em desenvolvimento, onde esta doenca esta em ascencéo
(AGRAWAL et al., 2011; CHOUDHURY; GUPTA; MAJUMDER, 2010;
UMAR; DUNN; GREENWALD, 2012).

Em 2007, o cancer foi responsavel por 7,9 milhdes de mortes (cerca
de 13% das mortes do mundo), sendo 38% nos paises desenvolvidos e 62%
nos paises em desenvolvimento. Estima-se que em 2030, surjam 27 milhdes
de novos casos de cancer, com 17 milhdes de mortes e 75 milhbes de
pessoas vivas com cancer, anualmente, no mundo (AGRAWAL et al., 2011;
BRASIL, 2011).

Atualmente, o cancer tem atingido principalmente os paises em
desenvolvimento, entre eles o Brasil. A estimativa de incidéncia de cancer
para 2012 e 2013 no Brasil € de mais de 518 mil casos novos, sendo 18.400
novos casos para o Estado de Goias e 4.980 para Goiania (BRASIL, 2011).

Assim, o cancer é um sério problema de saude publica mundial e, no
Brasil, esse problema tem ganhado relevancia e o tema tem conquistado
espaco nas agendas politicas e técnicas de todas as esferas do governo,
visando estabelecer prioridades e alocar recursos de forma direcionada para
a modificagdo do atual cenario (BRASIL, 2011).

Outro problema relacionado ao cancer € que em pacientes com esta
doenca em estagio avancado, a formacdo de ascite € frequentemente

observada. E uma vez que ocorra a acumulacdo ascitica, envolvendo
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disseminagdo intraperitonial, o prognostico € ruim (BROMBERG et al.,

2010).

1.2 Tumor ascitico de Ehrlich

O tumor ascitico de Ehrlich (TAE), originalmente descrito por Ehrlich e
Apollant em 1905 como um adenocarcinoma de mama, teve origem
espontanea em camundongos. Este modelo experimental oferece
oportunidades de estudos que auxiliam na compreenséo da resposta imune
do hospedeiro, bem como na avaliacdo da atividade e mecanismo de acdo
dos compostos, com perspectivas de desenvolvimento de novos agentes
quimioterapicos (MOTA, 2010).

A maior parte dos farmacos citotdxicos atualmente disponiveis foi
descoberta utilizando-se tumores transplantaveis em camundongos
(BROMBERG et al., 2010). Esta é uma estratégia interessante visto que
alguns carcinomas de camundongos possuem perfis citogenéticos tipicos de
carcinomas humanos e existem muitas semelhancas entre as caracteristicas
do cancer em humanos e em roedores (ANISIMOV; UKRAINTSEVA,
YASHIN, 2005).

O uso de modelos animais € importante para obter uma visdo
dindmica de um cancer desde sua origem até estagios mais tardios
observados em pacientes e para testar compostos quimicos como potenciais
farmacos. Além disso, a expressdo de genes em culturas primarias de
células tumorais representa muito mais as caracteristicas do tumor in vivo

gue linhagens de células tumorais (VAN STAVEREN et al., 2009).

Introdugdio 3



O TAE é amplamente utilizado porque se mostra bastante vantajoso
frente a outros tumores; por apresentar inespecificidade; por ndo regredir de
forma espontéanea; por ser facilmente transplantavel no tecido cutaneo ou no
peritdbneo, desenvolvendo-se em tumor solido ou ascitico, respectivamente,
e por apresentar um comportamento agressivo, pois cresce rapidamente.
Mesmo quando implantado com um numero reduzido de células é capaz de
crescer em todos os animais que séo transplantados (BROMBERG et al.,
2010; MOTA, 2010).

ApoGs aproximadamente 7 dias de inoculacdo das células tumorais na
cavidade abdominal, nota-se a presenca de grande quantidade de fluido
viscoso e de aspecto leitoso, contendo células tumorais em sua grande
maioria, além de macréfagos e algumas hemaceas e leucdcitos. Estas
células apresentam-se pleomoérficas, com diametro de 3 a 4 vezes superior
ao das hemaceas, além de nudcleos de formas variaveis, com nucléolos

Unicos ou multiplos, de diferentes tamanhos (MOTA, 2010).

1.3 Angiogénese
A angiogénese é a formacao de novos vasos sanguineos a partir do
endotélio preexistente. Este processo € complexo e depende da degradacédo
da matriz extracelular e da proliferacdo, migracdo e diferenciacéo
morfolégica (para formar tubos) das células endoteliais (KUMAR et al.,
2009).

A angiogénese € fundamental para condi¢cdes fisiologicas e

patolégicas como na cicatrizacdo de lesdes, no desenvolvimento
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embrionario, na inflamacéo crénica, na progressédo tumoral e na mestastase
(KUMAR et al., 2009).

Um tumor requer suprimento adequado de sangue para crescimento,
desenvolvimento e metastase (D'SOUZA et al., 2010). Estudos
experimentais in vivo tém demonstrado que o crescimento tumoral e a
metéstase sdo dependentes da angiogénese (KUMAR et al., 2009).

A angiogénese tumoral envolve a interacdo entre as células tumorais,
as células endoteliais, os fagocitos e os fatores secretados por eles, que
podem atuar como promotores ou inibidores da angiogénese (EL-AZAB et
al., 2011). O processo angiogénico € controlado por uma variedade de
reguladores, positivos e negativos, como fatores de crescimento, citocinas,
metabalitos lipidicos e fragmentos cripticos de proteinas hemostaticas. Entre
estas moléculas, o fator de crescimento endotelial vascular (VEGF), um fator
angiogénico soluvel produzido tanto por células normais quanto por células
tumorais, desempenha um papel fundamental na regulacdo da angiogénese
normal e patogénica (KUMAR et al., 2009).

Tanto a angiogénese normal quanto a tumoral dependem fortemente
do VEGF, a citocina angiogénica mais importante no cancer, cujo efeito
angiogénico € mediado pela ligacdo com seus receptores (tipo-1, tipo-2 ou
FIk-1 e tipo-3), tirosina-quinases transmembranicas encontradas
predominantemente em células endoteliais, que, apds a ligacdo com o
VEGF, estimulam a cascata de transducéo de sinal (SUDDEK, 2011).

O VEGF estimula as células endoteliais a secretar proteases e
ativadores de plasminogénio, resultando na degradacao da membrana basal

dos vasos sanguineos, 0 que permite que as células invadam a matriz
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adjacente. Ap0s a migracdo, as células proliferam e se diferenciam em
novos vasos (KUMAR et al., 2009; EL-AZAB et al., 2011).

O TAE é um exemplo de tumor angiogénese-dependente, que cresce
induzindo a angiogénese na parede peritonial. A grande maioria dos tumores
humanos e animais possui superexpressao de VEGF (EL-AZAB et al., 2011;
SUDDEK, 2011), incluindo a ascite maligna (KUMAR et al., 2009). No TAE, o
VEGF desempenha um papel fundamental no aumento do liquido ascitico e
das células tumorais (KUMAR et al., 2009).

Assim, outra estratégia antitumoral interessante € o desenvolvimento
de agentes que inibam a angiogénese e o crescimento tumoral. Estudos tém
demonstrado que uma interferéncia no mecanismo do receptor VEGF leva a

inibicdo do crescimento tumoral (D’SOUZA et al., 2010).

1.4 O ciclo celular e as proteinas p53 e MDM2

A divisdo celular consiste de dois estagios, a mitose, isto é, o
processo de divisdo nuclear, e a interfase, o intervalo entre duas mitoses. A
interfase divide-se nas fases G1, S e G2. Na fase G1 (gap 1 ou primeiro
intervalo) a célula se prepara para a sintese de DNA. Na fase S ocorre a
replicacdo do DNA e na fase G2 (gap 2 ou segundo intervalo) a célula se
prepara para a mitose. As células em G1 podem antes entrar em um estagio
de repouso chamado GO (VERMEULEN; VAN BOCKSTAELE; BERNEMAN,
2003; SINGHAL et al., 2005).

A transicdo de uma fase para outra do ciclo celular é regulada por
diferentes proteinas celulares. As proteinas reguladoras-chave sdo as

quinases dependentes de ciclina (CDKs), uma familia de proteinas quinases
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que sao ativadas em pontos especificos do ciclo celular. Quando ativadas,
as CDKs fosforilam proteinas especificas. Os niveis de CDKs permanecem
estaveis durante o ciclo celular, em contraste com suas proteinas de
ativacdo, as ciclinas. Os niveis de ciclinas sobem e descem durante o ciclo
celular e, desta forma, ativam periodicamente as CDKs (VERMEULEN; VAN
BOCKSTAELE; BERNEMAN, 2003).

Para garantir uma sequéncia ordenada de eventos no ciclo celular,
existe 0 ponto de restricao (R) e os pontos de checagem (checkpoints). Em
resposta a danos ao DNA, estes pontos de checagem retém as células no
ciclo celular para promover o reparo ao DNA (VERMEULEN; VAN
BOCKSTAELE; BERNEMAN, 2003).

O principal ponto de checagem de resposta a danos ao DNA na fase
G1 é o relacionado a proteina p53, que € capaz de induzir a retencéo
inclusive permanente das células em G1 (KASTAN; BARTEK, 2004).
Geralmente o nivel celular de p53 é baixo, porém danos ao DNA podem
levar a rapida inducdo da atividade desta proteina. p53 estimula a
transcricdo de diferentes genes, entre eles p21, mdm2 e bax. A inducéo de
p21 resulta na inibicdo de CDK e retencdo do ciclo celular. No caso de
células muito danificadas, p53 ativa genes que levam a morte celular, como
Bax e Fas (VERMEULEN; VAN BOCKSTAELE; BERNEMAN, 2003). Porém,
este mecanismo estd geralmente desregulado no cancer (KASTAN;
BARTEK, 2004).

No cancer ocorrem alteracdes fundamentais no controle genético da
divisdo celular, resultando em proliferacdo celular indiscriminada. O

crescimento tumoral ocorre por mutacdo e/ou inativagdo em genes
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supressores de tumor, como p53. O gene p53 é 0 mais comumente mutado
no cancer e a regulacdo de p21 em resposta a danos ao DNA é perdida
qguando p53 é inativado (VERMEULEN; VAN BOCKSTAELE; BERNEMAN,
2003).

O gene supressor de tumor p53 é uma defesa importante contra o
cancer por codificar uma proteina que suprime o crescimento do tumor
através de dois mecanismos, retencdo do ciclo celular (controlando a
passagem das células da fase G; para a fase S, no ponto R) e inducéo de
apoptose (CHATTOPADHYAY et al, 2002; DAS et al, 2002
BHATTACHARYYA et al., 2003).

O produto do p53 medeia a morte celular através de varios
mecanismos, como regulacdo negativa dos genes anti-apoptoticos Bcl-2,
Map4 e survivina e regulacédo positiva dos genes pro-apoptoticos Bax, IGF-
BP3, DR5, Fas, Apafl. Existe também evidéncia da translocacédo induzida
por estresse de p53 para a mitocondria para levar a apoptose via liberagcéo
de citocromo ¢ (ZABKIEWICZ; CLARKE, 2004).

Uma funcdo importante do p53 do tipo selvagem €é atuar como um
fator de transcricdo, ligando-se a uma sequéncia consenso de DNA p53-
especifica em genes responsivos, para aumentar a sintese de p21/Waf-1. As
alteracdes mais frequentes no gene p53 sdo as mutacdes por alteracdo na
sequéncia das bases, resultando numa proteina  defeituosa
(CHATTOPADHYAY et al., 2002; DAS et al., 2002; BHATTACHARYYA et
al., 2003). O gene p53 de camundongos é homdlogo ao de humanos

(ANISIMOV; UKRAINTSEVA; YASHIN, 2005).
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A proteina supressora de tumor p53 € uma proteina de ligacdo a uma
sequéncia especifica de DNA que é capaz de induzir a retencédo de células
no ciclo celular ou apoptose nos pontos de checagem do ciclo celular
(VERMEULEN; VAN BOCKSTAELE; BERNEMAN, 2003) e é a proteina
mais frequentemente inativada no cancer (VASSILEV et al., 2004).

Quando ativada, a proteina p53 regula a expressao de muitas classes
de genes, através de sequéncias especificas de ligacdo com DNA ou
através de interacdes proteina-proteina. Sua regulacdo resulta em efeitos
antiproliferativos permitindo a preservacdo da integridade genémica (BAI;
ZHU, 2006).

A proteina p53 normal necessita de mecanismos para sua ativacao,
como hipdxia e danos ao DNA (BAI; ZHU, 2006). Existem evidéncias de que
qguando ocorrem danos ao DNA, os produtos dos genes que compdem a
maquinaria MMR (mismatch repair) ativam p53 (ZABKIEWICZ; CLARKE,
2004), levando a retencao do ciclo celular ou a apoptose (VASSILEV et al.,
2004).

Na auséncia de condi¢des de estresse, p53 € controlada pela proteina
MDM2 (murine double minute 2) através de um ciclo de retroalimentacéo
autorregulatoria. p53 pode ativar a expressao de MDM2, que, por sua vez,
leva a repressao de p53 por trés mecanismos. No primeiro, MDM2 se liga a
p53 no seu dominio de transativacédo e bloqueia sua capacidade de ativar a
transcricdo. O segundo esta envolvido na exportacdo nuclear de p53 e no
terceiro, MDM2 serve como uma ubiquitina ligase que promove a

degradacéo de p53 (VASSILEV et al., 2004; MIR et al., 2013).
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Assim, MDM2 é um regulador negativo de p53, que interage com esta
proteina inibindo sua atividade e esta interacéo leva a proliferacéo celular do
tumor, pois priva p53 de sua acao antineoplasica e elimina os pontos de
checagem do ciclo celular dependentes de p53 (WANG et al., 2011).

O gene mdm2 tem sido encontrado amplificado ou superexpressado
em tumores. Assim, a liberacdo da p53 através da inibicdo de MDM2 tem
sido proposta como uma nova estratégia terapéutica (VASSILEV et al.,
2004).

Muitos estudos tém mostrado que o rompimento da interacdo p53-
MDM2 por diferentes abordagens macromoleculares, pela supressdo da
expressdo de MDM2, pode levar a ativacdo de p53 e assim, a inibicdo do
crescimento tumoral (VASSILEYV et al., 2004).

A ativacdo farmacoldgica da p53 tem sido uma estratégia efetiva para
o desenvolvimento de novos agentes terapéuticos direcionados aos diversos
tipos de tumor. A modulacdo da atividade de p53 por inibidores de MDM2,
como os nutlins, tem sido uma grande esperanca para a inibicdo de tumores
humanos e de camundongos (JANOUSKOVA et al., 2013).

Estudos feitos com camundongos deficientes de p53 (p53 null)
revelaram predisposicao para o desenvolvimento de tumores espontaneos,
ja que as células com danos no DNA nao sofrem apoptose e tém a taxa de
mutacdo aumentada, aumentando também a predisposi¢cdo tumoral
(ZABKIEWICZ; CLARKE, 2004).

Além disso, células tumorais deficientes em p53 tendem a ser
quimioresistentes. Isso demonstra a importancia da p53 para mediar a

apoptose ap0s danos ao DNA. Assim, o aumento da atividade da p53 é
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relevante para a eficdcia da terapia anticancer in vivo (ZABKIEWICZ;
CLARKE, 2004).

O maior alvo de transcricdo da p53 ativada € o p21 (VASSILEV et al.,
2004), um potente inibidor do ciclo celular regulado pelas quinases
dependentes de ciclina. Seu aumento (regulacdo positiva) resulta em
inibicdo celular pelo bloqueio da progressdo do ciclo celular, permitindo
assim a ocorréncia do reparo do DNA. Caso o reparo ndo seja bem-
sucedido, o0 gene p53 sinaliza para outros genes reguladores,

desencadeando a apoptose (BHATTACHARYYA et al., 2003).

1.5 Apoptose

A apoptose € um processo de morte celular programada conservado
evolutivamente, caracterizada por uma série de alteracdes morfoldgicas, em
um processo de autodestruicdo celular que resulta no empacotamento do
conteudo celular em vesiculas (corpos apoptéticos), diminuicdo no tamanho
celular, estrangulamento do citoplasma, formacdo de vesiculas na
membrana celular (membrane blebbing), fragmentacdo do DNA e mudancas
na cromatina, que se torna altamente condensada e adjacente a membrana
nuclear, alteracdes que in vivo, fazem com que a célula seja fagocitada por
células especializadas. Como no cultivo in vitro ndo existem essas células
fagociticas especializadas, a célula apoptética acaba extravasando seu
conteudo, tal como ocorre na necrose (CUMMINGS et al., 2004; BOLETI et.
al., 2008; PELLEGRINI; PINTO; CASTILHO, 2008).

Os estudos ex vivo e in vivo tém demonstrado a relevancia da

apoptose no controle do cancer (ZABKIEWICZ; CLARKE, 2004). Assim, a
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falha na ativacdo da apoptose representa um dos maiores obstaculos para o
sucesso da farmacoterapia do cancer (CUMMINGS et al., 2004).

As células tumorais apresentam mutacfes genéticas e epigenéticas
para evitar a morte por evasdo e desregulacdo da apoptose e iniciar,
promover e progredir o crescimento do tumor. Assim, agentes que levam
células tumorais a apoptose sdo importantes para o desenvolvimento de
farmacos antitumorais (KUMAR et al., 2011). A apoptose tem sido relatada
como sendo a principal causa de morte das células tumorais em pacientes
tratados com quimio, radio e imunoterapia (DAS et al., 2002).

Para que as células em apoptose possam ser fagocitadas, elas
emitem sinais como a externalizacdo da fosfatidilserina, uma proteina
presente na parte interna da membrana de células saudaveis, que é
rapidamente exposta a parte externa da membrana das células em
apoptose, servindo como um sinal para que estas células sejam fagocitadas
(SEGAWA; SUZUKI; NAGATA, 2011).

A apoptose ocorre principalmente por duas vias, intrinseca
(mitocondrial) ou extrinseca (dos receptores de morte) (Figura 2). A via
intrinseca € caracterizada pela saida do citocromo ¢ da mitocéndria, levando
a ativacdo da caspase 9. Esse processo € controlado pela familia de
proteinas Bcl-2 (HECTOR; PREHN, 2009).

A familia de proteinas Bcl-2 possui tanto membros pré-apoptoticos
(Bax, Bak, Bok e a subfamilia BH3 - Bik, Bad, Bim, Noxa e Puma) quanto
anti-apoptéticos (Bcl-2, Bcel-xL, Bcl-w, Mcl-1) e acredita-se que a razao entre
esses membros da familia seja fundamental para a decisdo da célula de

viver ou morrer (ZABKIEWICZ; CLARKE, 2004).
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A associacao entre os membros da familia Bcl-2 e a morte celular se
deve, pelo menos em parte, ao status da p53. Pelo menos as proteinas Bax,
Noxa e Bid sdo reguladas pela p53. Nas neoplasias, ocorre uma
desregulacdo da familia Bcl-2, com superexpressdo da proteina Bcl-2,
levando ao crescimento desordenado das células (ZABKIEWICZ; CLARKE,
2004).

Havendo ativacdo da via intrinseca da apoptose, os membros pro-
apoptoéticos da familia Bcl-2 (como Bax e Bak) sofrem mudancas
conformacionais, que permitem que se liguem a membrana externa na
mitocdndria, ocasionando a permeabilizacdo da membrana mitocondrial e a
saida de citocromo ¢ e outras moléculas pré-apoptéticas. Além disso, as
proteinas pré-apoptdticas que expressam apenas o dominio BH3 (subfamilia
BH3) se ligam as anti-apoptéticas, inibindo-as. Por fim, o citocromo ¢ no
citoplasma ird complexar com Apaf-1 (fator 1 de ativacdo de proteases de
apoptose) e formar o apoptossomo, que ira ativar a pré-caspase 9, que por
sua vez ativara a caspase efetora 3, levando a célula a apoptose (HECTOR,;
PREHN, 2009) (Figura 2).

J& a via extrinseca da apoptose é desencadeada pela ativacdo dos
receptores de morte da membrana celular e pode desencadear a apoptose
independente da mitocondria. Nessa via, a ativacao dos receptores de morte
(como Fas - CD95 ou Apo-1 - e receptores de morte 4 e 5 - DR4/TRAIL-R1 e
DR5/TRAIL-R2) por seus respectivos ligantes (FasL e TRAIL) levam ao
recrutamento da molécula adaptadora FADD (dominio de morte associado a
Fas), resultando na ativacdo da pré-caspase 8 e consequente ativacdo da

caspase efetora 3. A proteina p53 também é capaz de ativar os receptores
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de morte. Por outro lado, a ativacdo da caspase 8 também pode levar a
clivagem e ativacdo da proteina pro-apoptotica Bid, que por sua vez ira

ativar a via intrinseca da apoptose (HECTOR; PREHN, 2009) (Figura 2).

Figura 2: Vias extrinseca e intrinseca da apoptose de forma resumida.
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Como se pode observar, as caspases (uma familia de cisteino
proteases que clivam especificamente seus substratos apos residuos de
acido aspartico) sdo moléculas efetoras chave das duas vias da apoptose.
Elas sdo divididas em dois grupos, as caspases iniciadoras e as efetoras.
Dentre as iniciadoras estao as caspases 8 e 9 e dentre as efetoras, a3 e a
7. As caspases iniciadoras, quando ativadas, ativam as caspases efetoras

(HECTOR; PREHN, 20009).
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A ativacdo das caspases é um evento importante durante a apoptose
e representa a fase final deste processo. Como resultado desta ativacdo,
serdo inativadas proteinas do citoesqueleto, componentes das juncdes
aderentes, proteinas nucleares, proteinas envolvidas no metabolismo e
reparo do DNA e proteinas envolvidas em vias de sinalizagcéao, levando a
condensacédo da cromatina, fragmentacdo do DNA (KANNAN; JAIN, 2000;
DAS et al., 2011) e as caracteristicas morfoldgicas e bioquimicas tipicas da
apoptose.

Para detectar a morte celular por apoptose, alguns ensaios sao
indicados, como a andlise morfoldgica, a aparéncia da superficie das células
apoptoticas, que externalizam a fosfatidilserina, que pode ser detectada pelo
ensaio da anexina-V, a fragmentacdo de DNA, ensaios de avaliacdo da
ativacdo de caspases e a deteccdo de proteinas relacionadas as vias

apoptoticas através da ligacdo antigeno-anticorpo (CUMMINGS et al., 2004).

1.6 Tratamento do Cancer

Até o século 20 houve pouco progresso na compreensdo dos
mecanismos relacionados ao desenvolvimento do cancer (BODE; DONG,
2009). Desde entéo, a pesquisa de terapias melhores, mais potentes e mais
seletivas/menos toxicas para o tratamento do céancer € continua
(CHATTOPADHYAY et al., 2002).

A cisplatina, por exemplo, entrou nos ensaios clinicos em 1971 e em
um periodo de tempo relativamente curto tornou-se o antitumoral mais
amplamente usado. Porém, seu uso € limitado por sua grave toxicidade e

por causar resisténcia. Alguns tumores apresentam resisténcia natural a
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cisplatina e outros desenvolvem resisténcia ap0s o inicio do tratamento
(CHATTERJEE et al., 2008).

Uma das limitacBes da terapia anticancer atual ainda é a falta de
seletividade dos farmacos para células tumorais in vivo, que ocasiona sérios
efeitos colaterais para as células normais (KUMAR et al., 2009; UPADHYAY
et al.,, 2012). Esta elevada toxicidade dos farmacos antitumorais existentes
no mercado tem estimulado o desenvolvimento de novos farmacos para o
tratamento do cancer (VIRAL; SHIVANAND; JIVANI, 2011).

Além disto, terapias como quimio, radio e imuno sdo mais eficazes se
0 numero de células for baixo (AGRAWAL et al., 2011). Torna-se importante,
entdo, investir em compostos que apresentem maior seletividade e
efetividade para as células tumorais.

Assim, sempre ha necessidade de se identificar, caracterizar e

desenvolver novos farmacos para o tratamento do cancer.

1.7 Descoberta de novos farmacos antitumorais

Inicialmente, os compostos ativos eram identificados por screening
aleatorio, através do estabelecimento da dose méxima tolerada. Os estudos
dos mecanismos de acdo e farmacologia pré-clinica e os efeitos do agente
sobre o tumor (farmacodinamica) recebiam menos destaque (CUMMINGS et
al., 2004).

Nos ultimos anos, novas terapias anticancer tém acompanhado as
abordagens classicas de cirurgia, radio e quimioterapia (MALINOWSKY et
al., 2011). Com o advento da era das terapias para alvos moleculares, houve

uma revolugdo no processo de desenvolvimento de farmacos antitumorais
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(CUMMINGS et al.,, 2004). Essas novas formas de tratamento objetivam
inibir alvos moleculares especificos, como proteinas alteradas ou
desreguladas, oferecendo a possibilidade de terapias individualizadas
(MALINOWSKY et al., 2011).

A transicdo da quimioterapia citotoxica para a descoberta de novos
farmacos baseada em alvos moleculares tem resultado em um aumento no
sucesso das terapias e na sobrevida dos pacientes com cancer (HOELDER,;
CLARKE; WORKMAN, 2012).

No desenvolvimento de farmacos antitumorais contemporaneos, o
alvo molecular é primeiramente validado por uma bateria de técnicas de
biologia molecular e 0 screening é aproveitado para identificar candidatos a
protétipos de farmacos. A farmacologia e a farmacocinética sao
incorporadas ao inicio do ciclo de descoberta, em conjunto com a quimica
medicinal, para produzir candidatos com propriedades mais “drug-like”
(CUMMINGS et al., 2004).

Nesse sentido, farmacos tém sido desenhados para atuar em alvos
especificos, como o trastuzumabe, o Ilapatinibbe e o0 pertuzumabe,
desenhados para atuar no receptor HER 2 e tratar cancer de mama e
gastrico, o cetuximabe, desenhado para atuar no receptor EGFR e tratar
cancer colorretal metastéatico, o gefitinibe e o erlotinibe, desenhados para
atuar no receptor EGFR mutado e tratar cancer de pulmao de células ndo-
pequenas e o0 mesilato de imatinibe e o dasatinibe, desenhados para atuar
no produto do gene Bcr/abl e tratar leucemia mieloide crbnica, sarcomas e

cancer de mama (MALINOWSKY et al., 2011).
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Farmacos quimioterapicos modernos tém sido desenhados para ser
direcionados as vias da apoptose, com 0 objetivo de erradicar as células
tumorais (CHATTOPADHYAY et al., 2002; CUMMINGS et al., 2004; DAS et
al., 2011), pois a apoptose interfere em dois dos principais mecanismos que
contribuem para a progresséo do cancer, a proliferacao celular desordenada
e a supressao da morte celular (BROMBERG et al., 2010).

Dentre as moléculas que fazem parte dos mecanismos de morte por
apoptose, o principal interesse no desenvolvimento de novos farmacos tém
sido as quinases, as moléculas receptoras e os reguladores das cascatas de
sinalizacdo (MALINOWSKY et al.,, 2011). Existem mais de 100 ensaios
clinicos sendo desenvolvidos com foco na inibicdo de tirosina-quinases
(CUMMINGS et al., 2004).

O oblimersen foi desenhado para atuar como antisenso do gene que
codifica a proteina antiapoptética Bcl2, com bons resultados nos primeiros
ensaios clinicos contra linfoma néo-Hodgkin. Em ensaios de fase I-ll com
pacientes com melanoma em estagio avancado, em associacdo com outros
farmacos ciotoxicos, o oblimersen mostrou regulacdo negativa de Bcl2 em
amostras de bidpsias de pacientes (CUMMINGS et al., 2004).

O bortezomibe foi desenhado para atuar inibindo o fator sinalizador de
transcricdo NFxB e ja foi aprovado pelo FDA para o tratamento de melanoma
multiplo em pacientes que ja tenham recebido dois tipos de terapias e que a
doenca continue progredindo (CUMMINGS et al., 2004).

Pequenas moléculas baseadas na estrutura da polifenilureia foram
desenhadas para inibir o XIAP (inibidor de apoptose — via inibicdo de

caspases - ligado ao cromossomo x) da caspase 3 e demonstraram
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atividade antitumoral in vivo contra modelos xenograficos de cancer de
prostata e de cancer de célon humanos (CUMMINGS et al., 2004).

A proteina MDM2 é um regulador negativo de p53 e o maior
supressor de sua funcdo. Assim, ao bloquear a interacdo p53-MDM2,
espera-se estabilizar p53 e ativar a via desta proteina, levando a retencéo do
ciclo celular e/ou apoptose. Essa nocéo levou ao desenvolvimento de uma
série de pequenas moléculas inibidoras da interacdo p53-MDM2 (SHEN;
MAKI, 2011).

Neste contexto estdo os nutlins, pequenas moléculas analogas da cis-
imidazolina que foram selecionadas a partir de uma triagem feita com
diversos produtos sintéticos por atuar como inibidores seletivos da interacéo
p53-MDM2. Estes compostos se ligam ao local de ligacdo de p53 em MDM2,

mimetizando p53 (VASSILEV et al., 2004) (Figura 3).

Figura 3: p53 ligada a MDM2 (A) e Nutlin-2 ligado a MDM2 (B).

Adaptado de: VASSILEV et al., 2004.

A reativagdo da funcdo da p53 através do rompimento da interagdo
p53-MDM2 através de pequenas moléculas ndo-peptidicas € uma estratégia

promissora para o desenho de novos farmacos anticancer (GUO et al.,
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2012). Estudos recentes tém demonstrado que restabelecer a atividade da
p53 é suficiente para induzir a regressao do tumor em modelos xenograficos
de camundongos (SHEN; MAKI, 2011).

Vassilev e colaboradores (2004) avaliaram a atividade dos nutlins 1, 2
e 3 em células tumorais humanas com p53 do tipo selvagem, que
sabidamente tinham a capacidade de ativar p53 em resposta a estresse
genotoxico, e também em células tumorais com mutacdes em p53, que
serviram como controles negativos.

As células tumorais que continham p53 do tipo selvagem, tratadas
com o nutlin 1, tiveram aumento na expressdo de p53, MDM2 e p21. Houve
também aumento da proporcao de células nas fases G; e G, do ciclo celular
e reducado na fase S, confirmando que o composto ativou a principal funcéo
celular da p53. Além disso, o tratamento teve efeito antiproliferativo e
citotoxico, de maneira dose-dependente, e levou as células a morte por
apoptose, via ativacdo de caspases. O nutlin 3 também apresentou atividade
antitumoral in vivo e foi comprovado que a ativacado de p53 pelos nutlins é
dependente do efeito desses compostos em MDM2 (VASSILEV et al., 2004).

Atualmente, os nutlins sdo considerados entre 0s mais promissores
agentes ativadores de p53, capazes de induzir apoptose dependente de p53
em células tumorais humanas como osteosarcoma, de cancer de colon, de
leucemia mieléide aguda, de cancer de pulmao, de leucemia linfocitica
cronica, de glioblastoma e de carcinoma de células escamosas de cabeca e
pescoco (MIR et al., 2013).

Recentemente, foi demonstrado que os nutlins sdo capazes de atuar

ainda em células que contém p53 mutada, especialmente em combinacéo
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com outro tipo de terapia, promovendo ou aumentando sinergicamente a
inducdo de apoptose em varios tipos de leucemias, além de linfoma, cancer
de colon, melanoma, céncer de mama e cancer de ovario e endométrio
(SHEN; MAKI, 2011).

As associacfes de nutlins com outras terapias também foram
capazes de aumentar a quimio ou radiosensibilidade em cancer de prostata,
carcinoma hepatocelular, carcinoma de laringe, cancer de pulmédo e
neuroblastoma (SHEN; MAKI, 2011).

Além de atuar na interacdo p53-MDM2, tem sido demonstrado que 0s
nutlins também sdo capazes de bloquear a producdo de VEGEF,
apresentando propriedades antiangiogénicas (SHEN; MAKI, 2011). Além
disso, os nutlins atingiram com sucesso as fases | e Il de ensaios clinicos em

pelo menos um tipo de cancer hematolégico (SAHA; QIU; CHANG, 2013).

1.8 LQFMO030

O desenvolvimento de novos farmacos é um processo lento, bastante
dispendioso e apenas um pequeno percentual de produtos testados chegam
a industria farmacéutica (DIMASI; HANSEN; GRABOWSKI, 2003).

Tendo em vista o potencial antitumoral dos nutlins e sua complexa
producédo, foram criados analogos com o objetivo de otimizar a producéo e
manter a atividade antitumoral e indutora de apoptose, como o LQFMO030.

O LQFMO030 € um composto heterociclo originalmente planejado a
partir do prototipo nutlin-1, através do emprego da estratégia de

simplificagdo molecular, no Laboratorio de Quimica Farmacéutica Medicinal
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(LQFM) da Faculdade de Farmacia da UFG, sob a coordenacédo do Prof. Dr.

Ricardo Menegatti.

Figura 4: Simplificacdo molecular a partir do composto Nutlin-1 dando origem ao
composto LQFMO030.
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Estudos recentes do nosso grupo demonstraram que o LQFMO030
possui importante citotoxicidade e potencial indutor de apoptose frente a
uma linhagem celular leucémica humana, promovendo alteracdes na
progressao do ciclo celular (através de diminuicdo da fase S e aumento das
fases G; e Gy), modulagédo da expressao génica, aumento na expressao da
proteina Bax e do Citocromo-c, diminuicdo da expressao da proteina Bcl-2 e
alteracdes no potencial de membrana mitocondrial. Esses dados indicam o
composto LQFM030 como um possivel candidato a protétipo de farmaco
antitumoral (CARVALHO, 2011).

Foram realizados ainda estudos iniciais de avaliagdo de seguranca in
vitro e in vivo. Nos ensaios de seguranca in vitro, concluiu-se que o
composto LQFMO030 apresentou um baixo efeito citotoxico para células
basais (da linhagem 3T3) e ndo apresentou atividade hemolitica significativa

(CARVALHO, 2011).
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Na avaliacdo da sobrevida dos animais portadores do TAE, observou-
se aumento significativo da sobrevida dos animais tratados com LQFMO030.
Ja para a verificacao da toxicidade oral aguda em dose Unica, 0 composto foi
classificado na categoria 5 ou ndo-toxico pela GSH (Global System
Harmonized) (CARVALHO, 2011).

Diante disto, neste trabalho foi avaliada a atividade antitumoral in vivo
e antiproliferativa in vitro do composto LQFMO030, bem como as vias

envolvidas nestas atividades.
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2 OBJETIVOS

2.1 Objetivo geral

Avaliar a atividade antitumoral in vivo em animais portadores do TAE
e antiproliferativa in vitro em células oriundas de animais portadores do TAE

do composto LQFMO030.

2.2 Objetivos especificos

e Investigar a atividade antitumoral do composto LQFM030 em

animais portadores do TAE;

e Estudar os mecanismos envolvidos na atividade antitumoral do

composto LQFMO030 em animais portadores do TAE;

e Investigar a citotoxicidade do composto LQFMO030 em células

do TAE;

e Analisar a capacidade indutora de apopotose do composto

LQFMO030 em células do TAE;

e Estudar as alteracbes morfolégicas e bioquimicas nas células
do TAE promovidas pelo tratamento com 0 composto

LQFMO30;

e Avaliar os mecanismos e as vias envolvidas na atividade
antitumoral do composto LQFMO030 em células do TAE (via p53

e apoptose via caspases).
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3 METODO(S)

3.1 Composto LQFMO030
3.1.1 Obtencéo do composto

O composto LQFMO030 foi cedido pelo Laboratério de Quimica
Farmacéutica Medicinal (LQFM) da Faculdade de Farméacia da Universidade
Federal de Goias (UFG), coordenado pelo Prof. Dr. Ricardo Menegatti e

mantido em freezer a - 20°C.

3.1.2 Preparo da emulséo

Para o preparo da emulsdo, o composto LQFMO030 foi pesado a
concentracoes finais de 50, 75 e 150 mg/mL para os experimentos in vivo e
de 5 mg/mL para os experimentos in vitro. Em seguida era adicionado, para
cada 1mL de emulsdo, 100 yL de 6leo comercial de girassol, agitado em
vortex AP56 (Phoenix, Araraquara, SP, Brasil), e acrescido de 100 mg de
fosfatidilcolina de soja (Lipoid, Newark, NJ, USA) e 50 pL de etanol P.A.
(Vetec, RJ, Brasil). A mistura era agitada novamente em vortex por 3 a 5
minutos e o volume completado com &agua ultrapura (Millipore corporation,
MA, USA). Ap6s o preparo, a emulsdo foi deixada em banho ultra-som

(Unique, SP, Brasil) por 30 minutos. A emulséo foi preparada diariamente.

3.2 Animais

3.2.1 Descrigéo dos animais
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Foram utilizados camundongos Swiss albinos (Mus musculus)
machos e saudaveis, com aproximadamente 30 g de peso corporeo, doados
pelo biotério de criacdo da Industria Quimica de Goias (IQUEGO) e pelo
Biotério Central da UFG. A utilizacdo dos animais foi aprovada pela
Comissdo de Etica no Uso de Animais (CEUA - PRPPG/UFG), através do

Parecer n. 018/12.

3.2.2 Alojamento e manejo dos animais

Os animais foram mantidos em caixas de polipropileno, com racao
balanceada para roedores e dgua fornecidos ad libitum. A iluminacéo da sala
foi mantida em um ciclo claro/escuro de 12 h, sendo a fase clara iniciada as
7:00 h. Durante todo o experimento 0s animais permaneceram em sala com
umidade e temperatura constantes (umidade relativa de 65 a 70% e
temperatura de 23 + 2 °C). Os camundongos foram mantidos nessas
condi¢cBes por um periodo de adaptacdo de no minimo 7 dias antes do inicio
de cada ensaio experimental (aclimatacdo) e durante todo o periodo
experimental. A maravalha utilizada foi autoclavada para um maior controle
microbiolégico e todo o material utilizado com os animais foi previamente

sanitizado.

3.3 Tumor ascitico de Ehrlich (TAE)
As células do TAE foram mantidas nas dependéncias do Laboratério
de Farmacologia e Toxicologia Celular da Faculdade de Farmacia/lUFG

através de sucessivas passagens entre animais, pela via intraperitoneal (IP).
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Para o desenvolvimento do TAE, os camundongos foram inoculados, via IP,
com 0,5 mL do liquido ascitico de animais portadores do tumor.

Apés sete dias de evolucdo do tumor, os camundongos foram
anestesiados subcutaneamente com 10 mg/Kg de xilazina (Syntec, Cotia,
SP, Brasil) e 100 mg/Kg de cetamina (Agener, Embu-Guacgu, SP, Brasil).
ApoOs constatacdo de auséncia de reflexo de pata, foram eutanasiados por
deslocamento cervical e o liquido ascitico foi colhido com seringa estéril.

Para as analises posteriores, o liquido ascitico foi diluido em PBS e
centrifugado a 1500 rpm por 10 minutos. ApoOs centrifugacdo, as células
foram ressuspensas em PBS, e a contagem das células viaveis foi feita em
camara de Neubauer (Boeco, Hamburg, Germany), por microscopia optica,

apos diluicdo em solucdo de azul de Tripano (Vetec, RJ, Brasil) a 0,2%.

3.4 Experimentos in vivo
Todos os ensaios in vivo foram realizados de acordo com os
principios éticos de experimentacdo animal do Colégio Brasileiro de

Experimentacdo Animal (COBEA).

3.4.1 Avaliacéo da inibicdo tumoral e determinacéo da DEsg

Apés a contagem das células viaveis, os animais receberam 200 pL
de células do TAE na concentracdo de 1x10’ por mL, diluidas em PBS
estéril, via IP, no dia 0. No dia 1 (ap0s 24h da inoculacdo do tumor), os
animais foram randomizados em 5 grupos de 6 animais, conforme descrito

abaixo:

Métodos 27



Grupo controle negativo (CN) — Animais sem TAE e recebendo

diariamente 100 yL de PBS.

Grupo controle (TAE controle) — Animais inoculados com o TAE e

recebendo diariamente 100 uL do veiculo utilizado para a preparacao do
composto (emulsdo branca).

Grupo 50 mg/Kg — Animais inoculados com o TAE e tratados diariamente

com 100 pL da emulsédo do composto LQFM030 a 50 mg/Kg.

Grupo 75 mg/Kg — Animais inoculados com o TAE e tratados diariamente

com 100 pL da emulsédo do composto LQFM030 a 75 mg/Kg.

Grupo 150 ma/Kg — Animais inoculados com o TAE e tratados

diariamente com 100 pL da emulsdo do composto LQFM030 a 150

mg/Kg.

As doses foram determinadas a partir de estudos preliminares de
sobrevida e seguranca in vivo (CARVALHO, 2011). O tratamento foi
administrado durante 10 dias (dia 1 ao dia 10) e os animais foram pesados a
cada dois dias para recalculo das doses. O tratamento e 0s experimentos
realizados para avaliacdo da inibicdo tumoral e determinacdo da DEsg estéo

esquematizados na Figura 5.
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Figura 5: Fluxograma representando o tratamento e o0s experimentos realizados
para avaliagdo da inibicdo tumoral e determinagdo da DEs, do composto LQFMO030

in vivo.
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3.4.1.1 Volume tumoral
No dia 11 os camundongos foram fotografados para avaliacédo
morfolégica macroscépica da evolugdo tumoral e o célculo do volume

tumoral foi feito por meio de dois diferentes ensaios:
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3.4.1.1.1 Peso corporal
Para calculo do peso corporal os animais foram pesados nos dias 1 e
11. Calculou-se a diferenca entre o peso do dia 11 e o peso do dia 1. A

reducado no peso corporal foi comparada em relacdo ao TAE controle.

3.4.1.1.2 Volume do liquido ascitico

A medida do volume de liquido ascitico foi realizada apds anestesia e
eutanasia (conforme descrito anteriormente). O liquido ascitico foi retirado
com seringa estéril e centrifugado a 1500 rpm por 10 min. O sobrenadante
foi congelado para andlises posteriores. A reducdo no volume de liquido

ascitico foi comparada em relacdo ao TAE controle.

3.4.1.2 Angiogénese peritonial

Para avaliacdo da angiogénese peritonial, a pele da regido abdominal
e o periténio foram retirados e fotografados com camera digital Cyber-shot
14.1 mp (Sony) e foi realizada uma analise morfolégica macroscopica dos

vasos.

3.4.1.3 Contagem de células viaveis pelo método da exclusédo do azul de
tripano

Apoés a coleta e centrifugacdo do liquido ascitico, o botdo celular foi
ressuspenso em meio RPMI e colocado em placas de petri em estufa de

CO; (Thermo Fischer, Redwood, CA, USA) por 1h, a 37°C em atmosfera
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umida contendo 95% de oxigénio e 5% de gas carbdnico no ar, para adeséo
dos macrofagos.

Apo6s 1h na estufa, o conteudo das placas de petri foi homogeneizado,
centrifugado a 1500 rpm por 10 min, ressuspenso em PBS e a contagem das
células viaveis foi feita em camara de Neubauer, por microscopia optica,
apos diluicdo em solucdo de azul de Tripano a 0,2%.

Apoés estes ensaios, foi determinada a DEsg do composto LQFMO030,

que foi utilizada para testes subsequentes.

3.4.2 Avaliacdo dos parametros sanguineos
Para avaliacdo dos parametros sanguineos dos camundongos o
sangue foi coletado por puncdo cardiaca (ap0s anestesia) sem

anticoagulante.

3.4.2.1 Avaliacdo hematolégica

Para a avaliacdo hematologica, 150 pL de sangue foram,
imediatamente ap06s a puncdo cardiaca, dispensados em microtubo
contendo 140 pL de PBS e 10 pL de EDTA a 10% (Doles Reagentes,
Goiania, GO, Brasil). O hemograma foi realizado em hemocitdmetro ABX

Micros 60 (Horiba ABX, Montpellier, Franga).

3.4.2.2 Avaliagdo bioquimica do soro
Para avaliacéo bioquimica do soro, o sangue foi coagulado em banho-

maria a 37°C. ApoOs a coagulacao, os microtubos foram centrifugados a 3000
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rom por 10 min e o sobrenadante (soro) guardado em geladeira até o
momento das analises.

As andlises foram feitas utilizando kits Labtest diagnotica SA (Lagoa
Santa, MG, Brasil) no aparelho Labmax 240 (Labtest diagnostica SA). Os
parametros bioquimicos analisados e as metodologias utilizadas estéo

apresentados na Tabela 1.

Tabela 1. Parametros bioquimicos do soro dos camundongos analisados e

respectivas metodologias de andlise.

Parametro bioquimico Metodologia de analise

ALT/TGP Cinética UV-IFCC
AST/TGO Cinética UV-IFCC
LDH UV- piruvato-lactato
CPK UV- imunoinibicdo IFCC
Creatinina Colorimétrico- pinato alcalino- Jaffé
Ureia Enzimatico UV
Glicose GOD-Trinder

Proteinas totais
Albumina
Bilirrubina direta
Bilirrubina total

Colesterol total

Colorimétrico- biureto
Colorimétrico- verde de bromocresol
Colorimétrico- Labtest DCA
Colorimétrico- Sims-Horn

Colorimétrico- enzimatico de Trinder

3.4.3 Dosagem do Fator de Crescimento Endotelial Vascular (VEGF)
A dosagem do VEGF foi feita utilizando-se o kit quantikine ELISA

mouse VEGF (R&D systems, Minneapolis, MN, USA), seguindo as
orientacdes do fabricante.
A curva padrao foi feita em duplicata, utilizando o padr&o provido no

kit, iniciando com uma concentracdo de 500 pg/mL, com diluicdo de 2x, até
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7,8 pg/mL. O diluente provido no kit foi utilizado como padrdao branco (0
pg/mL). As amostras utilizadas (liquido ascitico dos animais, coletado
conforme item 3.4.1.1.2), foram diluidas 10x.

Para o ensaio, foram adicionados 50 pL do diluente a cada poco. Em
seguida, adicionou-se 50 pL de padrédo, controle (provido no kit) ou amostra
em seu respectivo poco, em duplicata. Homogeneizou-se a placa por 1 min,
cobriu-se com uma tira adesiva e incubou-se por 2h a temperatura ambiente.
Apoés a incubacao, cada poco foi lavado com 400 pL de tampéo de lavagem
por 5 vezes, retirando-se 0 excesso de tampdo na ultima lavagem vertendo-
se a placa em papel toalha limpo.

Apés as lavagens, adicionou-se 100 pL de conjugado VEGF mouse
em cada poco, cobriu-se a placa com uma nova tira adesiva e incubou-se
por 2h a temperatura ambiente. Apds a incubacdo, repetiu-se a lavagem ja
descrita e adicionou-se 100 pL de solucdo de substrato em cada poco,
incubando por 30 min a temperatura ambiente, protegido da luz.

Apos a incubacao, adicionou-se 100 pL de solucdo de parada em
cada poco, homogeneizando a placa. A leitura foi realizada em
espectrofotometro de placas Stat Fax 2100 (Awareness Technology,
Dusseldorf, Germany) a 450 nm, com correcdo de comprimento de onda a
540 nm.

Os resultados foram obtidos por subtracdo da média de cada
duplicata de padréo, controle ou amostra da densidade o6tica do padréo
branco. A curva padrédo foi feita por reducdo dos dados utilizando o
programa Graph pad prism (versdo 5.00 para Windows XP, Graph Pad

Software, San Diego, California, USA). A média da absorvancia (DO) obtida
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para cada dose do composto LQFMO030 foi comparada com a curva padréo e
multiplicada pela diluicdo, obtendo-se a concentracdo de VEGF para cada

dose.

3.4.4 Avaliagdo da atividade antitumoral

A avaliacdo da atividade antitumoral do composto LQFMO030 foi feita
por citometria de fluxo ap6s a determinacgéo da DEso.

Os animais receberam 200 pL de células do TAE na concentracéo de
1x10” por mL, diluidas em PBS estéril, via IP, no dia 0. No dia 1, os animais
foram randomizados em 2 grupos de 6 animais, conforme descrito abaixo:

Grupo controle (TAE controle) — Animais inoculados com o TAE e

recebendo diariamente 100 pL do veiculo utilizado para a preparacao do
composto (emulsdo branca).

Grupo 150 mag/Kg — Animais inoculados com o TAE e tratados

diariamente com 100 pL da emulsdo do composto LQFMO030 a 150
mg/Kg.

O tratamento foi administrado durante 10 dias (dia 1 ao dia 10) e os

animais foram pesados a cada dois dias para recalculo das doses. O

tratamento e o0s experimentos realizados para avaliacdo da atividade

antitumoral estdo esquematizados na Figura 6.
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Figura 6: Fluxograma representando o tratamento e os experimentos realizados

para avaliacdo da atividade antitumoral do composto LQFMO030 in vivo.

Dia O: Inoculagac do tumor

l

Dia 1: Animais pesados e randomizados nos grupos

\L Animais tratados do dia 1 ao dia 10
€ pesados a cada 2 dias

Dia 10: Ultimo dia de tratamenfo

|

Dia 11: Finalizagao do experimento

|

Coleta do liquido ascilico

|

Contagemde células viaveis

|

Citomefria de fluxo
Analise do ciclo Expressao de Bax =
celular e Bcl2 Expressdode p53
Externalizacaoda = Expressaode
fosfatidilserina Expressaode p21 caspases 3,8 e9

No dia 11, os camundongos foram anestesiados e eutanaziados
(conforme descrito anteriormente), o liquido ascitico foi retirado com seringa
estéril e centrifugado a 1500 rpm por 10 min e o botdo celular ressuspenso
em meio RPMI e colocado em placas de petri em estufa de CO, por 1h, a
37°C em atmosfera umida contendo 95% de oxigénio e 5% de gas carbdnico

no ar, para adeséo dos macroéfagos.
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Apo6s 1h na estufa, o conteudo das placas de petri foi homogeneizado,
centrifugado a 1500 rpm por 10 min, ressuspenso em PBS e a contagem das
células viaveis foi feita em camara de Neubauer, por microscopia optica,
apos diluicdo em solucdo de azul de Tripano a 0,2%.

Para a avaliacdo da atividade antitumoral por citometria de fluxo foi
utilizado o equipamento FACSCanto Il (BD Biosciences, NJ, USA) e a
analise dos dados feita pelo software FACSDiva. Em todos os experimentos,
foram adquiridos 10.000 eventos de cada amostra, e as subpopulacfes
celulares foram reconhecidas por meio das propriedades FSC (Foward
scatter) e SSC (Side scatter), que avaliam, respectivamente, o tamanho e a
complexidade interna das células. Assim, em cada experimento, a populacéo
de interesse (células do TAE) foi selecionada por meio de gates, excluindo-
se outros tipos celulares das analises. Para todos os experimentos, as

células foram ressuspensas a 1x10° células/mL.

3.4.4.1 Externalizacéo da fosfatidilserina

A externalizacdo da fosfatidilserina foi mensurada pelo kit annexin V
apoptosis detection FITC (eBioscience, San Diego, CA, USA). Para este
ensaio as células foram lavadas a 1500 rpm por 10 minutos, ressuspensas
em PBS e em seguida lavadas com tampéo binding buffer 1x concentrado.
Apoés centrifugacdo, as células foram ressuspensas em binding buffer 1x
concentrado a 1x10° células/mL. Foi adicionado 5 pL de anexina V para
cada 100 pL de suspensao celular e incubado 15 min a temperatura
ambiente. ApOs a incubagéo, as células foram novamente lavadas com

binding buffer 1x concentrado a 1500 rpm por 10 min e ressuspensas
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novamente no tampédo. A cada tubo marcado foi adicionado 5 pL de iodeto
de propidio (PI) e fez-se a leitura em citdmetro de fluxo. Os resultados foram
expressos em porcentagem de células viaveis (células ndo marcadas),
células em apoptose recente (marcadas apenas com anexina-V/FITC),
células em apoptose tardias (marcadas com anexina-V/FITC e com PI) e

células em necrose (marcadas apenas com PlI).

3.4.4.2 Ciclo Celular

Para analise do ciclo celular as células foram lavadas a 1500 rpm por
10 minutos, ressuspensas em PBS, e cada tubo para citometria de fluxo,
previamente identificado, recebeu 200 pL da suspenséo de células e 1 mL
de &lcool 70% gelado. Os tubos foram entéo incubados por 24 horas a 4°C.
Apoés a incubacéao, centrifugou-se os tubos a 1500 rpm por 10 minutos por
duas vezes com PBS. Os tubos marcados receberam 500 pL de solucéo de
RNAase (Sigma-Aldrich, St. Louis, MO, USA) a 0,2 mg/mL e iodeto de
propidio (Sigma-Aldrich, St. Louis, MO, USA) a 0,05 mg/mL, solubilizados
em PBS, e os tubos ndo-marcados receberam 500 pL de PBS. Incubou-se
por 1h a 4°C e fez-se a leitura em citbmetro de fluxo. Os dados foram

expressos em porcentagem de células nas fases GO/G1, S e G2/M.

3.4.4.3 Expressao das proteinas Bax, Bcl2, p53 e p21

Para analise da expressdo das proteinas Bax, Bcl2, p53 e p21 as
células foram lavadas a 1500 rpm por 10 minutos com PBS. Em seguida
foram adicionados 250 pL de solucdo de fixacdo e permeabilizacédo

cytofix/cytoperm (BD Biosciences, NJ, USA) a cada tubo de citometria de
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fluxo contendo 200 pL da suspensdo de células a 1x10° células/mL e
incubou-se por 20 min a 4°C. Apés a incubacao, as células foram lavadas
por duas vezes e ressupensas com PBS-T20 e adicionou-se 5 pL do
anticorpo especifico para cada proteina a ser investigada, incubando por 15
min a temperatura ambiente. Apos a incubacéo, as células foram lavadas
com PBS-T20, ressuspensas em PBS e fez-se a leitura em citbmetro de
fluxo. Os resultados foram expressos em porcentagem de células

expressando as proteinas analisadas em relacéo ao controle.

3.4.4.4 Expressdao das caspases 3,8e 9

O estudo da expressao das caspases 3, 8 e 9 foi realizado utilizando-
se o0 kit CaspaTag Caspase in situ assay kit, Fluorescein (Millipore
corporation, MA, USA). Para este ensaio, 1x10° células/mL foram lavadas
com PBS a 1500 rpm por 10 min, ressuspensas em PBS e incubadas por 1h
em estufa com 5% de CO, a 37°C com 10 L da caspase investigada. Apos
a incubacéo, as células foram lavadas por duas vezes e ressuspensas com
o tampao provido no kit. Em seguida, procedeu-se a leitura em citbmetro de
fluxo. Os resultados foram expressos em porcentagem de células

expressando cada caspase em relagéo ao controle.

3.5 Experimentos in vitro

3.5.1. Avaliagéo da atividade antiproliferativa

Para a avaliacao da atividade antiproliferativa do composto LQFM030
in vitro foram utilizadas células do TAE. As células foram obtidas conforme

descrito no item 3.3.
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Para a realizacdo dos experimentos in vitro, uma suspensao celular
de TAE (5x10° células/mL) foi distribuida em garrafas de cultura celular
(TPP, Trasadingen, Suica) com meio RPMI suplementado com 10% de soro
fetal bovino (Sigma-Aldrich, St. Louis, MO, USA) e mantida em estufa de
CO; por 24 horas a 37°C em atmosfera imida contendo 95% de oxigénio e
5% de gas carbbnico no ar, para separacdo de macrofagos e outros tipos

celulares.

3.5.1.1 Avaliacdo da citotoxicidade pelo método da exclusdo do azul de
tripano

A avaliacdo da citotoxicidade do composto LQFMO030 em células do
TAE foi realizada pelo método de exclusdo do azul de tripano, que avalia a
integridade da membrana plasmatica.

Para este ensaio, 50 pL de uma suspens&o celular a 5x10° células/mL
em meio RPMI e 10% soro fetal bovino foram distribuidos em placas de 96
pocos e incubados a 37° C em estufa de CO, a 5%, por 24 e por 48 horas,
com 50 pyL da emulsdo do LQFMO030 nas concentracdes de 0,033; 0,067;
0,135; 0,270; 0,540; 1,080; 2,160 e 4,320 mM, em sextuplicata.

Apés cada periodo de incubacdo, uma aliquota de 20 pL da
suspensao de células de cada poco foi retirada e diluida em 180 uL de azul
de Tripano a 0,2%. As células foram observadas conforme as suas
alteracdes morfoldgicas e contadas em camara de Neubauer. As células
viaveis, que excluiram o corante, possuiam um aspecto translicido e as

células mortas apresentavam coloracdo azulada.
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O percentual de inibicéao celular, na presenca do composto em estudo,

foi calculado da seguinte forma:

Média do numero de células viaveis dos pocos tratados de cada concentracdo x 100
Média do nimero de células viaveis do controle

Este ensaio foi realizado por trés vezes, e cada concentracdo do
composto LQFMO030 foi realizada em sextuplicata. Os resultados obtidos
foram analisados, submetidos a analise estatistica e apresentados em
graficos.

A partir do ensaio de citotoxicidade, foi determinada a ICs, do
composto LQFMO030 para as células do TAE (concentracdo inibitéria para

50% das células) em 24h (0,81 mM).

3.5.1.2 Andlise da morfologia celular

A andlise da morfologia celular foi realizada por microscopia Optica e
de fluorescéncia. Para o preparo das laminas, as células foram incubadas
(1x 10° células/mL) com 0,81 mM do composto LQFMO030 por 24 horas, em
estufa Umida, com 5% de CO,. Apés a incubacgdo, 250 uL da suspensao
celular foram centrifugados por 5 minutos a 1500 rpm para cada lamina

(citospin).

3.5.1.2.1 Morfologia celular por microscopia éptica

Para a analise morfolégica por microscopia 6ptica, as células do
TAE foram coradas pelo método HE (hematoxilina-eosina) e fotografadas em
microscopio 6ptico (Axio Scope.Al Carl Zeiss®, Jena, Turingia, Alemanha),

com objetiva de 100 x, utilizando o programa AxioVs40, verséo 4.7.2.0.
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3.5.1.2.2 Morfologia celular por microscopia de fluorescéncia

A analise morfolégica por microscopia de fluorescéncia foi realizada
utilizando-se o corante Hoechst 33342 (Invitrogen, Eugene, OR, USA). O
corante foi solubilizado em PBS na concentracdo final de 10 pg/mL e
estocado a — 20°C até o momento da colorac&o. Apés o citospin, as laminas
foram fixadas em metanol por 5 minutos, lavadas com PBS-T20 por duas
vezes e incubadas com 100 pL da solugdo de Hoechst 33342 a 10 pg/mL,
por 20 minutos, no escuro. ApGs a incubacdo, as laminas foram lavadas com
PBS. O excesso de PBS foi retirado com papel absorvente, adicionou-se
laminula e as laminas foram analisadas e fotografadas em microscopio de
fluorescéncia (DMI 4000 B, Leica microsystems, Bannockburn, USA),

utilizando-se o programa LAS-AF, filtro A4, cor azul, com objetiva de 20 x.

3.5.1.2 Avaliacdo dos mecanismos de morte celular

A avaliacdo dos mecanismos de morte das células do TAE pelo
composto LQFMO030 foi realizada por trés métodos distintos: citometria de
fluxo, PCR em tempo real e Western blotting. Em todos os ensaios, 1x10°
células/mL foram incubadas com 0,81 mM do composto LQFMO030 (ensaios
de citometria e western blotting) ou com 0,405 mM do composto LQFM030

(PCR em tempo real).

3.5.1.2.1 Avaliagéo dos mecanismos de morte celular por citometria de fluxo

3.5.1.2.1.1 Determinacéo da integridade da membrana celular
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Para a determinacéo da integridade da membrana celular, as células
foram lavadas a 1500 rpm por 10 minutos, ressuspensas em PBS, e cada
tubo para citometria de fluxo, previamente identificado, recebeu 500 uL de
suspensao de células em PBS. Os tubos marcados receberam 50 uL de
solucdo de iodeto de propidio a 2 pg/mL em PBS e, apés 5 min de

incubacéo, fez-se a leitura em citdmetro de fluxo.

3.5.1.2.1.2 Determinacéo da fragmentacdo de DNA

Para a determinacdo da fragmentacdo de DNA, as células foram
lavadas a 1500 rpm por 10 minutos, e cada tubo para citometria de fluxo,
previamente identificado, recebeu 200 pL de tampéo de lise (anexo 2), com
iodeto de propidio apenas nos tubos marcados. Os tubos foram incubados

por 15 min a 4°C e fez-se a leitura em citdmetro de fluxo.

3.5.1.2.1.3 Externalizacdo da fosfatidilserina, ciclo celular, expressdo das
proteinas p53, p21, p27, e das caspases 3, 8 e 9.

Estes ensaios foram realizados conforme descrito nos itens 3.4.4.1 a
3.4.4.4.

A analise dos dados do ciclo celular in vitro foi realizada pelo

programa ModFit LT (BD Biosciences).

3.5.1.2.2 Avaliacdo dos mecanismos de morte celular por PCR em tempo

real

3.5.1.2.2.1 Expressao do gene p53
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Para este ensaio, 0 RNA total das células foi extraido pelo método do
Trizol (ambion/RNA, Life Technologies, Carlshad, CA, USA) e/ou pelo
sistema RNAeasy minikit (Qiagen, Valencia, CA, USA), seguindo as
instrucdes dos fabricantes. Todos os procedimentos foram realizados com
materiais e reagentes proprios para uso exclusivo de RNA. Apds a extracao,
o RNA foi quantificado no espectrofotdmetro nanodrop 8000 (Thermo
Scientific) com comprimente de onda de 260 e de 280 nm. A relacédo entre
as leituras realizadas a 260 e 280 nm foi utilizada como parametro na
estimativa do grau de contaminacdo de RNA por proteinas e solventes. A
integridade do RNA foi observada por eletroforese em gel de agarose a 1,5%
contendo brometo de etidio, em voltagem de 80 V. O gel foi fotografado em
fotodocumentador Gel Doc XR (Bio-Rad, Hercules, CA, USA). O RNA foi
considerado de qualidade quando apresentou uma razdo de absorbancia
260/280 nm com valores proximos a 2 e foi possivel a observacdo das
bandas referentes as fracfes 18S e 28S. Em seguida, procedeu-se a sintese
do cDNA, pelo método da transcriptase reversa, com 1ug de RNA de cada
amostra, utilizando-se o kit QuantiTect Reverse Transcription (Qiagen),
contendo DNAse para evitar a contaminacdo com DNA gendmico, seguindo
as orientacfes do fabricante. Para a reacédo de PCR, foi utilizado o kit Rotor-
Gene SYBR Green PCR (Qiagen), com 12,5 pyL de master mix, 200 nM de
primer foward (5- TGA AAC GCC GAC CTA TCC TTA -3’), 200 nM de
primer reverse (5’- GGC ACA AAC ACG AAC CTC AAA -3’) (Hu et al., 2010)
e volume completado para 25 pL com agua ultrapura por amostra, em
duplicata. A PCR foi realizada no equipamento Rotor-Gene (Qiagen), com 45

ciclos de amplificagédo, consistindo de um passo inicial de ativacdo da
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HotStar Tag Plus DNA polimerase a 95°C por 5 min, seguido de
desnaturacao por 5 s a 95°C e anelamento/extenséao por 10 s a 60 °C. Para
avaliar a expressdo diferencial do gene p53 nas células tratadas e né&o
tratadas com o composto LQFMO030 foi utilizado o método de quantificacéo
relativa, utilizando o Pgkl (fosfoglicerato quinase) como gene normalizador.
O célculo da expresséao relativa foi realizado pelo método do AACT. Os
valores de Ct (threshold cycle) de cada amostra foram normalizados através
do método da curva padréao utilizando os resultados da expressédo do gene
Pgkl (primer foward: 5- AAA GTC AGC CAT GTC AGC ACT -3 ; primer
reverse: 5- ACT TAG GAG CAC AGG AAC CAA A -3'). A curva padrao foi
construida utilizando-se um mix de cDNA de células do TAE com e sem
tratamento com o composto LQFMO030, nas concentracdes de 1x; 1:20; 1:40;
1:80; 1:160 e 1:320. Os dados apresentados sdo representativos de dois

experimentos independentes.

3.5.1.2.3 Avaliacdo dos mecanismos de morte celular por Western blotting

3.5.1.2.3.1 Expressao da proteina MDM2

Para este ensaio, as proteinas foram extraidas utilizando tampéao de
lise NP-40 e coquetel de inibidores de proteases amresco (Solon, OH, USA).
As células foram retiradas das garrafas de cultura no gelo, lavadas por duas
vezes com PBS gelado e centrifugadas a 2.000 rpm por 5 min. Apos a
segunda lavagem com PBS, adicionou-se 1mL de tampéao de lise e 10 pL de
coquetel de inibidores de proteases em gelo. As células foram entédo

incubadas em gelo por 30 min, sendo submetidas a vortex a cada 10 min.
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ApoOs a incubacao, centrifugou-se a 13.000 rpm por 10 min a 4 °C,
recuperou-se o sobrenadante e descartou-se o sedimento. Alicotou-se e
armazenou-se a - 80°C até o momento do uso. Os extratos de proteinas
foram quantificados a 598 nm, pelo método de Bradford, utilizando-se
diferentes concentracbes de BSA como curva padrdo. As amostras foram
diluidas em tampédo de amostra 6x (glicerol; SDS 10%; azul de bromofenol
1%; betamercaptoetanol 1% e agua ultrapura) e fervidas por 5 min a 100 °C.
Os extratos de proteinas (40 ug) em tampéao de amostra foram submetidos a
eletroforese em gel de poliacrilamida 10% (30% acrilamida; Tris-HCI 1,5 M,
pH 8,8; agua destilada; SDS 10%; APS - persulfato de amoénia 10% e
Temed - tetrametil-etilenediamina) a 100 V, por aproximadamente 3h.
Utilizou-se o PageRuler Prestained Protein Ladder (Thermo Scientific) como
padrdo de peso molecular. Em seguida as proteinas foram transferidas para
membrana de nitrocelulose (Millipore), por eletroforese em tampéo de
transferéncia (Tris base, glicina, metanol e agua destilada) a 100 V por 2h,
no gelo. ApGs a eletroforese, a membrana foi corada em Ponceau 0,5% por
20 s, para verificar a eficiéncia da transferéncia, e posteriormente enxaguada
em &gua destilada. A saturacdo de sitios inespecificos foi realizada pela
incubacdo com leite em p6 desnatado comercial a 5%, por 1h, em agitador
horizontal (Insight, Ribeirdo Preto, SP, Brasil). A membrana foi incubada
overnight a 4 °C, em agitador horizontal, com o anticorpo monoclonal anti-
MDM2 (Santa Cruz Biothecnologies, Santa Cruz, CA, USA) ou com o
controle endogeno anti-GAPDH, diluidos em BSA (MDM2 — 1:250; GAPDH —
1:1000). Apos esta incubacgédo, a membrana foi mergulhada em TBS-T (TBS-

Tween 20) por 30 min, em agitador horizontal, com a solu¢cdo sendo
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renovada a cada 10 min. Em seguida, a membrana foi incubada com o
anticorpo secundario apropriado conjugado com fosfatase alcalina (1:1000
em BSA) por 1,5 h, a temperatura ambiente, em agitador horizontal. Apds a
incubacédo, procedeu-se novamente a lavagem por 30 min em TBS-T. A
reacao foi revelada utilizando o kit BCIP/NBT substrate (Invitrogen/ Life
Technologies, Carlsbad, CA, USA) até o aparecimento das bandas. Apés a
revelagao das bandas, a membrana foi mergulhada em “solugao de parada”
(TBS-T e EDTA 0,5 M, pH 8,0). A membrana revelada foi escaneada e a
intensidade de marcacao foi analisada com o auxilio do programa ImageJ
pela comparacdo entre a area das bandas formadas com o controle

endogeno.

3.6 ANALISE ESTATISTICA

Os dados foram analisados utilizando o programa Graph pad prism
(versado 5.00 para Windows XP, Graph Pad Software, San Diego, Califérnia,
USA). A avaliacdo da citotoxicidade foi realizada em trés experimentos
independentes e em sextuplicata. Os resultados foram transformados em
porcentagem em relacdo ao controle e o ICso foi obtido por andlise de
regressao nao-linear. Os dados da avaliacdo da atividade antitumoral in vivo
foram analisados por analise de variancia (one-way ANOVA) e teste a
posteriori de Newman-Keuls para comparacdo de médias. Todos 0s outros
ensaios foram analisados por teste de t. As médias foram consideradas
estatisticamente significativas quando P <0,05. Os dados foram

apresentados graficamente em médias + desvio-padrao.
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Abstract

The present study report the design, synthesis, pharmacological/toxicological
investigation of LQFMO030 (2), a molecular simplification of the compound nutlin 1
(1). This work was carried out to evaluate the in vivo antitumor activity and apoptotic
effects of LQFMO030 (2) in Ehrlich ascites tumor (EAT)-bearing mice. Toxicity
studies were also performed in mice exposed to LQFMO030 (2). Treatment of EAT-
bearing mice with LQFMO030 (2) (at 50, 75 or 150mg/kg) resulted in a marked
decline in cell proliferation and VEGF levels along with enhanced survival of the
mice. The treatment also increased p53 and p21 along with increases in caspase-3,
caspase-8 and caspase-9 activities, indicating the presence of apoptotic cell death.
Because LQFMO030 (2) abrogates EAT progression in vivo, we evaluated the acute
oral toxicity of this compound. In this assay, LQFMO030 (2) showed an acute lethal
toxicity greater than 2000 mg/kg. Considering the low acute oral toxicity presented
by LQFMO030(2), this compound could be administered in combination with typical
cytotoxic agents, reducing the toxicity burden while allowing the same or superior
antitumor action. Moreover, these data might open a new route for a broader
application of LQFMO030(2) for antiangiogenic treatment of diseases involving

overexpression of VEGF, such as macular degeneration.
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Introduction

The tumor suppressor p53 coordinates a signal transduction network designed
to combat oncogenic stress (Harris; Levine, 2005; Oren, 2003; Pei et al., 2012). p53
modulates its transcriptional target p21, which triggers cell cycle arrest and cell death
by apoptosis and is crucial for the prevention of tumor development as well as for the
response to anticancer therapy (Vogelstein et al., 2000). Therapeutic induction and/or
stabilization of p53 are targets for development of new antitumor agents. Some of the
antitumor activity of current chemotherapeutics is derived from interaction with p53.
Recent work has shown that several new anticancer agents in development, such as
nutlins, RITA (reactivation of p53 and induction of tumor cell apoptosis) and
PRIMA-1 (p53 Reactivation and Induction of Massive Apoptosis), induce apoptosis
by multiple mechanisms that are, in general, dependent upon p53 activation
(Manujendra et al., 2013). These new compounds have been classified into two
categories: those that aim at modulating the activity of wild-type p53 and those that
aim at restoring wild-type functions in cell expressing mutant p53 (Shangary; Wang,
2009; Selivanova, 2010; Lane et al., 2011; Wang; El-Deiry, 2008).

Nutlins, which are cis-imidazoline analogues, are non-genotoxic MDM?2
antagonists that bind MDM2 in the p53-binding pocket, thus preventing p53
degradation (Vassilevet al., 2004). In preclinical studies, nutlins elicited cytotoxic
and apoptotic responses in tumor cells (including cell lines andpatient samples) with
little effect on normal CD34+ hematopoietic progenitor cells (Kojimaet al., 2005).
More recently, it was demonstrated that nutlins induce cell cycle arrest and/or
apoptosis independent of the p53 status of the cancer cells (wild type or mutant)

(Wiman, 2010).
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Treatment of hematological malignancies with nutlin increased the levels of
p53 and of its transcriptional targets, MDM2 and p21, effectively triggering cell
cycle arrest and/or apoptosis (Stuhmer et al., 2005; Saha et al., 2009; Kojima et al.,
2005; Kojima et al., 2006; Kojima et al., 2007; Secchiero et al., 2006).  In addition,
nutlins canovercome drug resistance in chronic leukemia (Kojima et al., 2006),
synergize with genotoxic drugs (Coll-Mulet et al., 2006, Mir et al., 2013) and show
anti-angiogenic activity (Secchiero et al., 2007). In this regard, Patterson et al.
(2011) demonstrated that nutlin-3a cooperatively inhibits tumor growth and
angiogenesis in neuroblastomas in vivo by concomitantly targeting the VEGF and
p53 pathways. Janouskova et al. (2013) demonstrated that nutlin-3a activates p53
and consequently inhibits the expression of a5 integrin in colon cancer cells.
Moreover, Xiong et al. (2013) demonstrated that an MDMZ2 inhibitor suppresses
VEGF expression in vitro and VEGF-mediated tumor angiogenesis in various human
breast cancer models with different p53 statuses.

In the present study, we report the design, synthesis, and pharmacological and
toxicological investigation of LQFMO030 (2), a molecular simplification of the lead
compound nutlin 1 (1) (Figure 1). Preliminary results from our group with LQFMO030
(2) showed that it has antiproliferative effects against leukemic and carcinoma cells
in vitro. The present work was carried out to evaluate the possible in vivo antitumor
activity and apoptotic effects of LQFMO030 (2) in Ehrlich ascites tumor-bearing mice.

Furthermore, toxicity studies were also performed in mice exposed to LQFMO030 (2).
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Figure 1. Design of LQFMO030 (2) from Nutlin (1)
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Materials and Methods

A colorless needle-shaped single crystal of LQFMO030 (2) with dimensions
0.075 x 0.16 x 0.47 mm was mounted on a Bruker Apex Il Duo diffractometer,
operating with Mo-Karadiation and room temperature. Data collection was
performed using ¢/m scans of 0.5° steps and exposure times of 20 s. Data reduction
was carried out using SAINT (Bruker, 2010) and SADABS (Bruker, 2010),
employing the multi-scan absorption correction method. The structure solution was
accomplished with the Direct Methods followed by refinement of structural
parameters using F? with the full matrix least-squares method; both methods are
implemented in the Shelx software package (Sheldrick, 2008). Non hydrogen atoms
were refined with anisotropic atomic displacement parameters, and the hydrogen
atoms were treated as isotropic and were allowed to ride on their parent atoms with
Ueq = 1.2 Ueg(Caromaticc, CH2) and 1.5 Ueq (Crnethyl, Owater). Hydrogen atoms were
located in calculated positions, and the hydrogen atoms of the structural water
molecule were located in the Fourier difference map and restrained with O—H
distance of 0.92 A. Infrared (IR) spectrawere obtained with a Nicolet-55a Magna
spectrophotometer using potassium bromide plates.The assays were carried out using
LC-ESI-MS/MS mass spectrometer equipped with electrospray ionization source in
the positive mode, ESI (Agilent Technologies 1200 Series / Applied Biosystems
MDS Sciex APl 3200 Triple Quadrupole, MS/MS). The progress of all the reactions
was monitored by thin-layer chromatography (TLC), which was performed on 2.0-
6.0 cm aluminum sheets precoated with silica gel 7 60 (Merck) to a thickness of 0.25
mm. The developed chromatograms were viewed under ultraviolet light (254-265

nm) and treated with iodine vapor. For column chromatography, we used Merck
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silica gel (70-230 mesh). Reagents and solvents were purchased from commercial
suppliers.

CCDC number 963584 contains the supplementary crystallographic data for
compound (2). These data can be obtained free of charge via
http://www.ccdc.cam.ac.uk/conts/retrieving.html ~ or  from the  Cambridge
Crystallographic Data Centre, 12 Union Road, Cambridge CB21EZ, UK; fax: (+44)

1223-336-033; or e-mail: deposit@ccdc.cam.ac.uk.

1. Synthesis of 1-(4-((1-(4-chlorophenyl)-1H-pyrazol-4-yl)methyl)piperazin-1-
yl)ethanone (2)

To a 500 mL round-bottomed flask, 9.67 mmol of 1-(4-chlorophenyl)-1H-
pyrazole-4-carbaldehyde (6), 10.64mmol of acethylpiperazine (7), 100 mg of Pd/C
10%, 70 mL of methanol and 60 psi of H, were added. The reaction was carried out
with stirring for 2 h. At the end of the reaction, the resulting solution was filtered off
under vacuum. Compound (2) was obtained as a beige solid; the quantitative yield
wasmp92°C, Rf=0.56 (CH,Cl;:MeOH - 95:5). IR cm™:3010, 2947, 1639 and
830'HNMR: (500 MHz, CDCl5)$7.83 (d, J = 0.6 Hz, H-5), 7.64 (d, J = 0.6 Hz, H-
3), 7.62 (dd, J=9.8, 2.2 Hz, H-2"),7.62 (dd, J = 9.0, 2.2 Hz, H-6"), 7.41 (dd, J =
9.0,3.0 Hz, H-3"), 7.41 (dd, J = 9.0, 2.9 Hz, H-5"), 3.63 (dd, J=6.0, 4.0 Hz, H-11),
3.50 (s, H-6), 3.47 (dd, J = 6.0, 4.0 Hz, H-9), 2.47 (dd, J = 6.0, 4.0 Hz, H-12) and
2.45 (dd, J = 6.0, 4.0 Hz, H-8) ppm. *CNMR (125 MHz, CDCls) & 168.8 (C-13),
141.9 (C-3), 138.6 (C-1°), 131.9 (C-4’), 129.6 (C-3’/C-5"), 126.4 (C-5), 119.9 (C-
2°/C-6"), 119.6 (C-4), 52.7 (C-12), 52.3 (C-8), 52.2 (C-6),46.2 (C-9), 41.5 (C-11) and

21.3 (C-14) ppm.LC-MS with electrospray ionization: m/z 319.16 [M+H]+.
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2. Animals

Male Swiss albino mice (25 - 30 g) were obtained from Industria Quimica do
Estado de Goias (IQUEGO). All the animals were kept under constant ambient
conditions with a 12 h/12 h light-dark cycle and temperature of 23 + 2 °C, fed with
standard granulated chow, and given drinking water ad libitum. The animal
experiments were carried out in accordance with the Institutional Protocols of
Animal Care. The experimental protocol (CEUA - PRPPG/UFG n. 018/12) was

approved by the Institutional Ethic Committee of our university.

3. LQFMO030 (2) treatment

Erhlich ascites tumors (EAT) were maintained in the peritoneum of the mice
in the ascites form by serial weekly passage. Exponentially growing EAT cells were
harvested, washed, and resuspended in PBS, and 1x10’ cells/mL were injected
intraperitoneally into each mice. The emulsion was prepared as follows: to 5 mg/mL
of LQFMO030 (2) was added 100 pL of sunflower oil, 100 pg of soy
phosphatidylcholine and 50 pL of ethanol. The mixture was vortexed for 3 min, and
the final volume was completed with ultrapure water. For the control group, the
emulsion was prepared without LQFMO030 (2).

The animals were randomly divided into five groups containing six animals
per group. All animals were weighted and received, after 24 h, 0.1 mL of the vehicle
(EAT control group) or LQFMO030 at 50, 75 or 150 mg/kg; one group was not
inoculated with EAT and received 0.1 mL of PBS (normal mice). Animals were
treated for 10 days and weighed every two days to ensure tumor growth and permit

recalculation of doses.
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4. In vivo antitumor activity of LQFMO030(2)

The antitumor activity of LQFMO030 (2) was determined by changes in ascites
tumor volume, body weight, viable tumor cell count, and angiogenesis. To determine
whether the compound inhibited tumor growth and angiogenesis, animals were
euthanized by cervical dislocation 24 h after the last day of treatment, and the body
weights of the animals before tumor implantation and before euthanasia were
recorded. Tumor volume was determined by the difference in body weight between
tumor implantation and the last day of treatment. Tumors (ascites fluid) were
removed with a sterile syringe, and the volume of ascites obtained from control and
treated animals was noted. The harvested cells were resuspended in PBS, collected in
sterile Petri dishes, and incubated at 37 °C for 2h. The cells of macrophage lineage
adhered to the bottom of the Petri dishes to form a confluent monolayer. The non-
adherent population was gently aspirated out, washed with PBS, and counted using a
hemocytometer and the trypan blue dye exclusion method. The euthanized animals
were dissected to observe the effect of the treatment on peritoneal angiogenesis and

photographed.

5. VEGF-ELISA

The level of VEGF secreted by EAT cells into the peritoneal ascites was
measured by ELISA (R&D systems, USA), following the manufacturer’s
instructions. In brief, to a 96-well microplate pre-coated with a polyclonal antibody
specific for mouse VEGF, 50 pL assay diluent and 50 pL ascites from control or
treated mice were added. Recombinant mouse VEGF was used to set up the standard
curve. After incubation for 2 h at room temperature, the wells were washed and

polyclonal anti-mouse VEGF antibodies conjugated to horseradish peroxidase were
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added. Incubation was continued for 2 h and plates were washed; substrate solution
was added to each well and incubated for 30 min. The enzyme reaction yielded a
blue product that turns yellow when the stop solution is added. The O.D. at 450 nm
(correction wavelength set at 540 nm) was measured using a microplate reader

(Awareness Technology, Germany).

6. Hematological and biochemical analysis of mice blood

Before euthanasia, the animals were anesthetized by subcutaneous administration
of ketamine (100 mg/kg) and xylazine (10 mg/kg). Blood samples (1 mL) were
collected by cardiac puncture using an insulin syringe without EDTA and were
separated into two vials, one containing EDTA to perform a complete blood count
and another to separate the serum for post hoc biochemical analysis. The
hematological test was performed in a hemocytometer (Horiba ABX, France)
calibrated for mice. Serawere separated by incubation at 37 °C and centrifugation at
3000 rpm for 10 min and placed at — 20 °C until analysis. Biochemical analyses were
performed using Labtestdiagnotica kits (Lagoa Santa, Brazil) in Labmax 240

equipment (Labtestdiagndstica, Brazil).

7. Flow cytometric analysis of p53 and p21 proteins

For this test, we used cells collected from EAT animals treated with control and
150 mg/kg LQFMO030 (2) immediately after collection. EAT cells (1x10°) were
washed with PBS, suspended in 0.25 mL of a fixation and permeabilization solution
(cytofix/cytoperm) and incubated for 20 min at 4 °C. After incubation, cells were
washed twice in PBS-T20 and incubated with a specific antibody (anti-p53 or anti-

p21) for 15 min at room temperature. After that, cells were washed in PBS-T20. A
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total of 10,000 events were acquired for analysis using FacsDiva software, and
histograms of FITC or PE-fluorescence (x-axis) versus counts (y-axis) were plotted

according to the logarithm of the fluorescence intensity.

8. Flow cytometric analysis of the activities of caspases 3, 8, and 9

The activities of caspases 3, 8, and 9 were measured using the
CaspaTagCaspasein situ assay Fluorescein kit, following the manufacturer’s
instructions. Cells were washed with PBS at 1500 rpm for 10 min and incubated with
antibodies against caspase 3, 8 or 9 for 1 h at 37°C. After incubation, cells were
washed twice in PBS and resuspended in the buffer provided in the kit. A total of
10,000 events were acquired for analysis using FacsDiva software, and a histogram
of FITC-fluorescence (x-axis) versus counts (y-axis) was plotted according to the

logarithm of the fluorescence intensity

9. Acute oral toxicity of LQFMO030 (2)

The evaluation of acute oral toxicity was performed as recommended in OECD
423 "Acute Oral Toxicity Class", 2001. The initial dose selected for LQFMO030 (2)
(300 mg/kg) was chosen based on data obtained from an in vitro test of the
incorporation of neutral red into 3T3 basal cells (data not shown). A dose of 2000
mg/kg was also investigated. As recommended by the guidelines, the compound was
prepared in an edible vegetable oil (sunflower oil) and the volume of 0.2 mL
administered orally (by gavage) to female Swiss mice. This dose was tested twice,
and we used the results to estimate the toxicology of the extract according to the

specifications of the guide. The animals were restricted to the feed for 2 hours before
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dosing. During the experimental period the animals were observed continuously for
12 hours and then observed daily for any change in general behavior or physiological
activities. The animals were weighed and evaluated by the Hippocratic screening
method, which assesses the effects of the compound on the consciousness, disposal,
activity and coordination of the motor system and muscle tone, and activity of the
autonomic and central nervous system of the animal (Its parameters include
irritability, touch response, response to the tightening of tail, twisting, hindquarters
position, righting reflex, power grab, headset reflex, corneal reflex, tremors, straub,
anesthesia, lacrimation, ptosis eyelid, piloerection, cyanosis and death).For
histological evaluation, routine processes were employed for paraffin inclusion,
sectioning and hematoxylin—eosin staining of liver and kidney from mice treated
with LQFMO30 (2) or vehicle. A histopathologist performed a complete examination

of the tissues.

10. Statistical analysis

All data expressed as the means = SD are representative of at least two
different experiments. For comparisons between multiple groups, we used one-way
ANOVA and a posteriori Newman-Keuls Multiple Comparison Test, and for
comparisons between two groups, we used a t-test with the GraphPad Prism program
(version 5.00 for Windows 98, Graph Pad Software, San Diego, California), where p

< 0.05 was considered significant.
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RESULTS
1. LQFMO030 synthesis
LQFMO030 (2) was produced via the synthetic route shown in Figure 2,
beginning withsynthesis of thel-(4-chlorophenyl)-1H-pyrazole (5) compound using
the classical method described by Finar and Godfrey (Finar and Godfrey, 1954), with
a yield of 92.0%. On the other hand, the 1-(4-chlorophenyl)-1H-pyrazole-4-
carbaldehyde (6) compound was produced (with a yield of 77.9%)via chemospecific
and regiospecificformylation of 1-(4-chlorophenyl)-1H-pyrazole (5), which was
performed under Duff’s conditions (de Oliveira et al., 2013). In the last step,
LQFMO030 (2) was obtained under catalytic hydrogenation conditions with a
quantitative yield. After three steps, LQFMO030 (2) was produced with a global yield
of 71.6%, which was higher than that of the compound nutlin 1 (1), which was
produced with a global yield of 6.4% in eight synthetic steps (Fry et al., 2004).
The structure of the compounds were investigated and confirmed by infrared
and NMR spectroscopy, combining the *H, HSQC and HMBC correlation spectra, as
well as mass spectrometry. The structure of LQFMO030 (2) was also determined using

X-ray diffraction as illustrated in Figure 3.

Figure 2. Synthetic route of LQFMO030 (2)
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2. X-ray Analysis

An Ortep representation of LQFMO030 (2) is given in Figure 3 and shows a
staggered conformation in which the chlorophenyl ring is at a dihedral angle of
10.5(1)°to the pyrazol ring. The C4 atom is located 0.133(3) A from the best plane of
the pyrazol. The piperazine presents a chair conformation with the best plane (of
r.m.s. of 0.004 A) of the carbon atoms C5/C6/C7/C8 rotated 70.14(7)° from the
pyrazol plane. The N4 atom has sp’ hybridization, while the N3atom is sp2, with a
N3—C9 bond distance of 1.345 (3) A, while the other N—C bond lengths vary from
1.459 (2) A to 1.473 (2) A. As a consequence of the N3sp® hybridization, the formyl
group C9/C10/01 is in a plane (r.m.s. 0.005 A) with the atoms C6/N3/C8.

Notably, LQFMO030 (2) was obtained as a monohydrate chiral crystalline
solid, indicating that the present conformation is stable under normal conditions and
showing the strong affinity of the piperazine N atom for a proton donor. The water
molecule participates in two strong hydrogen bonds with (I). As suggested by the
short donor acceptor (DA) distance of 2.917(2) A and the linearity of the 02—
H...N4 H-bond with an angle of 169(3) °, this water molecule connects neighbor
molecules (symmetry operation i: x-1/2, -y+1/2, -z+1) with a H-bond of type O2—

H...O1' a DA distance of 2.816(2) A, and a OHO angle of 171(2)° (Table 1).
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Figure 3. Ortep representation of (2) with atomic displacement parameters drawn at

30% of probability level. Hydrogen are represented by spheres of arbitrary radii.

Table 1. Data collection and refinement statistics.

LQFM-030 (2)

Data collection
Space group
Celldimensions[][]

a, b, c(A)

Resolution (A) / Binterval
©)

Rsymm/ Rint

1/al

Completeness (%)
Redundancy

Refinement
Resolution (A)
No. reflections Total / I
>201
R1/wR2 (all data)
No. parameters/restraints
R.m.s. deviations
Bond lengths (A)

Bond angles (°)

P21212:

6.0320(8), 8.9792(13),
31.306(5)
0.8 /1.30 to 26.28

0.022/0.017
1.86
99.7
4.36

0.8
12724 / 3406

0.044 /0.087
21773

0.003
0.20
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3. Effects of LQFMO030 (2) treatment in Ehrlich ascites tumor -bearing mice

When injected intraperitoneally into mice, Ehrlich ascites tumors grow as
ascitic tumors with accumulations of large volumes of ascitic fluid in the
peritoneal cavity. The effects of LQFMO030 (2) on the proliferation and viability of
tumor cells from EAT-bearing mice were evaluated after 10 days of treatment
using the trypan blue exclusion method. Treatment of EAT—bearing mice with 50,
75 or 150mg/kg of LQFMO030 (2) resulted in a marked, dose-dependent decline in
EAT cell proliferation in the peritoneum (Figure 4B). The 50, 75 and 150 mg/kg
doses decreased cell viability by 39.4, 42.1 and 55.4%, respectively. Moreover, as
shown in Figures 4 A, C, and D, the administration of LQFM030 (2) resulted in
dose-dependent inhibition of tumor growth, represented by reductions in the body
weights and volumes of ascites, when compared to the untreated group. Treatment
with the 150 mg/kg/day dose produced a 54.67% reduction in intraperitoneal
tumor cell burden (Figure 4D). In additional, hematological alterations induced by
the tumors in these animals were partially reversed by the treatment. Similar
results were observed for the serum biochemical parameters in EAT-bearing mice
treated with LQFMO030 (2) (Tables 2 and 3).

With respect to the antiangiogenic activity of LQFMO030 (2), the treatment
with 150mg/kg resulted in a biological tendency towards a reduction in VEGF
levels in the peritoneal washing supernatant; however, no statistical significance
was detected. On the other hand, in the analysis of the vascular pattern of the
peritoneal wall, morphological changes were observed (Figure 5). Untreated mice
showed tortuous dilated and congested vesselscompared to normal mice (Figure
5A). After treatment with 150/mg/kg/day of LQFMO030 (2), the capillaries were

markedly reduced in diameter and appeared similar to those in the normal group.
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In this study, the effect of LQFMO030 (2) on the survival time of EAT-bearing
mice was evaluated. Untreated tumor-bearing mice died within 20 days. On the
other hand, treatment with LQFMO030 (2) significantly enhanced the survival rate

to 25 days (P<0.05) (Figure 6).

Figure 4. Effects of LQFMO030 in tumorgrowth, tumor cell viability, and in ascitic
fluid of mice. A: Characteristics of mice body weight on the day of sacrifice. B:
Number of viable cells, counted by the trypan blue exclusion method, on the day of
sacrifice. C: Difference between body weight of the mice on the day of tumor
injection and the day of sacrifice. D: Difference between ascites volume of the mice
on the day of tumor injection and the day of sacrifice.(*p< 0.05 compared to control).
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Table 2. Hematological parameters of Ehrlich ascites tumor-bearing mice before and
after LQFMO30 treatment.

Group of anmals Nomal EAT 50mg/Kg 75mg/Kg 150mg/Kg
Mice Control

Leukocytes (103%mm?) 4.8106 138426 10.6+32° 117440 11.1:44*
Erythrocytes 821008 74107 7.1+12 64416  50:25%
{10%mm3)

Hemoglobin{g/dL) 112106 96+12 94418  9.4+16 8.213.1
Hematocrit{%) 201414 17.6+1.8 182432 175127  19.0426

Platelets (10¥mm?) 714243 11400+ 8166423. 7485i68. 739.1483.5

42 84.5* 4* 5¢

Packedcellvolume 986424 965:39 991155 977450  98.047.2

{pm?)
Lymphocyte (%)  68.7469 446i80 376485 451+114 4724120

3 3

Monocyte (%) 14018 327464 294430 295471 33.457*

3

Granulocyte (%) 16.6+1.5 282427 336+15% 265420 235:36%

3

Lymphocyte 31101 55+1.0°* 43403 35:06* 644179
{103%mm3)

Menocyte 06101 25:03* 43104 162039 40413
{103%mm3) #

Granulocyte 05102 3.3104* 26:05° 23105° 25101*
{103%mm3)

p values were generated by ANOVA and Newman-Keuls Multiple Comparison Test
a posteriori. *p< 0.05 vs normal mice; * p< 0.05 vs EAT control; ®p< 0.05 vs 50
mg/Kg; °p< 0.05 vs 75 mg/Kg.
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Table 3. Effect of LQFMO030 on serum biochemical parameters of mice.

Group of animals Normal EAT 20mg/Kg T7o5mg/Kg 150 mg/Kg
Mice Control
ALT/TGP (UL} 354481 335484 321489 241123 31.0436
ASTITGO (UL} 136. 7458 506.0+2 4463425 2336+25. 30234760
56* 8* HHha Hab
LDH (UL} 1515041 1628.0+ 4505044 201045 4478.0462.
63.3 3345 8354 bb. 7 24
CPK (UL} 1720421, 342343 283.0421. 1753+10. 35154120
9 6.7 2+ 64 *ab
Creatinine (mg/dL) 037+005 039400 038+006 03800 0344005
3
Urea (mg/dL) 486450 49.0457 462479 407440 412458
Glucose (mg/dL} 1920411, 179343 139.0414. 1535420, 183.7+29.1
8 85 8* 5
Total protein (g/dL} 5403 47401 4402 44401 4.3+02*
Albumin (g/dL) 2103 1.7/401 1601 16+0.1* 1.7402*
Direct bilirubin 006+002 00600 005001 00400 0061001
(mg/dL) 2
Total bilirubin 0124001 017100 015005 009400 024002
(mg/dL) 6
Total cholesterol 1113438 1583+1 1325+11 146,442 12254176
(mg/dL) 3.7 3.0¢ * #

p values were generated by ANOVA and Newman-Keuls Multiple Comparison Test
a posteriori. *p< 0.05 vs normal mice; * p< 0.05 vs EAT control; ®p< 0.05 vs 50

mg/Kg; °p< 0.05 vs 75 mg/Kg.
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Figure 5. LQFMO30 inhibits tumor angiogenesis. A: Effects of LQFMO030 in
peritoneal angiogenesis. B: Effects of LQFMO030 in VEGF production. VEGF was
quantified by ELISA.
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Figure 6. Effect of compound LQFMO030 in the survival of animals bearing Ehrlich
ascites tumor (EAT) after 10 days of treatment at a dose of 150mg/kg compared to
the control group. P <0.05 compared to group control.
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4. Apoptosis induction in LFQMO030 (2)-treated mice

The effects of LQFMO030 (2) on the expression levels of p53 and p21 were
investigated in EAT cells from mice treated with 150 mg/kg of the compound.
The treatment resulted in a 3.5-fold increase in p53 protein levels and an increase
of 2.0-fold in p21 protein levels (Figures 7 and 8). Because caspases are
important in the apoptotic process modulated by p53, the roles of caspase-3,
caspase-8 and caspase-9 in LQFMO030 (2)-induced EAT cell death were evaluated.
EAT cells from mice treated with 150 mg/kg increased the activities of all
caspases examined compared to the control cells (P <0.01) (Figures 9-11).
Treatment of EAT-bearing mice resulted in 1.8, 1.3 and 1.7-fold increases in

caspase-3, caspase-8 and caspase-9 activities, respectively (P < 0.01).
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Figure 7. Effect of LQFMO030 on p53 expression. The activity of p53 was
determined by flow cytometry. (A) cells from EAT control (B) cells from animals
treated with 150 mg/kg LQFMO030 for 10 days. (C) Comparison of fluorescence
intensity of PE between cells from untreated and LQFMO030-treated animals(*p<
0.05 compared to control).
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Figure 8. Effect of LQFMO030 on p21 expression. The expression of p2l was
determined by flow cytometry.(A) cells from EAT control (B) cells from animals
treated with 150 mg/kg LQFMO030 for 10 days. (C) Comparison of fluorescence
intensity of PE between cells from untreated and LQFMO030-treated animals(*p<
0.05 compared to control).
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Figure 9. LQFMO030 induced activation of caspase 3. The activity of caspase 3 was
determined by flow cytometry.(A) cells from EAT control (B) cells from animals
treated with 150 mg/kg LQFMO030 for 10 days. (C) Comparison of fluorescence
intensity of FITC between cells from untreated and LQFMO030-treated animals(*p<
0.05 compared to control).
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Figure 10. LQFMO030 induced activation of caspase 8. The activity of caspase 8 was
determined by flow cytometry.(A) cells from EAT control (B) cells from animals
treated with 150 mg/kg LQFMO030 for 10 days. (C) Comparison of fluorescence
intensity of FITC between cells from untreated and LQFMO030-treated animals(*p<
0.05 compared to control).
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Figure 11. LQFMO030 induced activation of caspase 9. The activity of caspase 9 was
determined by flow cytometry.(A) cells from EAT control (B) cells from animals
treated with 150 mg/kg LQFMO030 for 10 days. (C) Comparison of fluorescence
intensity of FITC between cells from untreated and LQFMO030-treated animals(*p<
0.05 compared to control).
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5. In vivo toxicity studies

In view of the positive effect of LQFMO030 (2) in preventing cancer
progression in vivo, we evaluated the acute oral toxicity of this compound using
the OECD 423 protocol. The initial doses selected for LQFM030 (2) were 300
mg/kg followed by 2000 mg/kg and were based on data obtained in in vitro tests
of the incorporation of neutral red into 3T3 basal cells (data not shown). Exposure
of the animals to 2000mg/kg for two hours elicited piloerection; however, in the

nextl4 days, no other signs of abnormality were observed until euthanasia of
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animals. LQFMO030 (2) was categorized as “Class 5” in the Global Harmonized
System (GHS), i.e., acute lethal toxicity greater than 2000 mg/kg. There were no
significant differences in body weight and organs, such as liver and spleen, after
LQFMO030 (2) treatment (data not shown). At necropsy, no visible pathological
changes were noted in the livers and kidneys of mice given LQFMO030 (2) at
300mg/kg or 2000mg/kg. Histological analysis of formaldehyde-fixed, paraffin-
embedded liver, kidney, spleen, heart and lung sections stained with hematoxylin
and eosin showed normal architecture in all experimental groups. However, the
stomachs of animals given various doses of LQFMO030 (2) showed atypical

architectures, with signs of hyperplasia (Figure 12).

Figure 12. Histopathology of the stomach in the control group and groups treated
with doses of 300 and 2000 mg/kg. A: Control (20 x) B: 300 mg / kg (20x) C: 2000
mg / kg (10x). In B and C it can be seen breakdown of the gastric pits and signs of
hyperplasia. Histological sections stained with HE.
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DISCUSSION

In the present work, the synthesis, characterization, pharmacological and
toxicological evaluations o LQFMO030 (2) compound were performed. This
compound resulted from molecular simplification of the lead compound Nutlin 1 (1),
where the subunits A, B and C of the Nutlin 1 (1) were preserved in LQFMO030 (2)
and, additionally, the chiral centers were removed, becames the synthesis easier and
cheaper.

Ehrlich ascites tumor is a spontaneous mammary carcinoma tumor, with a
very aggressive behavior, which has been successfully transplanted in nearly all
known mouse strains for the screening of potential anticancer drugs. After
intraperitoneal (i.p.) inoculation, EAT readily grows in ascitic form and the survival
time of mice is associated with the number of tumor cells in the peritoneum. In this
context, treatment of EAT — bearing mice with (50, 75 or 150 mg/kg) resulted in a
marked decline in the cell proliferation in the peritoneum, in special, the treatment
with the 150 mg/kg/day dose inducing a 54.6% of reduction in intraperitoneal tumor
cell burden. In parallel to reduction of EAT proliferation, treatment with 150 mg/kg
of LQFMO030 (2) resulted in a reduction of angiogenesis along with enhanced of the
survival rate of the mice.

It has been known that antiangiogenic agents reduce tumor/progression by
decreasing tumor supply with the advantage of not inducing tumor resistance. It has
been demonstrated that in situations of overexpression of MDM2 the expression of
VEGF mRNA and protein production is enhanced suggesting that MDM2 has an
important role in the regulation of tumor growth and metastasis (Zhou et al., 2011).

In this issue Secchiero et al. (2007) report the antiproliferative and antiangiogenic
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effect of nutlin-3 suggesting 3 different mechanisms: inhibiting endothelial cell
migration; inducing cell cycle arrest; and increasing apoptotic tendency in
endothelial cells. Peterson et al. (2011) investigated if concurrent inhibition of both
MDM2 and VEGF signaling would have cooperative anti-tumor effects, potentiating
antiangiogenic strategies for tumors treatments, showing that Bevacizumab plus
Nutlin-3a cooperatively inhibits tumor growth and angiogenesis in vivo with
dramatic effects on tumor vascularity with concomitantly targeting VEGF and p53
pathways potently suppresses tumor growth. Chavala et al. (2013) showed that nutlin
inhibited angiogenesis in several model systems with conceivable advantages over
existing cytokine-targeted antiangiogenesis therapies. Xiong et al. (2013)
investigated the function of MDM2 in VEGF-mediated tumor angiogenesis of breast
cancer and the potential value of MDM2 as an anti-angiogenic therapy target for
cancer therapy by inhibiting MDM2 with antisense oligonucleotides (ASO) or other
antagonist nutlin-3. The author concluded that ASO construct targeting MDM2
specifically suppresses VEGF expression in vitro and VEGF-mediated tumor
angiogenesis in vivo in breast cancer. Furthermore, the suppression of VEGF
expression subsequent to inhibition of MDM2 in p53 mutant cells suggests that
MDM2 has a regulatory role on VEGF expression through a p53-independent
mechanism.

p53 is considered an important tumor suppressor since its reactivation in
tumors is associated with reduction of malignant growth by triggering apoptosis,
growth arrest or/and senescence. Several therapeutic strategies in development
increase and/or restore/reactive p53 function. Under stress p53 up modulate p21
inducing cell cycle arrest with consequence repair or apoptosis of the cell. p53-

mediated apoptosis results inthe activation of proteases, in special the initiator
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caspase 9 and the executioner caspase 3, in this respect, treatment of EAT-bearing
mice with LQFM30 (2) resulted in increases of p53 and p21 along with increase in
caspase-3, caspase-8 and caspase-9 activities, indicating EAT cell death by
apoptosis, probably by mitochondrial pathway. Recently, it was proved that Nutlin in
nanoparticles using a JVM-2-derived xenograft mouse model reduced the
subcutaneous tumor volume and promoted induction of apoptosis in the tumor mass
(Voltan, 2013). Although the exact mechanism by LQFM30 (2) inhibit tumor
progression is not totally clear, we can suggest that this compound increased p53
modulating MDM2 resulting in p21 increase, cell cycle arrest, apoptosis and
regulatory effect on the VEGF expression with antiangiogenic effect.

Considering the positive effect of LQFMO030 (2) in abrogates EAT
progression in vivo, we evaluated the acute oral toxicity of this compound.In this
assays LQFMO030 (2) was categorized as “Class 5” in Global Harmonized System
(GHS), i.e., acute lethal toxicity superior than 2000 mg/kg. Histological analysis of
formaldehyde-fixed, paraffin embedded liver, kidney, spleen, heart or lungs sections
stained with hematoxylin and eosin showed normal architecture in all experimental
groups, however, as it’s possible to expect for cytotoxic compounds, the stomach of
animals orally exposed to different doses of LQFMO030 (2) showed atypical
architecture with sign of hyperplasia.

Taken together the results demonstrated that LQFM30 (2), a molecular
simplification of Nutlin 1 (1), inhibit EAT progression by increasing p53 and p21
resulting in apoptosis and antiangiogenic effect. Considering the low acute oral
toxicity presented by the LQFM30 (2) this compound could be also administrated in
combination with usual cytotoxic agents reducing the toxicity burden with the same

or superior antitumor action. On the other hand, these data might open a new route
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for a broader application of LQFMO030 (2) not only for antitumor therapies but also
for application in antiangiogenic treatments in diseases with overexpression of

VEGF such as macular degeneration.
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Glossary

BSA — bovine serum albumin

cDNA — complementary DNA

CT — threshold cycle

EAT — Ehrlich ascites tumor

FBS — fetal bovine serum

FITC — fluorescein isothiocyanate
GAPDH - glyceraldehyde 3-phosphate dehydrogenase
HE — hematoxylin-eosin

MDM2 — murine double minute 2

MRNA — messenger RNA

NP-40 — nonylphenoxypolyethoxylethanol
PBS - phosphate-buffered saline

PCR — polymerase chain reaction

Pgkl — phosphoglycerate kinase

Pl — propidium iodide

PS — phosphatidylserine

RPMI — Rosewell Park Memorial Institute
RT-PCR - real-time PCR

SDS - sodium dodecyl sulfate

T20 — tween 20

TBS — Tris-buffered saline

TBST — Tris-buffered saline with T20
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Abstract

The activation of the p53 pathway through the inhibition of MDMZ2 has been
proposed as a novel therapeutic strategy against tumors. A series of cis-imidazoline
analogs, termed nutlins, were reported to displace recombinant p53 protein from its
complex with MDM2 by binding to MDMZ2 in the p53 pocket, thus preventing p53
degradation and exhibiting antitumor activity both in vitro and in vivo. In view of the
potential antitumor property of nutlins and its complex, such analogs as LQFMO030
were created by employing the strategy of molecular simplification. The aim of the
current study was to examine the proapoptotic mechanisms of the novel synthetic
MDMZ2 inhibitor LQFMO030 on Ehrlich ascites tumor (EAT) cells by disrupting the
p53-MDM2 complex. LQFMO030 cytotoxicity was evaluated in EAT cells by the
trypan blue exclusion test, and the mechanisms involved in EAT cell death were
investigated by light and fluorescence microscopy, flow cytometry, real-time PCR,
and western blotting. Our results demonstrate that LQFMO030 has dose-dependent
antiproliferative and cytotoxic activities on EAT cells, induces the accumulation of
p53 protein, and activates the p53 pathway (via activation of the p21 and p27
proteins and a reduction of MDM2). The compound caused cell cycle arrest in G1
phase and led to apoptosis, as revealed by the apoptotic morphology of the cells,
DNA fragmentation, PS externalization, and activation of initiators and effector
caspases. In contrast, p53 gene transcription was unaffected by LQFMO030, indicating
that p53 was up-regulated by a posttranslational mechanism. Similar to nutlins,
LQFMO30 inhibited the p53-MDMZ2 interaction, reactivating p53 and its main
functions of cell cycle arrest and apoptosis. These results suggest that the small
molecule p53 activator LQFMO030 has the potential for further development as a

novel cancer therapeutic agent.

Keywords: LQFMO030; nutlin; apoptosis; p53; MDMZ2; Ehrlich ascites tumor.
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1. Introduction

The activation of the p53 pathway via the inhibition of MDM2 has been
proposed as a novel therapeutic strategy. In fact, studies have shown that disruption
of the p53-MDMZ2 interaction by different macromolecular approaches or by the
suppression of MDMZ2 expression can lead to the activation of p53 and tumor growth
inhibition™***°°,

p53 is an important defense against cancer because it controls the transition of
cells from the G1 to S phase and also induces cell cycle arrest and, consequently
apoptosis’®. Due to its potent tumor suppressor role, the function of p53 is almost
always blocked in tumor cells. Indeed, inactivating mutations in p53 are found in
approximately 50% of all human cancers; in the remaining cancers in which the p53
gene is not mutated, the function of the p53 pathway is often inhibited via other
mechanisms, including the increased expression of MDM2 (a negative regulator of
p53). The fact that the p53 signaling pathway is inactivated in virtually all cancers
has drawn great attention from the world-wide cancer research community for
targeting the p53 pathway for the development of improved cancer therapies®. Thus,
the pharmacological reactivation of p53 through the disruption of the p53-MDM2
interaction using non-peptide small molecule inhibitors has recently appeared as an
effective therapeutic strategy for different tumors*®. Nutlins (a series of cis-
imidazoline analogs that displace recombinant p53 protein from its complex with
MDMZ2 by binding to MDM2 in the p53 pocket, thus preventing p53 degradation) are
currently considered among the most promising activators of p53 to induce p53-
dependent apoptosis in several tumor cells®.

In view of the potential antitumor property of nutlins and its complex, analogs

of this compound have been designed to optimize complex production and maintain
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the antitumor and apoptosis-inducing activities. One such analog is LQFMO030, a
heterocyclic compound originally based on the prototype nutlin-1 using molecular
simplification (Figure 1a). This compound was selected because recent studies from
our group have demonstrated that LQFMO030 has significant cytotoxicity and
apoptosis-inducing potential against a human leukemic cell line, promoting changes
in cell cycle progression (declining through S-phase and increasing the G1 and G2
phases), modulating gene expression, increasing Bax protein and cytochrome-c
expression, decreasing Bcl-2 expression, and altering the mitochondrial membrane
potential (unpublished data). Furthermore, the compound shows antitumor activity in
vivo and low toxicity.

The aim of the current study was to examine the proapoptotic mechanisms of
the novel synthetic MDMZ2 inhibitor LQFMO030 on Ehrlich ascites tumor (EAT) cells

through the disruption of the p53-MDM2 complex.
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2. Material and Methods
2.1 Chemicals and antibodies

RPMI-1640 medium, fetal bovine serum, streptomycin, penicillin G,
propidium iodide, and RNase were purchased from Sigma-Aldrich (St. Louis, MO,
USA). Ethanol, trypan blue, and Tween 20 were obtained from Vetec (Rio de
Janeiro, RJ, Brazil). Hoechst 33342 and the BCIP/NBT substrate kit were acquired
from Invitrogen/Life Technologies (Carlsbad, CA, USA). Cytofix/Cytoperm was
obtained from BD Biosciences (San Jose, CA, USA). The Annexin V apoptosis
detection FITC kit was obtained from eBioscience (San Diego, CA, USA). The
CaspaTag Caspase In Situ Assay Fluorescein kit was purchased from Millipore
Corporation (Billerica, MA, USA). TRIzol was obtained from Life Technologies
(Carlsbad, CA, USA). The RNAeasy minikit, QuantiTect Reverse Transcription Kit,
and Qiagen Rotor-Gene SYBR Green PCR kit were acquired from Qiagen (Valencia,
CA, USA). NP-40 lysis buffer and protease inhibitor cocktail were from Amresco
(Solon, OH, USA). All antibodies used were purchased from Santa Cruz

Biotechnologies (Santa Cruz, CA, USA).

2.2 LQFMO030

The compound LQFMO030 was provided by Laboratério de Quimica Farmacéutica
Medicinal (LQFM), Faculty of Pharmacy, Federal University of Goids (UFG),
coordinated by Prof. Dr. Ricardo Menegatti; the compound was stored in a freezer at
-20°C and prepared in the form of an o/w emulsion at the time of testing, due to it
hydrophobicity. The emulsion was prepared as follows. A sample of 5 mg/mL of
LQFMO030 was added to 100 pL sunflower oil, 100 pg soy phosphatidylcholine, and

50 pL ethanol. The mixture was vortexed for 3 min, and the final volume was
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completed with ultrapure water. For the control group, the emulsion was prepared

without LQFMO030.

2.3 Mice

Male Swiss albino mice (25 — 30 g) were obtained from Industria Quimica do
Estado de Goids (IQUEGO). All of the animals were kept under constant
environmental conditions, with a 12/12 light-dark cycle and temperature of 23 + 2°C,
fed standard granulated chow, and given drinking water ad libitum. The animal
experiments were performed in accordance with the Institutional Protocols of Animal
Care. The experimental protocol (CEUA - PRPPG/UFG n. 018/12) was approved by

Institutional Ethic Committee of this University.

2.4 Cell culture, growth conditions, and treatment

An EAT was maintained by serial intraperitoneal transplantation. EAT cells
were cultured in RPMI-1640 medium containing 10% heat-inactivated fetal bovine
serum (FBS), 100 pg/mL streptomycin, and 100 U/mL penicillin G in a humidified
atmosphere of 5% CO; in air at 37°C. The cells were treated with an o/w emulsion of

LQFMO030; the untreated cultures received only vehicle.

2.5 Assessment of cell viability by the trypan blue exclusion method

EAT cells (5x10° cells/mL) were seeded into 96-well flat-bottomed microtiter
plates (TPP, Trasadingen, Switzerland) in RPMI-1640 medium supplemented with
10% FBS and incubated with or without eight concentrations (0.033 — 4.320 mM) of
LQFMO030 in sextuplicate for 24 or 48 h. The cell suspension and a trypan blue

solution (0.2% in phosphate-buffered saline-PBS) were mixed 1:10, and the viability
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of the cells was estimated using a hemocytometer (Boeco, Germany); stained cells
were scored as dead. For all subsequent time-course studies, the ICsy value (the
concentration that inhibited cell growth in 50% of the cells compared to the untreated
controls) of 0.81 mM was used.
2.6 Morphological analysis by light and fluorescence microscopy

The morphological alterations between LQFMO030-treated and untreated EAT
cells were assessed using light microscopy. The untreated cells and cells treated with
0.81 mM LQFMO030 were incubated for 24 h, cytospinned onto glass slides, and
stained with HE. After staining, the slides were examined using light microscopy
(Axio Scope.Al Carl Zeiss®, Germany), and images were captured using a 100x
objective with the AxioVs40 software, 4.7.2.0. The nuclear alterations were assessed
using the DNA binding dye Hoechst 33342, as described (ref. 10), using a 20x

objective.

2.7 DNA cell cycle analysis

For the determination of the cell cycle phase distribution and cell
proliferation, 5x10° EAT cells/mL were incubated with or without 0.81 mM
LQFMO030 for 24 h. The cells were washed twice with PBS at 1500 rpm for 10 min,
and the cell pellets were resuspended in ice-cold 70% ethanol overnight at 4°C. The
suspension was centrifuged, and the cell pellet was resuspended in 500 uL PBS
solution containing 0.2 mg/mL RNase and 0.05 mg/mL PI and incubated at 4°C for 2
h. Fluorescence was measured with the FACSCanto Il flow cytometer (BD
Biosciences) using PE x FL2 channels. The assay was performed in triplicate, and

10,000 events were acquired. The analysis of the data was performed using ModFit
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software. A histogram of the DNA content (x-axis, Pl fluorescence) versus counts (y-

axis) is shown.

2.8 Detection of apoptosis by an annexin V binding assay

PS externalization was analyzed by flow cytometry using the annexin V
apoptosis detection FITC kit. Cells (5x10°) untreated and treated with 0.81 mM
LQFMO030 for 24 h were washed with PBS and suspended in 0.1 mL of the binding
buffer provided with the kit. The cells were stained with an anti-annexin V-FITC
antibody and propidium iodide (PI), as per the manufacturer’s instructions, and
scanned in the FL-1 (FITC) vs. FL-2 (PI) channels. Annexin V is a phospholipid-
binding protein that has a high affinity for PS, and Pl is used to distinguish viable

from non-viable cells.

2.9 Flow cytometric determination of cell membrane integrity

For the determination of cell membrane integrity, EAT cells (1x10°) untreated
and treated with 0.81 mM LQFMO030 for 24 h were washed with PBS and incubated
for 5 min in a solution of PI (2 pg/mL) in PBS. A total of 10,000 events were
acquired for the analysis using the FacsDiva software, and a histogram plot of the PE
fluorescence (x-axis) versus counts (y-axis) is shown as the logarithmic fluorescence

intensity.

2.10 Flow cytometric analysis of DNA fragmentation

The amount of fragmented DNA was measured by flow cytometry. EAT cells
(1x10°) untreated and treated with 0.81 mM LQFMO30 for 24 h were washed with

PBS and incubated with 0.2 mL lysis buffer (0,1% sodium citrate, 0,1% triton X-100,

Consideracdes finais 90



and 2 pg/mL PI) for 15 min at 4°C. A total of 10,000 events were acquired for the
analysis using the FacsDiva software, and a histogram plot of the PE fluorescence (x-

axis) versus counts (y-axis) is shown as the logarithmic fluorescence intensity.

2.11 Flow cytometric analysis of the protein expression of p53, p21, and p27

For the determination of the expression of the pro-apoptotic proteins p53,
p21, and p27, EAT cells (1x10°%) untreated and treated with 0.81 mM LQFMO030 for
24 h were washed with PBS, suspended in 0.25 mL of a fixation and
permeabilization solution (Cytofix/Cytoperm), and incubated for 20 min at 4°C. The
cells were then washed twice in PBS-T20 and incubated with specific antibodies
(anti-p53, anti-p21, or anti-p27) for 15 min at room temperature. The cells were
washed in PBS-T20. A total of 10,000 events were acquired for the analysis using
the FacsDiva software, and a histogram plot of the FITC or PE fluorescence (x-axis)

versus counts (y-axis) is shown as the logarithmic fluorescence intensity.

2.12 p53 RT-PCR analysis

The analysis of p53 mMRNA expression in EAT cells was performed using the
RT-PCR technique. Total RNA from EAT cells treated or not with 0.405 mM
LQFMO030 was prepared using the TRIzol reagent and/or the RNAeasy minikit,
following the manufacturers’ instructions. The concentration and purity of the
isolated RNA were determined by measuring the optical density at 260 and 280 nm.
The RNA integrity was verified by electrophoresis through 1.5% agarose gels stained
with ethidium bromide. cDNA synthesis was performed using reverse transcriptase

with 1 pg of RNA from each sample and the QuantiTect Reverse Transcription Kit
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containing DNase following the manufacturer’s instructions. The cDNA was
amplified using the Rotor-Gene SYBR Green PCR kit and the p53 primer set:
forward, 5- TGA AAC GCC GAC CTA TCC TTA C -3', and reverse, 5'- GGC
ACA AAC ACG AAC CTC AAA -3’ (ref. 11). The program consisted of an initial
activation step of HotStar Tag Plus DNA polymerase at 95°C for 5 min, followed by
denaturation at 95°C for 5 s and annealing / extension at 60°C for 10 s using Rotor-
Gene (Qiagen, USA) equipment. The gene used for normalization was Pgkl. The

AACt

relative levels of MRNA p53 gene expression were calculated using the method.

2.13 Western blot analysis of MDM2

For the western blot analysis of the MDM2 protein, EAT cells (5 x 10°
cells/mL) were treated or not with 0.81 mM LQFMO030, and cell lysates were
prepared with NP-40 lysis buffer (containing a protease inhibitor cocktail) for 30 min
on ice. The cell debris was pelleted by centrifugation at 13,000 rpm and 4°C for 10
min, and the supernatant was recovered. Approximately 40 pg of protein, as
estimated by the Bradford method, was separated on a 10% SDS-polyacrylamide gel
and electrotransferred to nitrocellulose membranes (Millipore). After blocking with
5% non-fat skim milk powder in BSA, the membranes were incubated with an
antibody against MDM2 (1:250). The blots were washed three times with TBST on a
shaker and incubated with the secondary antibody tagged with alkaline phosphatase
(1:2000) for 1.5 h. After washing with TBST for 30 min, the MDM2 protein was
detected using the chromogenic substrate BCIP/NBT. Equal protein loading in each
lane was confirmed by probing with an anti-GAPDH antibody (1:1000).
Quantification of the band density was performed using Imagel software and

calculated as the ratio of GAPDH expressed in the same sample.
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2.14 Flow cytometric analysis of caspase 3, 8, and 9 expression

The activities of caspases 3, 8, and 9 were measured using the CaspaTag
Caspase In Situ Assay Fluorescein kit following the manufacturer’s instructions.
After 24 h of incubation with or without 0.81 mM LQFMO030, the cells (1x10°) were
washed for 10 min with PBS at 1500 rpm and incubated with antibodies against
caspases 3, 8, or 9 for 1 h at 37°C. After incubation, the cells were washed twice in
PBS and resuspended in the buffer provided in the kit. A total of 10,000 events were
acquired for the analysis using the FacsDiva software, and a histogram plot of the
FITC fluorescence (x-axis) versus counts (y-axis) is shown as the logarithmic

fluorescence intensity.

2.15 Statistical analysis

The data are represented as the mean + SD, and the values were obtained in at
least two independent experiments (n). The statistical analyses were performed using
Student’s t-test with the GraphPad Prism program (version 5.00 for Windows 98,

Graph Pad Software, San Diego, California); p < 0.05 was considered significant.
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3. Results

3.1 LQFMO030 induced cytotoxicity in EAT cells

We examined the effect of LQFMO030 on the viability of EAT cells using the
trypan blue exclusion test. EAT cells were treated with LQFMO030 at increasing
concentrations (0.033 — 4.32 mM). A significant concentration-dependent growth
inhibition was observed when the cells were treated with LQFMO030 for 24 and 48 h.
LQFMO030 showed 50% growth inhibition after 24 h of treatment at 0.81 mM; the
ICso value was 0.10 mM after 48 h of treatment (Figure 1b). Using the 1Csy value for
24 h (0.81 mM), we detected a loss of plasma membrane integrity in 27.25 + 2.1% of

the EAT cells by flow cytometry after incubation with PI (Figure 1 c-e).
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Figure. 1. (a) Structure of the compound LQFMO030. (b) Cytotoxic effects of
LQFMO030 on EAT cells after 24 and 48 h of treatment (0.033 — 4.32 mM). Cell
viability was examined with trypan blue exclusion method and expressed as a
percentage of the control. Experiments were performed in sextuplicate. Each bar
presents means = SD of three independent experiments. The 1Csy values were 0.81
and 0.10 mM, respectively. (c-e) Effects of LQFMO030 in plasma membrane integrity.
EAT cells were treated for 24 h with 0.81 mM LQFMO030 and analyzed on a
flowcytometer. Histograms displaying PE-fluorescence (x-axis) versus counts (y-
axis) has been shown in logarithmic fluorescence intensity. The bar presents mean +
SD of two independent experiments (* p < 0.05 compared to control).
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3.2 LQFMO030 promoted morphological and nuclear changes in EAT cells
The morphological analysis of EAT cells stained with HE clearly revealed the
presence of apoptotic cells after treatment with LQFMO030. As can be observed in

Figure 2a, the control cells exhibited nuclei with dispersed chromatin and an
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organized plasma membrane. In contrast, the cells treated with LQFMO030 for 24 h
presented membrane blebbing, vacuolization (Figure 2b), and nuclear fragmentation
(Figure 2c). After nuclear staining with Hoechst 33342, the nuclei in the viable cells
displayed a regular, oval shape, with homogeneous chromatin (Figure 2d), whereas
shrinking and fragmentation of the nuclei, chromatin condensation, and low

fluorescence was observed in the apoptotic cells (Figure 2e).
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Figure 2. Apoptotic morphology of EAT cells upon LQFMO030 treatment. The cells
were treated with 0.81 mM LQFMO030 for 24 h and stained with HE. Images were
taken using a 100 x objective with the AxioVs40 software. (a) Control cells showing
nuclei with dispersed chromatin and organized plasma membrane. (b) LQFMO030-
treated cells presenting membrane blebbing and vacuolization (arrows) (c) Treated
cells presenting and nuclear fragmentation and vacuolization (arrows). Changes in
the nuclear morphology of EAT cells. Nuclear staining was performed with Hoechst
33342. Images were taken using a 20 x objective with LAS-AF software. (d) Control
cells. (e) LQFMO30-treated cells presenting chromatin condensation, low
fluorescence and shrinking nuclei.

3.3 LQFMO030 promoted cell cycle arrest in EAT cells
The analysis of the cell cycle profile by FACS revealed that LQFMO030
treatment at 0.81 mM for 24 h significantly arrested the EAT cells at the G1 phase,

as evidenced by an increased percentage of the cells in G1 phase (74.79 £ 8.9%)
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compared to the untreated cells (45.80 + 6.6%; p < 0.05) and a corresponding
decrease in the percentage of the cells in S phase (15.15 + 5.9%) compared to the
untreated cells (51.05 + 6.6%; p < 0.05). The percentage of cells in the G2/M phase
was not statistically altered after LQFMO30 treatment (Figure 3). These data show

that LQFMO030 could arrest the cell cycle at G1 and prevent EAT cell proliferation.

Figure 3. Analysis of the effects of LQFMO030 on EAT cell cycle. For the
determination of cell cycle-phase distribution, EAT cells were permeabilized and
nuclear DNA was labeled with propidium iodide (P1). The analysis was carried out
by flow cytometry. The histograms show (a) Untreated cells (b) Cells treated with
0.81 mM LQFMO030 for 24h (c) Percentual of EAT cells in G;, S and G, phases
before and after LQFMO030 treatment. Each bar presents mean + SD of three
independent experiments (* p < 0.05 compared to control).
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3.4 LQFMO030 induced phosphatidylserine externalization on EAT cells

Annexin-V binding of phosphatidylserine exposed on cells is an early
indicator of apoptosis. The treatment of LQFMO030 resulted in a significant
proportion of EAT cells undergoing apoptosis because it promoted
phosphatidylserine externalization, as determined by a flow cytometric analysis. As
shown in Figure 4, 90.45 + 0.6% of the untreated cells were alive (annexin-V -/PI -).
In contrast, after 24 h of treatment with 0.81 mM LQFMOQ030, the number of live cells
was 54.20 + 1.1% (p < 0.05), whereas the number of early apoptotic cells (annexin-V
+/PI -) was 15.35 £ 0.9% (p < 0.05), and the number of late apoptotic cells (annexin-
V +/Pl +) was 12.80 + 0.28% (p < 0.05). Furthermore, the number of necrotic or

secondary necrotic cells (annexin-V -/PIl +) was 19.65 + 0.49% (p < 0.05).
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Figure 4. Flow cytometry analysis of phosphatidylserine externalization in
LQFMO030-treated EAT cells. Cells were stained with annexin V-FITC and PI. (a)
Untreated cells and (b) Cells treated with 0.81 mM LQFMO30 for 24h. Left inferior
squares (AnnexinV -/ Pl -) = % viable cells. Right inferior squares (Annexin V + /
Pl -) = % early apoptotic cells. Left superior squares (Annexin V + / Pl +) = % late
apoptotic cells. Right superior squares (Annexin V -/ Pl +) = % necrotic cells. (c)
Comparision of fluorescence intensity of annexin V-FITC and PI between untreated
and LQFMO030-treated cells. The bar presents mean £+ SD of two independent
experiments (* p < 0.05 compared to control).
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3.5 LQFMO030 promoted DNA fragmentation in EAT cells
Biochemically, apoptosis is characterized by the fragmentation of
chromosomal DNA,; thus, DNA fragmentation is a classic hallmark of apoptotic

cells. The treatment of EAT cells with LQFMO030 promoted DNA damage. As
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observed in Figure 5, treatment with 0.81 mM LQFMO030 for 24 h increased DNA

fragmentation by 38.1 + 9.6% compared to the control cells (2.1 £ 0.07%, p < 0.05).

Figure 5. Percentage of DNA fragmentation in LQFMO030-treated EAT cells. EAT
cells were treated for 24 h with 0.81 mM LQFMO030 and analyzed on a
flowcytometer. Histograms displaying PE-fluorescence (x-axis) versus counts (y-
axis) has been shown in logarithmic fluorescence intensity. (a) Untreated cells (b)
Cells treated with 0.81 mM LQFMO030 for 24h. (c) Comparision of fluorescence
intensity of Pl between untreated and LQFMO030-treated cells. The bar presents mean
+ SD of two independent experiments (* p < 0.05 compared to control).
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3.6 LQFMO030 modulated p21, p27, and p53 proteins in EAT cells
To understand the mechanisms by which LQFMO030 induces G1 phase arrest

and to elucidate whether the upstream regulation of p53 plays a major role in the
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induction of apoptosis by LQFMO030, we analyzed the expression of the pro-
apoptotic proteins p21, p27, and p53. Our results showed an increase in p21 (81.25 +
2.89%), p27 (68.20 + 3.67%), and p53 (33.80 + 5.76%) protein levels in the treated
compared to the untreated cells (34.10 £ 3.81%; 26.80 + 1.55% and 12.03 + 2.32%,
respectively; p < 0.05). Based on the above results, we suggest that LQFMO030

mediated apoptosis by a p53-dependent mechanism (Figure 6).
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Figure 6. Effect of LQFMO030 on the expression of p21, p27 and p53. EAT cells
were treated for 24 h with 0.81 mM LQFMO030 and analyzed on a flowcytometer.
Histograms displaying PE/FITC-fluorescence (x-axis) versus counts (y-axis) has
been shown in logarithmic fluorescence intensity. (a,d,g) Untreated cells (b,e,h) Cells
treated with 0.81 mM LQFMO030 for 24h. (c,f,i) Comparision of fluorescence
intensity of PE/FITC between untreated and LQFMO030-treated cells. The bar
presents mean £ SD of two independent experiments (* p < 0.05 compared to
control).
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3.7 LQFMO030 did not modulate the p53 gene in EAT cells
The mRNA levels of p53 were measured by real-time PCR after 24 h of

incubation with 0.405 mM LQFMO030. The transcription of the p53 gene was
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Relative ratio of p5S3 mRNA level

unaffected by LQFMO030 (Figure 7a), indicating that LQFMO030 up-regulated p53 by

means of a posttranslational mechanism.

3.8 LQFMO030 reduced the expression of MDM2 in EAT cells

A western blot analysis of the p53 inhibitor protein MDM2 showed that
MDM2 was down regulated after 24 h of treatment with 0.81 mM LQFMO030 (0.06 £
0.05), with a significant reduction in the band density in relation to the control cells

(0.37 £ 0.13) (Figure 7b-c).

Figure 7. (a) Real-time PCR analysis of p53 mRNA after exposure of 0.405 mM
LQFMO030 for 24 h. The normalize gene was Pgkl. The bar presents mean = SD of
two independent experiments. (b) Effect of LQFMO030 on the expression of MDM2.
Western blot analysis after treatment of EAT cells for 24 h with 0.81 mM LQFMO030.
Blot of two independent experiments (C1 and T1- control and treated cells,
respectively, of experiment 1; C2 and T2- control and treated cells, respectively, of
experiment 2). GAPDH is shown as a loading control. (c) Band density of untreated
and LQFMO030-treated cells calculated as the ratio of GAPDH expressed in the same
sample. The bar presents mean + SD of two independent experiments (* p < 0.05
compared to control).
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3.9 LQFMO030 induced caspase-mediated apoptosis in EAT cells
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In addition to the morphological and biochemical features of apoptosis in

EAT cells after treatment with LQFMO030, we also observed a 2.8-fold increase in

caspase 8, 3.7-fold increase in caspase 9, and 4-fold increase in caspase 3 compared

to the control cells (p < 0.05) (Figure 8).

Figure 8. Effect of LQFMO030 in caspase 8, 9 and 3 activity. (a,d,g) Untreated cells
(b,e,h) Cells treated with 0.81 mM LQFMO030 for 24h. (c,i,f) Comparision of
fluorescence intensity of FITC between untreated and LQFMO030-treated cells. Each

bar presents mean = SD of two independent experiments (* p < 0.05 compared to
control).
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4. Discussion and Conclusion

Considering the crucial role of p53 in tumor suppression, the reactivation of
the p53 function by disrupting the p53-MDM2 interaction using non-peptide small
compound inhibitors is now recognized as a promising strategy for anticancer drug
design. Many series of small compound inhibitors have been described to date,
including benzodiazepinediones, nutlins, spiro-oxindoles, quinolinols,
isoindolinones, chlorofusin, norbornanes, sulfonamides, chalcones, terphenyls, and
piperazine-4-phenyl derivatives, many of which show relatively weak bioactivity.
Within this context, only the nutlins, spiro-oxindoles, and benzodiazepinediones are
considered to be particularly valuable®.

Several studies have revealed the potential of nutlins in inhibiting the p53-
MDM2 interaction and promoting apoptosis in different cancer cell lines™ 2%,

According to ref. 1, the treatment of cells with an inhibitor of p53-MDM2
binding should result in the stabilization and accumulation of the p53 protein due to
the blockage of its nuclear export and degradation, activation of MDM2 expression,
and activation of other p53-regulated genes and the p53 pathway. Furthermore, these
events cause cell cycle arrest in the G1 and G2 phases and/or apoptosis.

In the present study, we demonstrated that LQFMO030 induced the
accumulation of the p53 protein and activated the p53 pathway through an
enhancement of the p21 and p27 proteins. The compound caused cell cycle arrest in
G1 phase and was cytotoxic to EAT cells, leading to death via apoptosis, as indicated
by the apoptotic morphology of the cells, DNA fragmentation, PS externalization,
and activation of initiators and effector caspases.

However, unlike nutlins, LQFMO030 caused a decrease in the expression of

the MDM2 protein, in essence acting as an inhibitor of MDM2. These results
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corroborate the findings of ref. 22, showing that a benzofuroxan derivative, X1-011,
designed to inhibit the p53-MDMX interaction caused a decrease in MDMX, an
MDM2 homolog, and the activation of p53, leading to the death of breast cancer cell.
It is worth noting that EATSs are derived from murine breast carcinoma.

Ref. 20 also demonstrated a decrease in the expression of the MDMZ2 protein
after the treatment of osteosarcoma cells with nutlin-3. In addition, these authors
demonstrated that nutlin-3 promoted anti-proliferative and cytotoxic effects on
osteosarcoma cells due to G1 cell cycle arrest, an increase in p53 and p21, and
apoptosis both in vitro and in vivo.

Under normal circumstances, the intracellular concentration of MDM2 is
typically very low?, but there is an increase in MDM2 expression in tumor cells, and
increased expression of MDM2 or MDMX inhibits the function of p53°. The
treatment of EAT cells with LQFMO030 was able to reduce the MDM2 levels and
increase p53. In addition to reducing MDMX expression, compound XI-011
promoted increases in p53 and p21 and the retention of the cell cycle in the GO/G1
phase and increased the number of TUNEL-positive cells, with more than 40% of
breast cancer cells becoming apoptotic after 5 days of treatment. These results
corroborate our results obtained with the treatment of EAT cells with compound
LQFMO030, though the EAT cells began to show apoptotic characteristics after only
24 h of treatment.

In this study, we demonstrate a significant increase in the number of cells in
the G1 phase of the cell cycle and the nearly complete depletion of cells in S phase,
corroborating the findings of ref. 1 after nutlin-1 treatment in tumor cells. Moreover,
the treatment of EAT cells with LQFMO030 showed a dose-dependent

antiproliferative and cytotoxic activity, with 1Csy values of 0.81 and 0.10 mM after
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24 and 48 h, respectively. However, treatment of different tumor cell lines with
nutlin-1 for 5 days (120 h) presented ICsy values between 1.4 and 1.8 pM,
demonstrating that the novel compound LQFMO030, a simplified analog of nutlin-1,
could be more potent than the original molecule.

Moreover, the treatment of human breast adenocarcinoma and colon
carcinoma cells with a new series of indoline-3,2’-thiazolidine-derivative p53-
modulating compounds also presented anti-proliferative effects, inhibited the p53-
MDMZ2 interaction by increasing p53, p21, p27 and MDM2 levels, and induced
apoptosis by caspase 3 activation, without significantly affecting the cell cycle®*.

The treatment of gastric cancer and hepatoblastoma cells with the new
compound PK7088 also promoted a reduction in cell viability, increase in p53 and
p21 protein levels, cell cycle arrest, induction of caspase 3, and apoptosis, with no
effect on the p53 mRNA level®, consistent with our findings.

Colon cancer cell lines treated with nutlin-1 exhibited an increase in the
levels of p53, p21, and MDM2 proteins. To confirm that the accumulation of p53
was due to the decreased degradation of the protein rather than elevated expression
of the p53 gene, ref. 1 treated three wild-type p53 cancer cell lines with nutlin-1 and
monitored the expression of the p53 gene by RT-PCR, observing that the
transcription of the p53 gene was unaffected by nutlin-1 and indicating that p53 was
up-regulated by nutlins in a posttranslational manner. The treatment of EAT cells
with LQFMO030 was also found to not affect the transcription of the p53 gene.

In parallel, after treatment of EAT cells with LQFMO030 for 24 hours, we
observed several cells displaying the morphological features of apoptosis, such as
membrane blebbing, vacuolization, nuclear fragmentation, and shrinking nuclei, by

light and fluorescence microscopy. Indeed, approximately 38% of cells showed DNA
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fragmentation. In contrast ref. 1 after 24 h of treatment of tumor cells with nutlin-3,
with 45% of the cells becoming TUNEL positive only after 48 h of incubation.

Caspases are the principal effectors of apoptosis, and their activation leads to
characteristic morphological changes to the cell®. We demonstrated the activation of
caspases 8, 9, and 3 after treatment of EAT cells with LQFMO030. The activation of
caspases 8 and 9 suggests the involvement of both the intrinsic and extrinsic
pathways of apoptosis, culminating in the activation of caspase 3 and cell death.

Our results demonstrate that a simplified analog of nutlin-1, LQFMO030,
possesses an inhibitory activity on the p53-MDM2 interaction, reactivating p53 and
its main functions, cell cycle arrest and apoptosis. These results suggest that the
small molecule p53 activator LQFMO030 could be of value in the development of a

novel cancer therapeutic agent.
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5 CONSIDERAGOES FINAIS

O composto LQFMO030 inibiu o crescimento do tumor dos animais
portadores do TAE de maneira dose-dependente através da reducao
do volume tumoral, do volume do liquido ascitico, do numero de
células tumorais e da angiogénese peritonial. Houve ainda uma
tendéncia de reducao na producéo de VEGF,;

O composto ndo promoveu alteragdes significativas nos parametros
hematolégicos e bioquimicos dos animais portadores do TAE e o
tratamento ndo restabeleceu as alteracbes hematologicas e
bioguimicas provocadas pelo tumor;

ApGs o tratamento in vivo com o composto LQFM030, houve aumento
na expressao das proteinas apoptéticas p53 e p21 e das caspases 3,
8 e 9, demonstrando que a atividade antitumoral in vivo do composto
LQFMO030 ocorre pela via apoptética;

No tratamento in vitro o composto LQFMO030 apresentou atividade
antiproliferativa e citotoxicidade concentracdo-dependente e tempo-
dependente em células do TAE;

O composto LQFMO030 ativou a via de p53 nas células do TAE. O
composto foi capaz de promover o aumento das proteinas p53, p21 e
p27 e a reducédo da proteina MDM2, levando a retencdo do ciclo
celular em G1, substancial reducdo da fase S e ativacdo das

caspases 8,9 e 3;
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e A morte das células do TAE por apoptose ap0s o tratamento com o
composto LQFMO030 foi confirmada ainda pelas alteracbes na
morfologia celular e nuclear, pela fragmentacdo de DNA e pela
externalizacdo da fosfatidilserina;

e O composto néo alterou a expresséo do gene p53, demonstrando que
a ativacdo da proteina e consequentemente da via p53 foi um
mecanismo poés-transcrional, ou seja, provavelmente foi promovido

pelo composto.

Assim como os nutlins, o composto LQFMO030 apresentou atividade
antitumoral in vivo e antiproliferativa in vitro, inibindo a interacdo p53-MDM2
e reativando p53 e suas principais fungdes, a retencao no ciclo celular e a
apoptose. Esses resultados sugerem que LQFMO030 € um interessante

candidato no desenvolvimento de novos agentes terapéuticos antitumorais.
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ANEXOS

Anexo 1 — Tampao de lise celular :

e 0,1% de citrato de sédio
e 0,1% de triton X-100

e 2 pg/mL de iodeto de propidio

Anexos 123



