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RESUMO

O cancer é caracterizado por uma proliferacdo celular descontrolada, desencadeada por
diversas mutagBes genéticas, fatores epigenéticos e ambientais. Apesar dos avangos
terapéuticos, esta doenca continua a ser responsavel por indices de mortalidade elevados em
todo o mundo, que é agravado pela grande resisténcia aos farmacos. Desta forma, se faz
necessaria a busca por novas substancias potentes, seletivas e capazes de agir sobre células
tumorais resistentes. Os produtos naturais tém despertado interesse cientifico devido suas
inimeras bioatividades. Dentre estes, a curcumina, isolada dos rizomas de Curcuma longa
(popularmente conhecida como acafrdo), o cinamaldeido, responsavel pelo odor e sabor da
canela (Cinnamomum sp.) e as chalconas, flavonoides abundantes em frutas, legumes e
plantas, possuem potentes atividades antitumorais contra diversos tipos de cancer. O objetivo
deste trabalho foi: a) avaliar a capacidade de inibi¢do da proliferacdo celular de doze hibridos
moleculares de curcumina-cinamaldeido contra células de cancer de mama MCF-7 e MDA-
MB-231, cancer de colo do utero C33, HelLa, SiHa e CaSki e cancer de vulva A431; b)
selecionar o hibrido mais ativo e investigar os possiveis mecanismos celulares e moleculares
em linhagens de osteossarcoma U20S (p53 selvagem) e SAOS (p53 ausente). Pelo ensaio de
MTT foi observado que os hibridos foram mais potentes que o cinamaldeido, sendo que
hibridos hidroxilados foram mais ativos do que os hibridos metoxilados. O hibrido 5a
apresentou maior poténcia antiproliferativa contra as células avaliadas de cancer feminino
exceto para MCF-7, com valores de Cls variando de 2,7 a 36,5 pM. O hibrido 5a demonstrou
maior poténcia que a curcumina contra as células CaSki, SiHa, C33 e A431, exibiu uma maior
seletividade que a curcumina, quando ambas foram testadas contra queratinécitos (HaCaT),
além de ter demonstrado mais estavel do que curcumina e cinamaldeido sob condicdes
fisiol6gicas. Ensaios clonogénicos indicaram que 5a foi capaz de inibir a formacdo de
colonias da linhagem A431, apos 15 dias de tratamento. O hibrido 5a foi mais ativo contra
células de osteossarcoma U20S (Clsp = 22,4 uM) quando comparado as células SAOS (Clso =
45,0 uM), sugerindo que a proteina p53 pode ser o seu alvo molecular. O hibrido 5a
demonstrou boa atividade na inibicdo da migracédo e invasao de células U20S por meio dos
ensaios de wound-healing e transwell, respectivamente. Pela técnica de zimografia, o hibrido
5a indicou que efeitos sobre a migracédo e invasdo pode estar relacionada com a diminuicéo da

atividade da metaloproteinase de matriz 2 (MMP-2). A analise de Western Blot evidenciou a



capacidade de 5a em induzir a expressdo das proteinas p53 e DNAJB1 (Heat shock protein
40). Essa inducdo pode contribuir na atividade de p53, visto que Hsp40 estabiliza a
conformacdo da proteina p53. As analises de citometria de fluxo indicaram que a inibicéo da
viabilidade celular por 5a esta relacionada com a inducéo de morte por apoptose, na qual p53
também pode estar envolvida. O estudo do potencial antitumoral e antimetastatico de hibridos
moleculares curcumina-cinamaldeidos é inédito na literatura, sendo o primeiro que avaliou a

atividade de 5a em niveis celulares e moleculares.

Palavras-chave: cancer, p53, apoptose, curcumina, cinamaldeido, chalcona



ABSTRACT

Cancer is characterized by uncontrolled cell proliferation, triggered by several genetic
mutations. Despite the therapeutic advances, this disease continues to be responsible for high
mortality rates worldwide. This fact is aggravated by high drug resistance and combination
therapy. Thus, it is necessary to search for new substances potent, selective and able to act on
tumor cells resistant. Natural products have aroused scientific interest due to their
innumerable bioavailabilities. Among these, curcumin, isolated from Curcuma longa
rhizomes (popularly known as saffron) and cinnamaldehyde, responsible for the cinnamon
odor and flavor (Cinnamomum sp.) and chalcones, flavonoids abundant in fruits, vegetables
and plants, have potent anti-tumor activities against various cancers. The objective of this
study was: a) evaluate the ability of inhibit cell proliferation of twelve curcumin-
cinnamaldehyde molecular hybrids against MCF-7 and MDA-MB-231 breast cancer cells,
C33, Hela, SiHa and CaSki cervical cancer and A431 vulvar cancer; b) select the most active
hybrid and investigate possible cellular and molecular mechanisms in osteosarcoma cell lines
U20S (p53 wild) and SAOS (p53 null). By the MTT assay it was observed that the hybrids
were more potent than the cinnamaldehyde, with hydroxyl hybrids being more active than the
methoxylated hybrids. Hybrid 5a presented higher antiproliferative potency against the cells
evaluated for women cancer except for MCF-7, with 1Csq values ranging from 2,7 to 36,5 uM.
Hybrid 5a demonstrated higher potency than curcumin against CaSki, SiHa, C33 and A431
cells, and exhibited higher selectivity than curcumin when both were tested against
keratinocytes (HaCaT), besides has show more stable than curcumin and cinnamaldehyde
under physiological conditions. Clonogenic assays indicated that 5a was able to inhibit the
colonies formation of A431 line after 15 days of treatment. Hybrid 5a was more active against
U20S osteosarcoma cells (ICso = 22,4 uM) when compared to SAOS cells (ICsp = 45,0 uM),
suggesting that the p53 protein may be its molecular target. Hybrid 5a demonstrated good
activity in inhibiting the migration and invasion of U20S cells by the wound-healing and
transwell assays, respectively. By the zymography technique, hybrid 5a indicated that effects
on migration and invasion may be related to decreased matrix metalloproteinase 2 (MMP-2)
activity. Western Blot analysis demonstrated the ability of 5a to induce the expression of p53
and DNAJBL1 (Heat shock protein 40). This induction may contribute to p53 activity, since

Hsp40 stabilizes the conformation of the p53 protein. Flow cytometric analysis indicated that



inhibition of cell viability by 5a is related to the induction of apoptosis death, in which p53
may also be involved. The study of the antitumor and antimetastatic potential of curcumin-
cinnamaldehyde molecular hybrids is unprecedented in the literature, being the first to

evaluate the activity of 5a at cellular and molecular levels.

Keywords: cancer, p53, apoptosis, curcumin, cinnamaldehyde, chalcone
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Capitulo I — Considerac0es gerais e literatura




1. INTRODUCAO
1.1 Cancer

O céancer é definido como uma proliferacdo celular anormal, com elevado
desenvolvimento e que ndo responde aos sinais de controle de divisdo e morte celular. Esta
proliferacdo descontrolada resulta de varias mutacées no DNA das células, acarretando
alteracOes de genes, que sdo responsaveis por codificarem mecanismos de blogqueio da divisao
celular. Desta forma, estas células mutadas podem invadir os tecidos proximos ou distantes e
até se dispersar para outros 6rgdos, desenvolvendo tumores secundarios (ALBERTS et al.,
2017; OPAS, 2019; TEWARI et al., 2019).

Esta doenca é a segunda principal causa de morte no mundo, sendo considerada como
um grande problema de saude publica, gerando um alto e significativo impacto econémico
(OPAS, 2019). De acordo com as Ultimas estimativas de incidéncia e mortalidade divulgadas
pela GLOBOCAN, o cancer aumentou para 18,1 milhdes de novos casos e 9,6 milhdes de
mortes em 2018, respectivamente. Os tipos mais comuns sdo o cancer de pulméo, mama,
colorretal, prostata, cancer de pele ndo-melanoma e estdmago. Os tipos que causam mais
mortes sdo o cancer de pulmédo, colorretal, estbmago, figado e mama (IARC, 2019; OPAS,
2019).

Aproximadamente um ter¢co das mortes por cancer € devido ao estilo de vida,
incluindo auséncia de atividade fisica, dieta ndo saudavel com baixa ingestdo de frutas e
vegetais e uso continuo de alcool e tabaco (OPAS, 2019). Em torno de 70% das mortes por
cancer sdo referentes a populacdo de paises de baixo e médio desenvolvimento. Deste total,
22% dos dbitos por cancer sdo devido a infeccdes virais, como hepatite e papilomavirus
humano (HPV), principalmente devido ao diagnostico e tratamento tardio e/ou inacessiveis
(OPAS, 2019; INCA, 2019a).

No Brasil, em 2018, foram estimados 559.371 mil novos casos de cancer e 243.588
mil casos de morte (GLOBOCAN, 2019). Sendo os mais frequentes com excecao do cancer
de pele ndo-melanoma: prostata, mama, colorretal, pulmao, estbmago e colo uterino. Para
2019, estimaram-se 600 mil novos casos, com uma maior incidéncia no estado de Sao Paulo
(INCA, 2019a). Estes dados nos mostram que ainda ha muito a ser realizado para lidar com o
aumento do nimero de casos e morte por cancer, incluindo agdes profilaticas, melhorias em

varios setores da saude publica, deteccéo precoce e tratamentos inovadores e eficientes.
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1.2 Cancer feminino

O cancer prejudica a qualidade de vida em variadas formas, principalmente em
mulheres. Em todo o mundo, mais de dois milhdes de mulheres sdo diagnosticadas com
cancer de mama ou de colo uterino anualmente. Contudo, o seu estilo de vida pode influenciar
no desenvolvimento desses canceres (GINSBURG et al., 2017; HANSON et al., 2019). A
ocorréncia e mortalidade de cancer sdo maiores no sexo feminino (TEWARI et al., 2019), no
mundo, em 2018, a estimativa de incidéncia foi de cerca de 8,6 milhdes, mortalidade: 4,1
milhdes e nimero de casos prevalentes em cinco anos séo de 22,8 milhdes. Sendo que 0s tipos
mais incidentes sdo o cancer de mama, colorretal, pulmao, cervical e tireoide (GLOBOCAN,
2020). No Brasil, a estimativa realizada pelo INCA ilustrada abaixo (Figura 1), mostra os dez
tipos de cancer mais incidentes nas mulheres no ano de 2018, exceto pele ndo-melanoma
(INCA, 2019a).

Figura 1. Tipos de cancer mais comuns em mulheres previstos no ano de 2018, exceto pele
nao-melanoma (INCA, 2019a).

Mulheres  Mama Feminina 59.700 29 5%
Caolon e Reto 18.080 0.4%
Colo do Utero 16.370 8,1%
Tragueia, Bronquio e Pulmao  12.530 6,2%
Glindula Tireoide 8.040 4 0%
Estimago 7.750 3.8%
Corpo do Utero 6.600 3,3%
Ovario 6150 3.0%
Sisterna Nervoso Central 5.510 2,.7%
Leucemias 4 860 2.4%

Fonte: http://wwwl.inca.gov.br/estimativa/2018/estimativa-2018.pdf

Além do desafio do combate de uma doenca tdo grave e com altos indices de
mortalidade prematura, a mulher € afetada pela baixa autoestima durante e ap0s o tratamento,
acarretando problemas psicosociais (GINSBURG et al., 2017; INCA, 2019b; INCA, 2019e).
No inicio do tratamento, ha a alopecia devido aos efeitos adversos da quimioterapia ou
radioterapia (TEWARI et al., 2019). Em muitos casos de cancer de mama, a cirurgia para

retirada do tumor ou mastectomia sdo necessarias. Em alguns casos de cancer cervical ou

23



uterino é premente uma histerectomia, que é a remocdo do Utero e até ovéarios dependendo da

severidade do cancer, resultando na infertilidade feminina (CARR, 2018; INCA, 2019d).
Todos estes fatores acometem as mulheres, ndo apenas sua saude fisica como também

mental. Neste contexto, a reconstru¢cdo mamaria € relevante para minimizar os danos fisicos e

emocionais do tratamento (INCA, 2019e).

1.2.1 Céancer de mama

O céancer de mama é o maior causador de mortes por cancer na populagdo feminina
(15%), bem como o mais incidente (24,2%) (IARC, 2019). No Brasil, foram estimados
59.700 (29,5%) novos casos de cancer de mama, para cada ano do biénio 2018-2019. Com
excecdo do cancer de pele ndo-melanoma, o cancer de mama € o mais incidente em quase
todas as regides do Brasil (INCA, 2019a).

Este cancer compreende varios perfis moleculares, sendo classificado por suas
caracteristicas histologicas como, receptor de estrogénio (ER), receptor de progesterona (PR),
receptor tipo 2 do fator de crescimento epidérmico humano (HER2) e o triplo negativo
(TNBC), o qual ¢ caracterizado pela auséncia ou baixa expressdo dos receptores ER, PR e
HER2, sendo este, o tipo mais grave, pois ndo ha terapia direcionada (HOUSSAMI et al.,
2012; PROVENZANO et al., 2018).

O risco do cancer de mama possui varias causas, tais como: inicio da menstruacdo
antes dos 12 anos de idade, menopausa ap6s o0s 55 anos, mulheres que ndo tiveram filhos,
primeira gravidez depois dos 30 anos, uso de alguns anticoncepcionais orais, reposicao
hormonal na menopausa por mais de 5 anos, exposicdo frequente a radiacdo ionizante,
consumo de bebidas alcodlicas, dietas hipercaléricas, sedentarismo, historico familiar de
cancer de mama e ovario, fatores genéticos e hereditarios, bem como mutacdes em genes de
alto risco (BRCAL e BRCA2) (INCA, 2019e).

A identificacdo da doenca pode ser realizada nos estagios iniciais por meio de sinais e
sintomas como caroco no local, pele da mama avermelhada ou retraida, pequenos nédulos nas
axilas ou no pescoco e alteracbes e/ou saida de liquido pelos mamilos. Para melhor
diagnostico é necessario realizar exames de imagem como mamografia, ultrassonografia e
ressonancia magnética. No entanto, quando ha indicios de malignidade € necessaria a
confirmacdo por meio da biopsia (INCA, 2019b; INCA, 2019e).

O tratamento atual consiste em cirurgia, radioterapia e quimioterapia conduzida

individualmente ou de maneira conjunta, mas o resultado positivo ndo é garantido, havendo
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efeitos adversos severos. Hormonioterapicos como tamoxifeno e anastrozol sdo empregados,
da mesma forma que o anticorpo monoclonal trastuzumabe, que atinge antigenos da célula
tumoral (INCA, 2019b).

Na quimioterapia, a doxorrubicina é comumente utilizada, havendo restricdes por seus
efeitos cardiotoxicos e resisténcia, dificultam a eficiéncia do tratamento (PUGAZHENDHI et
al., 2018). Antraciclina e/ou taxanos s&o administrados no tratamento adjuvante em casos de
cancer operavel (INCA, 2019b).

1.2.2 HPV e Carcinogénese

O papiloma é uma doenca silenciosa provocada pelo HPV (Human Papiloma Virus),
sendo transmitida sexualmente. O HPV infecta células epiteliais por meio de lesGes
microscopicas no epitélio e seu genoma viral integra-se a0 genoma do hospedeiro. A inser¢éo
do genoma viral aumenta a expressdo dos oncogenes E6 e E7 responsaveis pelo estado
imortalizado das células cervicais e sua malignidade. Esta doenca é a mais comum dos
ultimos tempos, sendo o principal agente causador do cancer de colo uterino (TEYMOURI et
al., 2017; OYERVIDES-MUNOZ et al., 2018; INCA, 2019a).

Este cancer ocupa o quarto lugar tanto na incidéncia (6,6%) quanto na mortalidade
(7,5%) em todo o mundo (IARC, 2019). No Brasil, foram estimados 16.370 casos novos de
cancer cervical para cada ano do biénio 2018-2019, sendo o terceiro mais incidente sem
considerar os tumores de pele ndo-melanoma, com maior predominancia na regido Norte,
onde ¢ a quarta causa de morte de mulheres por cancer (INCA, 2019a; INCA, 2019c).

A infeccdo das células pelo HPV produz particulas virais a quais iniciam o
desenvolvimento de lesdes de baixo e alto grau. Assim, o HPV ¢ classificado em subtipos,
onde o HPV 6 e 11 s&o considerados de baixo risco, causando proliferacdo epitelial benigna e
0 aparecimento de verrugas genitais. Os subtipos de alto risco como HPV 16 e 18 possuem
potencial maligno associados diretamente ao desenvolvimento do tumor e sdo responsaveis
por cerca de 70% dos casos de cancer cervical (OYERVIDES-MUNOZ et al., 2018; INCA,
2019c). Os riscos para este tipo de cancer s@o mais elevados quando h& um inicio precoce da
atividade sexual e principalmente com vérios parceiros, sendo diretamente relacionada ao
tabagismo e uso prolongado de anticoncepcionais orais (INCA, 2019c).

O céncer cervical tambem esta correlacionado com o cancer de vulva. O cancer vulvar
¢ uma neoplasia ginecoldgica incomun que surge das vias mediadas pelo HPV e

independentes de HPV (ARALDI et al., 2018; WEINBERG; GOMEZ-MARTINEZ, 2019).
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Estimativas realizadas pela GLOBOCAN em 2018 mostraram 44.235 novos casos de cancer
de vulva e 15.222 mortes no mundo. No Brasil, as estimativas mostraram 1.748 casos e 578
mortes (GLOBOCAN, 2019).

O carcinoma de células escamosas € o tipo histolégico mais comum de cancer vulvar
sendo responsavel por quase 90% dos casos. O cancer de vulva associada ao HPV tem
morfologia basaloide e verrucosa, sendo encontrado em mulheres mais jovens. Os subtipos
HPV 6, 7, 8 e 16 estdo relacionados com mais de 77% dos casos de lesdo intraepitelial
escamosa de alto grau, enquanto que os subtipos HPV 18 e 33 estdo associados a 2,6% e 11%
destes casos, respectivamente. O cancer vulvar ndo relacionado ao HPV acontece com maior
frequéncia em mulheres mais velhas e vem sendo associado ao liquen escleroso, uma lesdo
mucocutanea cronico-inflamatoria, normalmente encontrada na pele genital, na qual as
pacientes desenvolvem um prurido, podem sentir dor, disfuncdo miccional, sexual e
sangramento. A sobrevida global das pacientes com cancer vulvar em 5 anos é de 71%
(ARALDI et al., 2018; WEINBERG; GOMEZ-MARTINEZ, 2019).

A prevencdo pode ser realizada com o uso de preservativos, contudo esta acdo protege
parcialmente da transmissdao pelo HPV, pois também podem decorrer do contato com a pele
da vulva, regido perineal, perianal e bolsa escrotal (INCA, 2019c). Atualmente, ha trés
vacinas disponiveis contra o HPV, a Cervarix® produzida pela GlaxoSmithKline®, que é uma
vacina bivalente capaz de proteger contra os subtipos do HPV 16 e 18; a Gardasil® fabricada
pela Merck®, é uma vacina quadrivalente que confere imunidade contra os dois tipos de HPV
de alto risco (HPV 16 e 18) e dois de baixo risco (HPV 6 e 11), associados a verrugas genitais
e por Gltimo a vacina nonavalente da Merck® Gardasil 9° e tem como alvo os subtipos HPV
6, 11, 16, 18, 31, 33, 45, 52 e 58. A quadrivalente e nonavalente se mostraram eficientes na
prevencdo da lesdo intraepitelial escamosa de alto grau. As vacinas bivalente e quadrivalente
foram aprovadas em 2009 e 2006, respectivamente, para mulheres entre 9 e 26 anos
(ARALDI et al., 2018; LAURENT et al, 2018; WEINBERG; GOMEZ-MARTINEZ, 2019).
No entanto, de acordo com o Ministério da Salde o grupo etério alvo da vacina é de 9 a 14
anos para meninas e de 11 a 14 anos para meninos, pois a vacina é mais eficaz se usada antes
do inicio da vida sexual (INCA, 2019c).

A vacinagdo e a realizagdo de exames preventivos como Papanicolau e ultrassom séo
as principais acoes contra o cancer de colo do Gtero. As mulheres acima de 25 anos devem
realizar anualmente o exame de Papanicolau mesmo vacinadas, pois ha mais de 200 subtipos

de HPV descritos, e 0s tipos de vacina ndo protegem contra todos os tipos oncogénicos. Caso
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forem detectadas células anormais no exame de Papanicolau, é necessario realizar uma
bidpsia para confirmacao do diagnéstico (ARALDI et al., 2018; INCA, 2019c).

Os sintomas do cancer cervical, podem ndo aparecer na fase inicial, porém nos casos
mais avancados, pode apresentar sangramento vaginal irregular ou apds a relacdo sexual,
secrecdo vaginal anormal e dor abdominal associada a infecgdes urinérias ou intestinais, dores
nas costas e nas pernas, fadiga, perda de peso e apetite. Quando diagnosticado na fase inicial,
as chances de cura sdo de 100% (INCA, 2019c; WHO, 2019)

Os tratamentos utilizados contra este cancer sao a histerectomia radical, exenteracdes,
radioterapia e quimioterapia. Além do elevado custo econdmico, os tratamentos causam
sofrimento e afetam significativamente a qualidade de vida das mulheres (GAFFNEY et al.,
2018). Nos servicos de saude sdo empregados o 4cido tricloroacético, podofilina,
eletrocauterizacdo, exérese cirurgica e crioterapia, de acordo com a prescricdo médica para
cada caso de cancer cervical (MINISTERIO DA SAUDE, 2019).

Para pacientes com verrugas genitais externas ou cancer vulvar, € muito utilizado o
farmaco imiquimode de uso topico, e sua acdo melhorara a resposta imune contra o virus,
mostrando uma reducdo da carga de HPV com taxas de resposta parcial e completa de 80% e
50% respectivamente. Cidofovir € outro farmaco topico comumente usado que demonstrou
eficacia semelhante ao imiquimod. O 5-Fluourouracila tem demonstrado agdo eficaz, no
entanto, seu uso tem sido limitado devido aos efeitos adversos maiores do que imiquimod e
cidofovir (WEINBERG; GOMEZ-MARTINEZ, 2019)

Uma revisdo sobre a terapia para o cancer cervical indicou que o tratamento com
radioterapia e quimioterapia a base de cisplatina mostrou um grande aumento na sobrevida de
mulheres com cancer em estagio avancado. No entanto devido a sua toxicidade, a cisplatina
foi substituida pela carboplatina, com efeitos antineoplasicos semelhantes, porém menos
toxica ao paciente. A adicdo de bevacizumab em combinacdo com cisplatina e paclitaxel ou
topotecan e paclitaxel, ocasiona no aumento de sobrevida global de 3 a 7 meses quando
comparado a quimioterapia isolada. Apesar da melhora na sobrevida dos pacientes, este
tratamento ainda possui baixa eficacia e alta toxicidade, por isso hd uma busca urgente de
novos farmacos mais seletivos com o objetivo de aumentar ainda mais o tempo e a qualidade
de vida das pacientes (GAFFNEY et al., 2018).

1.3 Osteossarcoma
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O osteossarcoma (OS) € uma neoplasia éssea rara, mais comum entre criancas,
adolescentes e jovens adultos, sendo que 60% dos casos ocorrem principalmente entre 10 e 20
anos de idade, e com maior incidéncia no sexo masculino (KANSARA et al., 2014; INCA,
2019f).

Pelo fato do OS ser uma doenca esporédica e ndo ter demonstrado anormalidades
genéticas especificas para auxiliar como um marcador no diagndstico, uma maior
predisposicdo a esta doenca € ocasionada quando ha mutacdes nos genes supressores de tumor
Retinoblastoma (Rb) e Proteina de Tumor p53 (TP53) (WANG, 2005; KANSARA et al.,
2014; INCA, 2019f). De modo geral, p53 € inativado no OS por mutacfes pontuais, perda
alélica ou rearranjos génicos (WANG, 2005). As mutacOes no gene RB sdo descritas em 70%
dos OS, a perda deste gene é desfavoravel devido ao seu papel importante no controle do ciclo
celular. Casos de retinoblastoma bilateral pela associacdo com anomalias no gene RB, estdo
associados a uma maior predisposi¢do ao OS (WANG, 2005; INCA, 2019f).

A doenca de OS possui um mau prognostico devido ao seu alto grau de malignidade,
acomete principalmente os 0ssos longos na regido da metafise, como fémur, tibia e regido
proximal do Umero. Seus sintomas mais prevalentes sdo as dores que podem interromper as
atividades diérias nos estagios mais avancados (KANSARA et al., 2014; INCA, 2019f).

Para o diagndstico do OS, primeiramente é realizada uma radiografia que deve ser
confirmado com ressonancia magnética nuclear e bidpsia, realizada por meio de cirurgia ou
por puncdo com agulha, para assim determinar o tratamento, na qual a terapia adjuvante e
neoadjuvante sdo utilizadas, que inclui resseccdo cirurgica associada a quimioterapia com
cisplatina, doxorrubicina, metotrexato e ifosfamida, isoladamente ou em combinagdo. Alguns
métodos cirdrgicos podem levar a preservacdo do membro, com utilizacdo de endopraéteses ou
de enxerto G6sseo, contudo em alguns casos pode ser necessaria a amputagdo ou mesmo
desarticulacdo (JAFFE; PURI; GELDERBLOM, 2013; INCA, 2019f).

Apesar da eficacia da quimioterapia atual utilizada, este tipo de tumor apresenta uma
alta predisposi¢do para invasdo local e metéstase. A inibicdo da metastase é uma das
principais estratégias de terapia do OS, uma vez que o desenvolvimento de doenca metastatica
devido a resisténcia aos farmacos mostra menores chances de sucesso no tratamento, diminui
a taxa de sobrevida em longo prazo destes pacientes para aproximadamente 20% a 30% e
continua a ser a causa mais importante de morte por esse tipo de cancer, principalmente
porque o pulmao é o local mais comum de metéstase de OS e geralmente levam a morte em
um ano (LI et al., 2015a; ANDERSON, 2016; INCA, 2019f).
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Além disso, também h& os efeitos colaterais considerdveis que limitam as
concentragfes de tais farmacos utilizadas na quimioterapia, que incluem cardiotoxicidade,
nefrotoxicidade, neurotoxicidade e inducdo de neoplasia secundaria, sendo que estes fatores
também afetam os efeitos anticancer desejaveis (ANDERSON, 2016).

Desta forma, mesmo com 0s avangos no tratamento devido a &rdua pesquisa no setor
de oncologia, ainda h4 uma grande busca pela identificacdo de novos medicamentos com
toxicidade reduzida, efeitos anti-metastaticos e mais eficazes de forma que atinja o alvo
necessario contra esta doenca, pois 0 OS permanece como uma das principais causas de morte
entre as patologias associadas aos 0ssos (SILVA et al., 2016; LIMA et al., 2018; SEBA et al.,
2018).

1.4 Metéstase

A metéstase é um processo complexo, sendo caracterizado pela capacidade invasiva
das células tumorais. Este processo envolve vérias etapas, na qual as células se separam do
tumor primario, aderem e invadem a membrana basal, migram para locais adjacentes ou
distantes por meio da circulacao linfatica e sanguinea, deixam o sistema vascular, aderem e
proliferam em outro 6rgdo e por fim desenvolvem um tumor secundario (SEYFRIED;
HUYSENTRUYT, 2013; ANDERSON, 2016; OPAS, 2019).

O potencial metastatico tem sido relacionado ao processo de transicdo epitélio-
mesenquimal, na qual, em carcinomas de origem epitelial, as células tumorais sofrem
alteracbes em seu transcriptoma, que controlam modificacGes bioguimicas e morfolégicas e
tem sido visto como um processo binario com duas populac@es celulares distintas, onde as
ceélulas perdem suas caracteristicas epiteliais pela perda das proteinas &-caderina e adquirem a
caracteristicas mesenquimais pelo ganho da expressdo das proteinas vimentina e N-caderina.
(PASTUSHENKO; BLANPAIN, 2018). J4 em tumores originados de tecidos mesenquimais,
como sarcomas 0sseos e de tecidos moles, este processo ainda é pouco claro e podem estar
relacionados a um comportamento clinico desfavoravel. Dependendo do seu histi6tipo, podem
transferir o seu fendtipo através de processos relacionados a transicdo epitélio-mesenquimal e
transicdo mesenquimal-epitelial, o que pode contribuir para sua progressdo e agressividade
(SANNINO et al., 2017).

O aumento da capacidade da célula desencadear metastase estd diretamente

relacionado a estes processos por meio da regulacdo dessas proteinas citadas acima. Essas
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alteragBes aumentam a capacidade das células tumorais em migrar, invadir, causar metastase e
adquirir resisténcia a terapia (PASTUSHENKO; BLANPAIN, 2018).

No entanto, a transicdo epitélio-mesenquimal ndo tem sido elucidada
completamente, mas sabe-se que uma alta expressdo génica de vimentina, N-caderina, Slug
e p-catenina estdo relacionados a este processo (ECCLES; WELCH, 2007; SEBA et al.,
2018). Com base nisso, alguns grupos de pesquisas tém trabalhado para identificar
substancias de baixa massa molecular como agentes anti-metastaticos por meio da ativacao da
proteina p53, que pode reverter a transicdo epitélio-mesenquimal, reduzindo a migracéo e a
invasdo celular (ZAWACKA-PANKAU; SELIVANOVA, 2015; SILVA et al., 2016; LIMA
et al., 2018; SEBA et al., 2018). Desta forma, a busca por farmacos que possam atuar na
p53 sdo de grande interesse no objetivo de diminuir a metéastase (SEYFRIED,;
HUYSENTRUYT, 2013; LIMA et al., 2018; SEBA et al., 2018).

1.4.1 Metaloproteinases de matriz

As metaloproteinases de matriz (MMPs) sdo endopeptidases dependentes de zinco
que contribuem para a capacidade das células tumorais degradarem todos os componentes
da matriz extracelular devido a atividade proteolitica. Fisiologicamente, este mecanismo é
importante para a manutencdo e renovacdo dos tecidos, no entanto, com a desregulacéo
desse processo e superexpressao das MMPs ha o desenvolvimento de células cancerigenas
gue migram e invadem o sistema linfatico e vascular e se espalham para locais distantes do
tumor primario (PITTAYAPRUEK et al., 2016).

Vaérias proteinas sdo responsaveis pela degradacdo da matriz extracelular, até agora,
mais de 20 MMPs foram descritas. Segundo suas estruturas e funcdes, podem ser
classificadas em: colagenases 1, 2, 3 (MMP-1, 8 e 13, respectivamente), estromelisinas 1 e
2 (MMP-3 e 10), gelatinases (MMP-2 e 9) e MMPs tipo membrana como, MMP-14, 15,
16, 17, 24 e 25. A MMP-2 € a mais importante entre as MMPs devido a sua capacidade em
degradar diferentes tipos de colagenos. Além de ser a MMP mais expressa, também é
encontrada na maioria dos tecidos e células (NAGASE; VISSE; MURPHY, 2006;
PITTAYAPRUEK et al., 2016). Estudos tém relatado sua alta expressdo em varios tipos de
cancer e sua associacdo no aumento da metastase, sendo também comprovada sua relacdo a
um mau progndstico (LUO; LIANG; ZHANG, 2009; NOH et al.,, 2011). Em estudos

relacionados ao OS, foi comprovado o envolvimento de MMP-2 na migragdo e invasao
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(BJORNLAND et al., 2005; JIN et al., 2013; LEI et al., 2015), associada com metastase
pulmonar e menor sobrevida (LI et al., 2014; ZHANG et al., 2015). Por esta razéo, o
bloqueio da acdo de MMP-2 torna-se um alvo relevante na tentativa de controle da
progressdao tumoral e da metastase (LIMA et al., 2018; SEBA et al., 2018; SILVA et al.,
2018a).

1.5 Apoptose

A apoptose € um mecanismo de morte celular programada rigidamente regulado, para
a manutencdo do equilibrio fisioldgico entre a proliferacdo e morte celular. Considerado como
um processo evolutivo essencial para a eliminacdo de células danificadas, em excesso ou
cancerigenas (HUTT et al.,, 2015; KOFF; RAMACHANDIRAN; BERNAL-MIZRACHI,
2015; KNIGHT et al.,, 2019). Desta forma, a apoptose pode ser eficaz no bloqueio da
progressdo do cancer, atuando como uma barreira natural (ADAMS; CORY, 2007).

A via apoptdtica € um conjunto de reacGes bioquimicas que exige energia, sendo
caracterizada também por induzir alteragdes morfoldgicas muitas das quais devido a ativacédo
de caspases, tais como: formacdo de vesiculas, reducdo de volume da célula, fragmentacdo
nuclear e condensacdo da cromatina, fragmentacdo do DNA e proteinas, bem como
modificacbes da superficie da membrana, que permitem que a célula apoptética seja
reconhecida e fagocitada (KOFF; RAMACHANDIRAN; BERNAL-MIZRACHI, 2015).

Existem duas principais vias apoptoticas, a via intrinseca, que € desencadeada por
estimulos externos envolvendo a ativacdo de BH3-proteinas, levando a permeabilizacdo da
membrana externa mitocondrial via canais Bax que ativa SMAC (Second Mitochondria-
Derived Activator Of Caspase) o que leva a liberacdo do citocromo c, que induz a formacéo
do apoptossoma, formado por sete unidades de caspase-9, 0 que ira ativar as caspases 3 ou 7
ocasionando a apoptose. A via extrinseca € ativada ap06s estimulos dos receptores da familia
do fator de necrose tumoral (TNF), incluindo o receptor Fas (primeiro sinal de apoptose),
TNF-alfa (fator de necrose tumoral) e TRAIL (ligando indutor de apoptose associado ao
TNF). Apos ligacdo e oligomerizagdo do ligante, os dominios de morte (FADD e TRADD)
sdo recrutados, eles associam-se a caspase-8 que é clivada e liberada no citoplasma, ativando
assim as caspases executoras 3, 6 e 7, levando a apoptose. As vias intrinsecas e extrinsecas
resultam na ativacdo de caspases (proteases de cisteina aspartato-especifica) fundamentais

para a apoptose, que sdo responsaveis pela clivagem de proteinas essenciais, em ultima
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andlise conduzindo a destruicdo celular (HUTT, 2015; KNIGHT et al., 2019; GRILO;
MANTALARIS, 2019).

A desregulacdo da via apoptotica, contribui para o desenvolvimento do cancer e
resisténcia a terapia (KOFF; RAMACHANDIRAN; BERNAL-MIZRACHI, 2015). Esta
resisténcia também pode ser causada pela superexpressdo de proto-oncogenes (CROCE,
2008) e pela reducdo da expressdo de genes supressores de tumor (ZAHREDDINE;
BORDEN, 2013).

1.6 Proteina p53

O fator de transcricdo p53 conhecido como “guardido do genoma” é uma proteina
supressora de tumores (NIAZI et al., 2018). Ela regula vérias func¢des bioldgicas como,
preservacdo da integridade genémica contra danos no DNA, inducdo de parada do ciclo
celular para o reparo de quebras da fita de DNA, controle da proliferagcdo, migracao, invasao
e inducéo de apoptose (NIAZI et al., 2018; YAMADA,; YOSHIDA, 2019).

A ativacdo da p53 pode levar a sobrevivéncia ou morte celular, dependendo dos niveis
de estresse. Baixos niveis de estresse ou dano desencadeiam a ativacdo de p53 para
induzir parada do ciclo celular durante a fase de transicdo de G1 a S para o reparo do DNA e
sobrevivéncia celular. Em contraste, altos niveis de estresse ou lesdes dificeis de serem
revertidas resultam na ativacdo da p53 que sinaliza as células para se isolarem e sofrerem
autodestruicdo por meio da apoptose, que garante que as células ndo passem o DNA errdneo
para suas células progénitas (NIAZI et al., 2018; KANG; KROEMER; TANG, 2019).

Pela via intrinseca, quando ativada pelos sinais de estresse celular, a p53 regula os
fatores de transcri¢cdo pré-apoptoticos, como Puma, Bax, Bak, Noxa, Bad, Bid, p53AIP1,
APAF1 entre outros, mantendo a expressdo basal do fator indutor de apoptose (AIF)
reprimindo a expressdao de proteinas anti-apoptéticas como Bcl-2, Bcel-xLe Mcl-1.
Posteriormente, a p53 se liga diretamente a esses membros pro-apoptoticos e se transloca
rapidamente para a mitocondria, aumentando a permeabilizacdo da membrana externa
mitocondrial, desencadeando a morte celular pela liberagdo do citocromo c e ativacdo da
cascata de caspases (WANG et al., 2014; KANG; KROEMER; TANG, 2019; YAMADA,
YOSHIDA, 2019).

De acordo com os estudos de Seba e colaboradores, a p53 exibe papel na regulacdo da

transicdo epitelial-mesenquimal. Sua ativacdo pode promover a reversdao das células
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mesenquimais para epiteliais e a consequente redugdo da migracdo e invasdo (SEBA et al.,
2018). Em muitos tipos de cancer, a pS3 encontra-se mutada ou deletada, inativando suas
funcbes antitumorais e antimetastaticas (KANG; KROEMER; TANG, 2019; YAMADA;
YOSHIDA, 2019). Nesse contexto, a inativacdo da p53 possui grande relacdo com OS e
consequente metastase pulmonar (LIU et al., 2000; LIU, KANG; 2017). No entanto,
pesquisas mostraram que sua ativacdo inibiu a migracdo e invasdo in vitro e diminuiu o
crescimento e metastase pulmonar in vivo no OS (NAKASE et al., 2005; SONG et al., 2015).

Devido a estes problemas, muitos estudos tém focado na identificacdo de genes alvo
do p53 que possam retomar sua funcdo supressora de tumor (SILVA et al., 2018b; KANG;
KROEMER; TANG, 2019; YAMADA; YOSHIDA, 2019). Como muitas substancias de
baixa massa molecular como chalconas, curcumina e seus hibridos, atuam na ativacao de p53
vale a pena investigar o mecanismo molecular pelo qual é regulada (SILVA et al., 2016;
LIMA et al., 2018; SEBA et al., 2018; SILVA et al., 2018a). Desta forma, a restauracdo de
p53 pode ser uma abordagem terapéutica para o OS e outros tipos de cancer, visto que 0
controle de p53 nas células é rigidamente regulado por varios fatores, incluindo exportadores
nucleares e proteinas chaperonas que possivelmente controlam seu mecanismo de
translocacdo (SEBA et al., 2018; SILVA et al., 2018b).

1.7 Proteina Hsp40

As proteinas de choque térmico (Hsp) conhecidas como chaperonas moleculares,
constituem uma grande familia de proteinas envolvidas no enovelamento de proteinas cuja
expressdo € induzida por choque térmico ou outro tipo de estresse. De todas as principais
familias de Hsp, a Hsp40 tem o maior nimero de membros, que sdo classificadas em trés
subclasses de DNAJ: DNAJA, DNAIJB e DNAJC (WU et al., 2017b). As Hsp40 sdo
co-chaperonas que estimulam a atividade de hidrolise de ATP da Hsp70 e regulam
0 dobramento, desnaturacdo, translocacdo e degradacdo de proteinas. Devido aos poucos
estudos relacionados a Hsp40, ndo sdo conhecidos os mecanismos moleculares e seu papel no
cancer. No entanto investigacGes recentes indicaram uma relacdo positiva entre Hsp40 e p53
(WU etal., 2017b; SILVA et al., 2018b).

Foi identificado que a Hsp40 se liga a p53 regulando sua conformacéo e estabilidade
(HIRAKI et al., 2015; SILVA et al., 2018b). Desta forma, a inducdo de Hsp40 esta envolvida
na ativacdo da p53, na qual DNAJB1 (membro da familia Hsp40) inibe a ubiquitinacdo
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mediada pelo MDM2 e degradacdo do p53 e contribui para a ativacdo de p53 nas células
cancerigenas (QI et al., 2014). Além disso, a maior inducdo de Hsp40 esté relacionada ao
aumento da atividade de caspase-3, ja quando silenciada a atividade da caspase diminui
(SILVA et al., 2018b). Outros dados especificos de membros da familia Hsp40 como a
DNAJA3 mostraram sua interacdo direta com Hsp70 e p53 e sua inducdo da apoptose via
intrinseca em células de cancer de mama MCF-7 (TRINH; ELWI; KIM, 2010) além da
capacidade em suprimir o carcinoma espinocelular de cabeca e pescoco in vivo (CHEN et al.,
2009). DNAJA3 regula a angiogénese ao desestabilizar o fator 1 induzivel por hipoxia
(HIF-1) em células de cancer de colo uterino (BAE et al., 2005). O silenciamento de Hsp40
em células de OS, apresentou maior crescimento celular e diminui¢do da apoptose, 0 que
mostra sua importancia na supressdo tumoral (EDWARDS; MUNGER, 2004). A proteina
DNAJB4, apresentou atividade supressora de tumor e indugdo da atividade de caspase-3, sua
expressdo inibiu a proliferacdo, crescimento, migracéo, invasdo e diminui a progressao do
ciclo celular de células de cancer de pulmdo (TSAI et al., 2006; LIN et al., 2010). A alta
expressdo de DNAJB6 reduz a malignidade tumoral, crescimento e ocasiona a reversdo
parcial da transicdo epitélio-mesenquimal em células de cancer de mama in vivo (MITRA et
al., 2008; MITRA et al., 2010). A DNAJC25 é uma proteina supressora de tumor, sua alta
expressdo reduz o numero de coldnias de células de cancer hepético e aumenta o nivel de
apoptose (LIU et al., 2012). De acordo com os dados apresentados, a Hsp40 é um alvo

molecular relevante para os estudos contra a tumorigénese (SILVA et al., 2018b)
1.8 Curcumina e sua atividade antitumoral

A curcumina (Figura 2) é uma substancia de cor amarela isolada de rizomas de
Curcuma longa (Zingiberaceae), popularmente conhecida como acgafrdo-da-terra ou

turmérico. Sua férmula quimica de acordo com a IUPAC é [(1E, 6E)-1,7-bis(4-hidroxi-3-
metoxifenil)hepta-1,6-dieno-3,5-diona] (SALEHI et al., 2019).
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Figura 2. Estrutura da curcumina

HO OH
O O
Fonte: autor

O agafrao-da-terra vem sendo utilizado por séculos com fins terapéuticos no Sudeste
Asiatico, devido aos seus multiplos efeitos farmacoldgicos (SALEHI et al., 2019), sendo
presente na culinaria mundial. A curcumina é considerada pela FDA como GRAS
(Geralmente Reconhecido como Seguro) (GUPTA et al., 2012), pois em quantidades elevadas
é bem tolerada. Uma revisdo sobre o potencial terapéutico in vivo da curcumina revelou seus
efeitos nos sistemas gastrointestinal, respiratério e cardiovascular, e efeitos anti-inflamatorios,
antidiabéticos, hepatoprotetores, neuroprotetores, quimioprotetores, antineoplasicos,
antialérgicos e antimicoticos (SALEHI et al., 2019).

Estudos mostraram que a curcumina inibiu o desenvolvimento de células tumorais de
pulméo, colorretal, gastrico (FANG et al., 2013), mama (SRIVASTAVA; SRIVASTAVA,
2019), cervical (WANG et al., 2016; PAULRAJ et al., 2015), vulva (WU; LU; CUI, 2015),
ovario (GOU et al., 2015) e osteossarcoma (LIMA et al., 2018). Além disso, induziu a
apoptose e parada do ciclo celular de células tumorais de ovéario (GOU et al., 2015) e
ocasionou morte celular por apoptose em células de OS (LIMA et al., 2018). Yallapu e
colaboradores relataram que a curcumina foi efetiva contra células de cancer de mama e
ovario, apresentando inibicdo da proliferacdo e formacdo de colbnias, além da inducdo de
apoptose (YALLAPU et al.,, 2010). A inibicdo da migracdo, invasdo e metéastase foram
relatadas contra células de cancer de pulméo, por meio da ativacdo da proteina DNAJB4 da
familia Hsp40 (CHEN et al., 2008). Maher e colaboradores mostraram que a curcumina foi
eficaz contra as celulas tumorais SiHa e Hela, infectadas com HPV-16 e HPV-18,
respectivamente, alem de induzir apoptose, regular genes supressores de tumor (p53 e Rb) e
diminuir a expressdo dos oncogenes E6 e E7 (MAHER et al., 2011).

Uma revisdo sobre produtos naturais e seus alvos biolégicos, indicou que a atividade
da curcumina é correlacionada com a presencga da cetona a, B-insaturada (GERSCH et al.,
2012). Esse grupo é muito comum em algumas substancias que possuem atividade
antitumoral, pois podem atuar como aceptores de Michael, reagindo com biomoléculas

(WANG et al., 2018). Li e colaboradores estudaram a acdo de analogos de curcumina e
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demostraram que a atividade contra células ndo-pequenas de pulméo foram dependentes do
aceptor de Michael (LI et al., 2015b). Desta forma, esta funcionalidade parece ser interessante
para o planejamento de novas susbtancias antitumorais (WANG et al., 2018).

A bioatividade da curcumina vem sendo associada as propriedades sequestradoras de
radicais livres (ou antioxidantes) e a varios mecanismos moleculares, como a modulagéo da
expressdo do fator de transcricdo p53 e seus genes-alvo (LIN, 2007). Também foi relatado
que a curcumina pode ativar os receptores de aril hidrocarbonetos (AhR) que exibe uma
atividade semelhante ao supressor de tumor. A curcumina realiza uma translocacéo nuclear de
AhR seguida pelo aumento da expresséo de citocromo P450 (KUMAR et al., 2016; SAFE et
al., 2018). Além disso, a curcumina € um potencial agente anticancer por inibicdo da
angiogénese mediada por HIF-1a. Foi demonstrado que a curcumina diminui a expressédo de
HIF-1a. que ocasiona, por exemplo, o aumento do processo EMT, da invasdo e do
comportamento metastatico (BAHRAMI et al., 2018).

A curcumina pode inibir a atividade de vérias proteinas relacionadas a resisténcias do
cancer, como a glicoproteina-p (P-gp) (LI et al., 2010; LI et al., 2011; REVALDE et al.,
2015). Estas proteinas transmembrana atuam como bombas de efluxo de farmacos, reduzindo
ativamente os niveis intracelulares de farmacos. Dessa forma, sdo necesséarias doses
progressivamente maiores de farmacos antineoplasicos que consequentemente aumentam o
risco de toxicidade (NABEKURA, 2010). A inibicdo de bombas de efluxo pela curcumina é
um fato muito importante, visto que mais de 70% dos pacientes com cancer de ovario, sdo
resistentes a terapia com taxanos (YALLAPU; JAGGI; CHAUHAN, 2010). Foi identificado
que este mecanismo de resisténcia é devido a expulsdo do farmaco pela expressdo de
glicoproteina-p (P-gp) e outros transportadores ABC em células tumorais (LI et al., 2010).

A multirresisténcia na quimioterapia do cancer € um fendmeno em que as células
tumorais ndo respondem ao tratamento com multiplos farmacos antineoplasicos de diferentes
estruturas e mecanismos de agdo. E a principal causa de falha da quimioterapia, sendo a raz&o
da elevada taxa de mortalidade, especialmente em estagio avancado e canceres metastaticos
(BAGULEY, 2010; GILLET; GOTTESMAN, 2010).

A toxicidade e a resisténcia dos antineoplasicos tém despertado interesse dos
pesquisadores no desenvolvimento de antitumorais inovadores. Uma das estratégias
empregadas no desenvolvimento de farmacos é a hibridagdo molecular baseada em produtos
naturais. Essa ferramenta consiste na unido de dois farmac6foros em uma Unica estrutura, o

que resulta em uma melhor eficacia com acdo em mdaltiplos alvos, reducéo de efeitos adversos
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e resisténcia. Dentre 0os produtos naturais mais estudados para o tratamento do céncer, a
curcumina é o que tem exibido acdo in vivo (CHOUDHARY et al., 2018; TEWARI et al.,
2019).

Apesar de sua eficacia terapéutica, a curcumina possui baixa biodisponibilidade, a
qual estd associada a sua baixa solubilidade em &gua e metabolismo de primeira passagem
(SALEHI et al., 2019). Este fato levou a busca de andlogos obtidos por modificactes
estruturais, conduzindo a uma maior poténcia e biodisponibilidade (LIMA et al., 2018;
SILVA et al., 2018a).

Paulraj e colaboradores relataram que anélogos de curcumina 1,5-bis(2-hidroxifenil)-
1,4-pentadieno-3-ona  (MS17) e 1,5-bis(4-hidroxi-3-metoxifenil)-1,4-pentadieno-3-ona
(MS13) foram mais potentes que a curcumina contra células de cancer cervical CaSki e Hela,
linhagens positivas para HPV 16 e 18 respectivamente, induzindo a morte celular por
apoptose (PAULRAJ et al., 2015). Outro estudo avaliou o analogo de curcumina CH-5
(Figura 3) contra células de osteossarcoma U20S, MG-63 e Saos-2 onde CH-5 mostrou-se
mais ativo que a curcumina, controlando a expressao do fator de transcricdo p53. Este mesmo
analogo se mostrou eficaz no tratamento de células de cancer gastrico HGC-27, induzindo a
morte celular por apoptose e reduzindo a migracéao e invasdo das células tumorais (LIMA et
al., 2018).

Figura 3. Estrutura do andlogo de curcumina (CH-5)
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Fonte: autor

Silva e colaboradores sintetizaram uma série de hibridos de curcumina-resveratrol e
avaliaram seu potencial contra células de cancer de mama (MCF-7), o hibrido mais ativo
(Figura 4) apresentou um valor de Clsp de 19,09 uM sendo mais potente que a curcumina,
resveratrol ou curcumina combinada com resveratrol, levando ao blogueio do ciclo celular no

inicio da mitose e, posteriormente, apoptose (SILVA et al., 2018c¢).
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Figura 4. Hibrido de curcumina-resveratrol
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Os efeitos antineoplésicos da curcumina, seus anadlogos e hibridos, podem estar
envolvidos nas vias regulatorias transcricionais responsaveis pela regulacdo dos genes
relacionados a tumorigénese, angiogénese, metastase, invasao, proliferacdo e apoptose (LIN,
2007; SHISHODIA, 2013).

1.9 Cinamaldeido e sua atividade antitumoral

O cinamaldeido (obtido de espécies de Cinnamomum) é uma substancia constituinte
de 50% a 70% do dleo essencial da casca das “canelas”, as quais vém sendo utilizada ha
milhares de anos para fins medicinais e culinarios (HONG et al., 2016, POLAQUINI et al.,
2017). E uma substancia classificada e aprovada pela FDA (Food and Drug Administration)
como GRAS (geralmente reconhecido como seguro) (FABRA et al., 2016). Sua estrutura
quimica (Figura 5) é de natureza fenilpropanoidica, formada por um aldeido aromaético
a,B-insaturado (POLAQUINI et al., 2017).

Figura 5. Estrutura quimica do cinamaldeido
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Fonte: autor

A acdo do cinamaldeido tem sido amplamente estudada em diversas areas, revelando

seus efeitos antidiabéticos, antidepressivos, antivirais, anti-inflamatdrios, antiosteoporoticos e
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antineoplasicos (HONG et al., 2016). Suas atividades antitumorais tém sido exploradas contra
linhagens tumorigénicas de pulméo (WU et al., 2017a), mama (RAD et al., 2015), céancer
colorretal (LU; OBIANOM; Al, 2018), bucal (YU et al., 2019), osteossarcoma, cervical, pele
e neuroblastoma (SINGH et al., 2009). Os extratos e 6leos essenciais da canela apresentaram
efeito antialérgico, antimicrobiano, antioxidante, antiangiogénico, antimutagénico e anti-
Alzheimer. Estes dados sdo interessantes, visto que o componente principal dos extratos e
oleos essenciais da canela é o cinamaldeido. Além disso, os extratos de canela reduziram
significativamente a migracdo de células de cancer de colo uterino (SiHa) e induziram
apoptose, aumentando as concentragbes de célcio intracelular, ocasionando a alteracdo do
potencial de membrana mitocondrial (HAMIDPOUR et al., 2015; HONG et al., 2016).

A atividade do cinamaldeido tem sido descrita na regulacéo da invasao, metastase e no
efeito antiproliferativo pela inibicdo da ciclina D1 em varios tipos de tumores (HONG et al.,
2016; WU et al., 2017a). Rad e colaboradores demonstraram em seus estudos sobre cancer de
mama, que a a¢do do cinamaldeido esta relacionada a morte celular por apoptose mediada
pela ativagdo da caspase-8 (RAD et al., 2015). Outro estudo mostrou sua capacidade em inibir
a proliferacdo celular de cancer cervical (HeLa) pela inducdo da parada do ciclo celular na
fase S (LARASATI et al.,, 2014). Um estudo de revisdo indicou que sua inibicdo da
proliferacdo tumoral pode ocorrer pela inducdo da apoptose por espécies reativas de oxigénio
(EROs) em células de leucemia HL-60 e ativacdo de proteinas pro-apoptéticas da familia
Bcl-2 em células de hepatoma humano (HONG et al., 2016). No entanto, o cinamaldeido
possui instabilidade quimica devido a sua alta reatividade relacionada a presenca do grupo
aldoxila (aldeido) (LOPACHIN; GAVIN, 2014; HONG et al., 2016; POLAQUINI et al.,
2017).

Para superar essa limitacdo, o estudo com analogos e hibridos do cinamaldeido tem
sido de grande interesse para as extensivas pesquisas de muitos cientistas da area da quimica
medicinal. Uma pesquisa de revisdo mostrou que substancias derivadas do cinamaldeido séo
candidatos para o desenvolvimento de farmacos antineoplasicos como, por exemplo, o
derivado 2-hidroxicinamaldeido (Figura 6). Este derivado apresentou efeitos antiproliferativos
contra células tumorigénicas e induziu a apoptose em células de cancer de célon ao diminuir a
expressdo da proteina anti-apoptotica Bcl-2, aumentando a expressdo da proteina Bax e
induzindo a translocacéo citoplasmatica do citocromo c. Outros relatos mostraram que baixas
concentragbes (10 uM) dos derivados 2-hidroxicinamaldeido e 2-benzoiloxicinamaldeido

(Figura 6) induzem a apoptose em células de cancer de mama MDA-MB-231 p53-mutante e
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cancer de colorretal SW620 por induzir o acimulo de EROs e ativagdo de caspase-3,
sugerindo que o cinamaldeido induz a apoptose via caspase-3 de modo independente de p53.
A acdo conjunta de polifendis e cinamaldeido desencadearam a parada do ciclo celular na fase
G2/M e morte celular por apoptose em celulas de cancer de ovario resistentes a cisplatina
(HONG et al., 2016).

Figura 6. Estrutura quimica do 2-hidroxicinamaldeido e 2-benzoiloxicinamaldeido

Fonte: autor

Outros trabalhos descreveram que derivados de &cido acetilsalicilico baseados na
estrutura do cinamaldeido apresentaram atividade contra linhagens HCT-8 de céancer de
colorretal. A avaliacdo bioldgica indicou que a substancia mais ativa (Figura 7) exibiu um
aumento de mais de 10 vezes na atividade antiproliferativa em comparacéo as substancias de
origem natural e baixa toxicidade nas células nao-tumorigénicas, além disso, induziu a parada
do ciclo celular e apoptose, mostrando que derivados de cinamaldeido sdo promissores
agentes para o desenvolvimento de farmacos antineoplasicos inovadores (LU; OBIANOM,;
Al, 2018).

Figura 7. Estrutura quimica dos derivados de acido acetilsalicilico baseados no cinamaldeido

J’LOKE

Fonte: autor
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1.10 Chalconas e sua atividade antitumoral

As chalconas sdo substancias que pertencem a familia dos flavonoides que séo
presentes em frutas, legumes e plantas (JANDIAL et al., 2014; MIRZAEI; EMAMI, 2016).
Sua estrutura é composta por dois anéis benzénicos unidos por uma ponte cetonica o,p-
insaturada (Figura 8) (MIRZAEI; EMAMI, 2016).

Figura 8. Nucleo chalconico
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o

Fonte: autor

A sintese de chalconas ou seu isolamento a partir de fontes naturais estdo sendo
investigadas em todo o mundo para o desenvolvimento de medicamentos mais potentes e
eficientes para o tratamento de diversas doencas (SINGH; ANAND; KUMAR, 2014).
Revisbes sobre a atividade bioldgica das chalconas mostraram seus efeitos anti-inflamatorios,
antifangicos,  anti-Leishmania,  antiproliferativos,  antimalaricos,  antimicrobianos,
antiprotozoarios, anti-HIV e antidiabéticos (SINGH; ANAND; KUMAR, 2014; MIRZAEI,
EMAMI, 2016).

Diversos estudos mostraram que as chalconas inibiram o desenvolvimento de células
tumorais de figado, ovario (BHAT et al., 2005), préstata (BHAT et al., 2005; SYAM et al.,
2012), pulmédo (BHAT et al., 2005; SYAM et al., 2012), colorretal (BHAT et al., 2005;
SYAM et al., 2012; IFTIKHAR et al., 2017), cervical (BHAT et al., 2005; MARQUES et al.,
2019), vulva (MARQUES et al., 2019), mama (SYAM et al., 2012; BORTOLOTTO et al.,
2017; IFTIKHAR et al., 2017; MARQUES et al., 2019) e osteossarcoma (SILVA et al.,
2016). Além disso, a trans-chalcona (Figura 8) aumentou o nivel de EROs ocasionando a
morte de células de cancer de mama (MCF-7) por apoptose, por vias intrinsecas e extrinsecas,
pois também aumentou a atividade das caspases-7, -8 e -9 (SYAM et al., 2012). Bortolotto e
colaboradores também realizaram estudos com as células MCF-7, na qual, a trans-chalcona
ocasionou a parada do ciclo celular na fase G1 e induziu apoptose mediado pela via
intrinseca, pela inibicdo de Bcl-2 e inducdo de Bax (BORTOLOTTO et al., 2017).
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Estudos de Silva e colaboradores mostraram que a trans-chalcona inibiu o crescimento
de células cancerigenas de OS (U20S), mediado pela inducdo de apoptose dependente da
caspase, além de regular genes envolvidos na migracdo e invasdo celular (SILVA et al.,
2016). Outro trabalho deste mesmo autor mostrou que a trans-chalcona induziu a expressao
de p53, além do gene Hsp40 nas células de OS (U20S), que est4 envolvido na estabilidade e
ativacdo da p53, bloqueando sua ubiquitinacdo mediada por MDM2 atraves da interacdo com
MDM2 (SILVA et al., 2018b).

Uma revisdo sobre a farmacologia das chalconas mostrou que suas estruturas simples e
versateis exibiram atividade anticancer por morte celular apoptética por meio de interacdo
com alvos moleculares como MDM2 / p53, tubulina e STAT3 (MENEZES; DIEDERICH,
2019). Outros dados sugerem que as chalconas também tém como alvo, vérias vias de
sinalizacdo de cancer, como a via proteossomica, o ciclo celular, a apoptose, os receptores e
os transportadores de resisténcia a multiplos farmacos (JANDIAL et al., 2014).

O potencial anticancer das chalconas também esta associada a sua capacidade de
ligacdo a tubulina e propriedade alquilante, bem como possiveis interacbes com Vvérias
proteinas envolvidas na apoptose e proliferacdo celular (MIRZAEI; EMAMI, 2016). Também
foi relatado que seu mecanismo de acdo pode ser via por¢ao carbonila o, B-insaturada como
aceitador de Michael, tioredoxina redutase, via Keapl-Nrf2-ARE e inibicdo da formacéo de
microtibulos (MENEZES; DIEDERICH, 2019).

No entanto, varios estudos mostram que a estrutura da chalcona pode ser facilmente
modificada para potencializar sua acdo bioldgica, como por exemplo, pela adicdo de uma
grande variedade de grupos funcionais como arilos, halogénios, hidroxilas, grupos
carboxilicos, benzenos etc (JANDIAL et al., 2014). Além disso, 0s substituintes metoxi e
hidroxi sdo importantes na atividade antitubulina e citotéxica das chalconas (MIRZAEI;
EMAMI, 2016).

Santos e colaboradores relataram que as chalconas 2’-flior-4’-aminochalcona e 3’-
piridil-4’-aminochalcona (Figura 9) foram ativas contra as linhagens de células de cancer de
mama MCF-7 e MDA-MB-231, induziram a morte celular por apoptose em ambas as
linhagens e aumentaram a expressdo da proteina pré-apoptotica p53 na linhagem MCF-7.
Estas chalconas ainda foram capazes de inibir a proliferacdo celular mesmo em condicdes de
acidose, demonstrando serem substancias promissoras para o tratamento do cancer de mama
(SANTOS et al., 2019).
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Figura 9. 2'-fluor-4'-aminochalcona e 3'-piridil-4'-aminochalcona
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Fonte: autor

Markovic e colaboradores mostraram que hibridos de antraquinona e chalcona (Figura
10) tiveram efeito citotdxico seletivo contra as células de cancer cervical (HeLa), por meio da
inducdo de apoptose dependente de caspase (MARKOVIC et al., 2015).

Figura 10. Hibrido de antraquinona e chalcona
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Fonte: autor

Outro estudo com aminochalconas realizado por Seba e colaboradores, mostraram que
as  4’-amino-1’-naftil-chalcona e 4’-amino-4’-metil-1’-naftil-chalcona (Figura 11)
apresentaram baixa capacidade de inibir a viabilidade das células de OS (U20S e SAOS-2),
no entanto, diminuiram a migracdo, invasdo, atividade da MMP-2 e regularam genes
envolvidos na EMT, além de induzir a expressdao de p53 que pode estar relacionada aos
efeitos anti-metastaticos (SEBA et al., 2018).

Figura 11. 4'-amino-1'-naftil-chalcona e 4'-amino-4'-metil-1'-naftil-chalcona
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Fonte: autor
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Silva e colaboradores analisaram o efeito da 4’-hidroxi-chalcona (Figura 12) contra
células cancerigenas de OS (U20S) que suprimiu a proteina Spl e induziu p53 (SILVA et al.,
2016). Este mesmo autor mostrou que a 2’-hidroxi-5’-fldor-chalcona (Figura 12) induziu a
expressdo de p53, além do gene Hsp40 nas células de OS (U20S). Além disso, 2-hidroxi-5-
fldor chalcona exibiu a maior atividade da caspase quando comparado a trans-chalcona
(SILVA et al., 2018b).

Figura 12. 4'-hidroxi-chalcona e 2'-hidroxi-5'-flior-chalcona
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Fonte: autor
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2. JUSTIFICATIVAS

O cancer é uma das principais causas de mortes no mundo. Apesar dos tratamentos
existentes, infelizmente ndo sdo totalmente eficazes e possuem alta toxicidade, ocasionando
variados efeitos adversos, reversiveis ou ndo.

Devido a isso, a busca por novos farmacos baseados em produtos naturais tem
crescido mundialmente, visto que a curcumina, cinamaldeido e chalconas tém demonstrado
atividade anticancer em diversos trabalhos da literatura. Além disso, a ferramenta da
hibridacdo molecular é muito interessante e Util na potencializacdo da acdo destas substancias

para a busca de novos farmacos contra o cancer.
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3. OBJETIVOS

3.1 Objetivos Gerais

O presente trabalho teve dois objetivos gerais: avaliar o efeito de hibridos curcumina-
cinamaldeido sobre a viabilidade celular de linhagens de cancer feminino e de osteossarcoma;
selecionar o hibrido mais ativo e investigar os possiveis mecanismos celulares e moleculares

em células de osteossarcoma.

3.2 Objetivos Especificos

Capitulo 1

- Determinar a Clso de doze hibridos curcumina-cinamaldeido contra linhagens de cancer
feminino: cancer de mama (MCF-7 e MDA-MB-231); cancer de colo do Utero (C33, HelLa,
SiHa, CaSki) e cancer de vulva (A431);

- Avaliar a inibicdo da formacao de coldnias ap6s o tratamento com o hibrido mais ativo (5a)
contra a célula mais sensivel (A431);

- Avaliar a seletividade de 5a testando seu efeito contra células de queratindcitos
ndo-tumorigénicos (HaCaT);

- Avaliar a estabilidade de 5a sob condicdes fisiologicas;

- Predizer in silico propriedades farmacocinéticas e drug-likeness de 5a;

Capitulo 111

- Determinar a Clsp do hibrido 3HC(5a) contra linhagens de osteossarcoma U20S (p53
selvagem) e SAOS-2 (p53 ausente);

- Avaliar a atividade pro-apoptotica de 3HC em U20S;

- Avaliar a capacidade de migragdo e invasdo da linhagem U20S apds tratamento com 3HC e
seu efeito sobre a atividade da MMP-2;

- Avaliar o perfil de expresséo de p53 e DNAJB1(Hsp40) na linhagem U20S apds tratamento
com 3HC.
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Obs: 5a e 3HC é a mesma substancia. No primeiro artigo (Capitulo 1) a substancia
selecionada foi a 5a e no segundo artigo (Capitulo I11) chamamos 5a de 3HC.
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Abstract

Curcumin and cinnamaldehyde are natural products with in vitro and in vivo antineoplastic
activity. In this study, two series of curcumin-cinnamaldehyde hybrids were evaluated by
MTT assay to determine their antiproliferative activity against women cancer cell lines,
including breast cancer (MCF-7 and MDA-MB-231), cervical cancer (C33, HelLa, SiHa and
CaSki) and vulvar cancer (A431). Hybrid 5a demonstrated potent antiproliferative activity
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against all women cancer cell lines, with ICsy values of 2.7-36.5 uM. Hybrid 5a was more
active than curcumin and cinnamaldehyde against CaSki, SiHa, C33 and A431 cell lines,
displaying higher selectivity index (SI = 8.5) than curcumin (SI = 0.8) toward non-
tumorigenic HaCaT cell line. Clonogenic experiments indicated hybrid 5a inhibited A431
colonies formation in concentration-dependent manner. In addition, 5a was more stable than
curcumin and cinnamaldehyde (parent compounds) in phosphate buffer (pH 7.4) for 24 h at
37 °C. In silico investigations suggested 5a has good drug-likeness properties, according to
Lipinski’s, Veber’s, Muegge’s and Ghose’s rules. These results corroborate the use of

molecular hybridization based on natural products to discovery new drug-like hits.

Keywords curcumin * cinnamaldehyde - antiproliferative * hybridization - cancer

5.1. INTRODUCTION

Cancer is one of pivotal causes of death around the world (Tewari et al., 2019). Its
incidence has increased about 18.1 million new cases and 9.6 million deaths in 2018 (larc,
2019), and the women are more susceptible to mortality than men (Tewari et al., 2019). Breast
cancer is the main women cancer (Bray et al., 2018), and the triple negative type is the most
severe, because there is not targeted pharmacotherapy (Ren et al., 2019). Cervical cancer is
the fourth place in women cancer incidence (Bray et al., 2018). Its main causative agent is
Human Papilloma Virus (HPV), mainly HPV-16 and HPV-18. These two types are classified
as high risk, and responsible for 70% of cervical cancers (Bolatti et al., 2016), as well as also
may be associated with correlated with vulva cancer (Weinberg and Gomez-Martinez, 2019).
Vulva cancer was responsible for 44.235 cases and 15.222 deaths worldwide in the year 2018
(Globocan-larc, 2020).

Curcumin (from Curcuma longa) and cinnamaldehyde (from Cinnamomum species)
have been used as food additive and are considered as safe by FDA (Gupta et al., 2012; Fabra
et al., 2016). Curcumin and cinnamaldehyde have potent activity against breast cancer (Wani
et al., 2014; Srivastava and Srivastava, 2019) and cervical cancers (Singh et al., 2009; Paulraj
et al., 2015). The mode of action of curcumin includes induction of apoptosis, regulation of

tumor suppressor genes such as p53 and Rb, as well as decreased of HPV E6 and E7
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oncogenes expression (Maher et al., 2011). Cinnamaldehyde has antiproliferative effect and
decreases the number of breast cancer cell colonies (Nagle et al., 2012). Although curcumin
and cinnamaldehyde have shown to be promising antitumor agents, their poor chemical
stabilities have not allowed advances of their clinical studies (Hong et al., 2016; Nelson et al.,
2017). In our previous work, we demonstrated that curcumin analogs with the B-diketone
moiety (chelatogenic group) replaced by monoketone showed potent antiproliferative activity
(Lima et al., 2018; Oliveira et al., 2018; Silva et al., 2018). In addition, we also reported that
the replacement of cinnamaldehyde aldoxyl (reactive functionality) by acetophenone moiety
resulted in more stable antibacterial and antitubercular analogs (Polaquini et al., 2017).

In this study, we selected curcumin and cinnamaldehyde as parent compounds for
molecular hybridization. Two series of curcumin-cinnamaldehyde hybrids (CCHs) were
designed by removal of the undesirable functionalities of parent compounds, including f-
diketone and aldoxyl of curcumin and cinnamaldehyde, respectively. We focused the in
exploration of number of double bonds between aromatic rings A and B, as well as in role of
hydroxyl and methoxyl substituents on ring A. Series | and Il of CCHs were constituted by

a,B-unsaturated ketones and a.,f,y,6-unsaturated ketones, respectively (Scheme 1).

Scheme 1 Design of curcumin-cinnamaldehyde hybrids (CCHSs) of series | and 11

(o) unsubstituted
ring
Molecular 2, ~
Hybridization R n
C -6_ s, aldoxyl —

L R = H, OH or OMe
R = Series l: n =1
cinnamaldehyde SeriesIl: n =2

Source: author

Antiproliferative activity of CCHs was evaluated against a panel women cancer cells,
including cervical, breast and vulvar cancers. The most active hybrid (5a) was investigated
regarding its toxicity and selectivity toward non-tumorigenic keratinocytes. We also
investigated inhibition of 5a on vulvar cell colonies formation. The chemical stability of
hybrid 5a was evaluated. In silico investigations using Molinspiration® explorer toolkit

contributed to prediction of drug-likeness properties of 5a.
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5.2. MATERIAL AND METHODS

5.2.1 Synthesis of Curcumin-Cinnmaldehyde Hybrids (CCHSs) 1a — 6a and 1b — 6b

Curcumin, cinnamaldehyde and all starting reagents were purchased from Merck®.
Synthesis of CCHs was achieved by Claisen-Schmidt aldol condensation reactions under
basic catalysis and ethanol as protic solvent. Hybrids of series | (1a—6a) were synthesized by
reaction between benzaldehyde and respective acetophenone as previously described by
Marques and co-authors with minor modifications (Marques et al., 2019). Hybrids of series 1l
(1b—6b) were synthesized by reaction between cinnamaldehyde and corresponding
acetophenone as previously reported by Polaquini and co-authors with minor modifications
(Polaquini et al., 2017).

5.2.2 Cells and their Culture

Panel of human cell lines was constituted by: breast cancer cell lines MCF-7 (ATCC®
HTB-22 ™) and MDA-MB-231 (ATCC® HTB-26 ™); cervical cancer cell lines: C33 — HPV-
negative (ATCC® HTB-31 ™), HelLa - positive for HPV-18 (ATCC® cCL-2 ™), CaSki —
positive for HPV-16 (ATCC® CRM-CRL-1550 ™) and SiHa — positive for HPV-16 (ATCC®
HTB-35 ™): and vulvar cancer cell line A431 (SIGMA-85090402): immortalized non-tumor
human keratinocyte cells (HaCaT - CLS 300493). Cell lines were maintained in DMEM
(Dulbecco’s Modified Eagle Medium, Gibco Life Technologies) supplemented with 10%
(v/v) heat inactivated FBS (fetal bovine serum) (Cultilab), 100 U/mL penicillin, and 100
pg/mL streptomycin (Invitrogen) in plastic flasks (Corning) at 37 °C under humidified 5%

CO, atmosphere.

5.2.3 MTT assay

Cell viability assay was performed using protocol described by Nazaré and co-authors,

with minor modifications (Nazaré et al., 2018). An aliquot of 1x10* cells/well was seeded into
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96-well cell culture plate with total volume of 100 pL for 24 h. Cells were treated with
compounds (hybrids and parent compounds) in concentrations ranging from 200 to 1.56 pM.
After 48 h, medium was removed and 100 pL of MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide] (Img/mL) was added and plates were incubated at 37 °C for 30
min. MTT was removed and 100 pL of DMSO was added, and the mixture was maintained
under agitation for 5 min at 60 rpm. Absorbance was measured at 570 nm on FLUOstar
Omega microplate reader (BMG LABTECH). DMSO 0.1% was used as solvent for
substances and vehicle control. Curcumin was used as a comparative agent because it has
greater antiproliferative activity than cinnamaldehyde. In addition, other studies also use
curcumin for comparison with new substances (Li et al., 2015; Hsieh et al., 2017; Marques et
al., 2019). Results were plotted as the percentage of cell viability inhibition (CVI) calculated
as follows: CVI (%) = [1 - (absorbance of cells treated with compounds/absorbance of cells
trated with DMSO 0.1%)] x 100. We carried out the experiments in triplicate and three
independent events for statistical analysis.

5.2.4 Clonogenic Formation Assay

Clonogenic assay, using A431 and HaCaT cell lines, was performed according to
Franken and co-authors (Franken et al., 2006), with minor modifications (Pereira et al., 2016).
Briefly, 5x10% cells/well were seeded in 12-well plates and incubated at 37 °C under
humidified 5% CO, atmosphere for 24 h. After incubation, cells were treated with hybrid 5a
at its respective ¥ ICsy and 1Cso values obtained from MTT assays. After 48 h, cells were
recovered in compound-free medium subsequently for 15 days, allowing cell growth and
formation colonies. For qualitative observation, colonies were counted. Images of colonies
were obtained using iPhone digital camera (Apple). For quantitative analyses, cell viability
was measured by MTT assay. 0.1% DMSO was used as vehicle control. We carried out

experiments in triplicate and three independent events for statistical analysis.

5.2.5 Statistical Analyses
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Experiments were performed three times and quantitative data are expressed as mean
+ SD. Statistical analyses were performed by one-way analysis of variance (ANOVA)
followed by Tukey’s Test using GraphPad Prism 7 (GraphPad Software, Inc.) and Microsoft

Office Excel 2007 computer software. p< 0.0001 was statistically significant.

5.2.6 Chemical stability assay

Chemical stability of hybrid 5a (at Amax 314 nm), curcumin (at Amax 426 nm) and
cinnamaldehyde (at Amax 288 nm) was analyzed by monitoring their UV-visible absorptions
(Perkin Elmer® Lambda 25 UV/Visible Spectrophotometer) in phosphate buffer (pH 7.4) at
37 °C. Minor modifications in this protocol and their detailed procedures were reported in our

previous work (Polaquini et al., 2019).

5.2.7 Drug-likeness Properties

In silico investigations about drug-likeness properties of hybrid 5a were performed
using free Molinspiration® toolkit to explore Lipinski’s, Veber’s, Muegge’s and Ghose’s rules
(Molinspiration, 2019).

5.3. RESULTS AND DISCUSSION

Two series of CCHs investigated were synthesized by Claisen-Schmidt condensation
reaction, with yields of 60-95% (Scheme 2). Structure of hybrids were confirmed by their
NMR spectra analyses. Spectra were presented in Supplementary Material. For all CCHs,
NMR data, including chemical shifts, integrations multiplicities and coupling constants,

corresponded to the proposed structures (Polaquini et al., 2017; Marques et al., 2019).
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Scheme 2. Synthesis of CCHs of series | and |1

O O O

NaOH, EtOH
R_/ I + H S 7’
~ m rt R n

R =H, OMe or OH
m=0orl
n =1 (series I) or 2 (series II)

Source: author

Antiproliferative effect of curcumin, cinnamaldehyde and CCHs was evaluated against
human cancer cells from breast (MCF-7 and MDA-MB-231 lines), cervix (C33 HPV-
negative, HelLa positive for HPV-18, CaSki positive for HPV-16 and SiHa positive for HPV-
16 lines), and vulva (A431 line). These cell lines were selected due to high frequency of these
cancers in women (Bray et al., 2018). Antiproliferative potency was expressed as ICs values
(concentration able to inhibit 50% of cell viability), which were obtained from MTT assay. In
addition, we calculated average of 1Csq values (mlICsp) to analyze global effect of CCHs and
its parent compounds against the panel of women cancer cells. For hybrids with 1Cs, values >
100 puM against at least one cancer cell line was attributed mICs, value > 100 uM (Table 1).
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Table 1. Antiproliferative activity of parent compounds and CCHs expressed as I1Cs, values (in puM)

Compounds R Rl MCF-7 MDA-MB-231  Hela Caski SiHa Cc33 A43L e

(breast) (breast) (cervical) (cervical) (cervical) (cervical) (vulva)
curcumin(®!d - - 14929 31.0+4.3 297433 166429 54106 29.0+2.4 104405 265
cinnamaldehyde! - - >100 >100 >100 >100 >100 >100 >100 >100
la OMe OH 46.8%13 66.3+2.2 59.247.7  61.4+0.9 626402 47.1#30 27.1#27  53.0
') 2a H H 17.1#56 39.9+3.1 529452 252424 30.1#3.7 37.1#09 4.1+1.1 295
R Z 3a OMe H 42046 42,7474 497448 57331 516451 326456 125+23 459
Rl O O 4a H OH 30.1%6.3 50.1%7.0 51.845.1 27.44#25 440#51 20.0+#23 7.7#1.7 330
Series | 5a OH H 22329 35.2435 36.5+3.7 155+15 119415 113#14 2.7+0.2 19.3
fa H OMe 415+6.6 48.8+0.7 67.146.0 347463 41.0+2.7 345+#53 338453 431
b OMe OH 655%6.0 60.3+9.8 59.1#2.4  66.9+49  65.0+49 41.1#18 12.3+20 529
o) 2b H H 62311 94.5+6.6 >100 >100 97.740.3 336437 29.1+2.8  >100
R NS 3b OMe H >100 >100 >100 915468  39.1#3.2 >100  51.0¢0.9  >100
Rl O O 4 H  OH 41566 35.1+3.7 58.6+7.1 50.846.0 81.6+0.7 38.2+2.1 41.8+12 497
Series I 5b OH H  388%6.2 51.0+0.7 64.2+0.8 37.8+3.2 31638 30022 120+46 379
6b H OMe >100 >100 >100 >100 >100 827415 354434  >100

[@ Average of sum of all 1Cs, values P! Parent compounds. ©! Comparative agent (Li et al., 2015; Hsieh et al., 2017; Marques et al., 2019).

Source: author
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Assays of antiproliferative activity of curcumin were performed for two reasons.
Curcumin has been used as positive control or comparative agent in MTT assays (Li et al.,
2015; Hsieh et al., 2017; Marques et al., 2019) due to cell viability reduction through
apoptosis pathway (Maher et al., 2011), as well as it was selected as parent compound for
molecular hybridization design. Curcumin displayed activity against all cell lines, with 1Cs
values of 10.4-54.1 uM (mICso = 26.5 puM). Against MCF-7 (breast line), curcumin exhibited
ICso value of 14.9 uM after 48 h. This result was similar to Srivastava and Srivastava work
(Srivastava and Srivastava 2019), which described an ICsy value of 18 uM for curcumin
against MCF-7 after 72 h. Wang and collaborators reported an 1Cs, value of 12.1 yuM against
HelLa after 72 h of curcumin treatment (Wang et al., 2016). Paulraj and co-authors described
ICso values of 26.7 uM and 15.8 uM against HeLa and CaSki, respectively, after 72 h (Paulraj
et al., 2015). Wu and collaborators showed curcumin (at 15 uM) inhibited 54% of A431 cell
viability, after 48 h (Wu et al., 2015).

On the other hand, cinnamaldehyde, another parent compound of hybridization design,
presented 1Cso > 100 M against all cell lines. These results were similar to the studies of
Wani and collaborators, which reported ICso values around of 160 uM and 80 uM against
MCF-7 and MDA-MB-231 cells, respectively, after 24 h (Wani et al., 2014). Singh and co-
authors described that after a treatment with cinnamaldehyde at a concentration of 80 uM for
24 h, there was a 53% reduction in A431 cells. This same treatment was performed against
SiHa cells, in which cinnamaldehyde reduced 65% of the cells (Singh et al., 2009).

In order to investigate initial efficacy of molecular hybridization design, hybrids la
and 1b were evaluated. Both the hybrids have guaiacol ring (meta-OMe and para-OH on
benzene ring), which is also found in curcumin structure. Guaiacol (ring A) is spaced to
unsubstituted ring B in la and 1b by o,pB-unsaturated and o,B,y,0-unsaturated ketones,
respectively. Hybrids 1a and 1b displayed activity against all cell lines, with ICsy values of
12.3-66.9 uM and 27.1-66.3 uM, respectively. Hybrids 1a and 1b demonstrated mICsg values
of 53.0 and 52.9 UM, respectively. These values we encouraged to study analogs of guaiacolic
hybrids 1a and 1b, aiming the evaluation of role of substituents (hydroxyl and methoxyl) on
ring A, using hybrids 2a—6a and 2b—6b.

We compared activity of la and 1b with their unsubstituted analogs 2a and 2b,
respectively. Hybrid 2b (mICsp > 100 uM) showed to be less active than 1b (mICsy = 52.9
K1M). Among cancer cell lines, HeLa and CaSki were not sensitive to 2b (ICso > 100 uM). On
the other hand, hybrid 1a (mICsy = 53.0 uM) was less active than 2a (mICsy = 29.5 puM).
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Altogether, these results suggested that the meta-OMe and para-OH substituents are relevant
for antiproliferative activity.

In order to investigate effects of meta-OMe and para-OH substituents, separately, we
evaluated pairs of compounds 3a/3b and 4a/4b, respectively. In general, hydroxy-hybrids
4a/4b were more potent than methoxy-hybrids 3a/3b, demonstrating mICs, values of 33.0
MM/49.7 uM and 45.9 uM/100 pM, respectively. These results suggest hydroxyl at para is
more relevant for antiproliferative activity than methoxyl at meta.

We evaluated the regioisomers of pairs 3a/3b and 4a/4b, which were designed by
replacement of OMe and OH positions, furnishing hybrids 6a/6b and 5a/5b, respectively.
Hydroxy-hybrids 5a/5b (mICsy = 19.3 pM and 37.9 pM) displayed more potent
antiproliferative activity than methoxy-hybrids 6a/6b (mICsy = 43.1 uM and > 100 pM),
corroborating importance of hydroxyl substituent for bioactivity. Hybrid 5a presented the
lowest ICsp value among CCHs (ICso = 2.7 UM against vulva cancer cells), as well as mICsg
value of 19.3 uM, both are lower than those described for curcumin (ICso = 10.4 uM and
mICsp = 26.5 uM).

Finally, hybrids of series I (mICsy values = 19.3-53.0 uM) displayed higher
antiproliferative activity than hybrids of series Il (mICsy values = 37.9->100 pM). These
mICso values indicated one double carbon-carbon bond as spacer is more relevant for
antiproliferative activity than two double carbon-carbon bonds. In this context, hybrids of
series I exhibited electrophilic carbon 3, which can act as Michael acceptor in reactions with
bionucleophiles from cancer cells. This moiety has been recognized as pharmacophoric
moiety of antineoplastic drugs, including afatinib, osimertinib and rociletinib (Jackson et al.,
2017).

Altogether, bioactivity of CCHs corroborated the use of curcumin as cinnamaldehyde
as parent compounds to molecular hybridization, design which has been widely used to
discovery antineoplastic agents. Wang and co-authors used isatin and curcumin as parent
compounds to design series of hybrids with antineoplastic activities. Activity of isatin-
curcumin hybrids was attributed to o,B-unsaturated ketone side chain as Michael acceptor
(Wang et al., 2018). In this way, our results corroborated the potential of natural products
containing Michel acceptor moieties, including: zerumbone (Shin et al., 2011), xanthohumol
(Liu et al., 2017), withaferin A (Liu et al., 2016) and celastrol (Raja et al., 2011), to discover

of novel antineoplastic agents.
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Hybrid 5a was the most potent CCH and selected for subsequent assays. In order to
determine effect of 5a toward non-tumorigenic cells, we selected human spontaneously
transformed keratinocyte from histologically normal skin (HaCaT line). Hybrid 5a exhibited
ICs0 = 23.0 uM against HaCaT cells, which is three times less toxic than curcumin (ICso = 7.6
HM) (Table 2). To compare effect of hybrid 5a and its parent compounds toward tumorigenic
and non-tumorigenic cells, we determined their selectivity index (SI). This value was
calculated by ratio between ICso (HaCaT line) and ICsq (A431 line). Curcumin and hybrid 5a
presented Sl values of 0.7 and 8.5, respectively, suggesting hybrid 5a was nine times more
selective than curcumin (Table 2). Cinnamaldehyde presented values of ICso > 100 pM
against A431 and HaCaT cells, and it was not possible the Sl value calculation. Mai and
collaborators have reported compounds exhibiting ICsy values < 10 pM against tumorigenic
cells and SI values > 5 are selective and promising hits for in vivo trials (Mai et al., 2014).
Hybrid 5a presented 1Cso and Sl values according to the Mai and collaborators boundaries
(Mai et al., 2014), displaying to be promising antineoplastic hit.

Table 2. 1Csq values (in pM) of parent compounds and hybrid 5a against A431 and HaCaT
cell lines and respective selectivity index (SI)™

Compounds HaCaT A431 SI
curcumin®® 7.6+2.1 10.4+0.5 0.7
cinnamaldehyde!™ >100 >100 nc
hybrid 5a 23.0+£3.9 2.7£0.2 8.5

@1 S]: ratio between 1Cs, for HaCaT and ICs, for A431. T Parent compounds. nc = not calculated

Source: author

Inhibitory effect of hybrid 5a on A431 against HaCaT colony formation was
performed by clonogenic assay. This experiment evaluated the antiproliferative activity of
compounds for long period of time (Franken et al., 2006). A431 and HaCaT cells were treated
with hybrid 5a at concentrations corresponding to its ICs (2.7 and 23 puM) and % ICsq (0.7
and 6.2 puM) values respectively (Fig.1). A431 colony formation was significantly reduced by
hybrid 5a in concentration-dependent manner compared to vehicle control (0.1% DMSO).
Number of A431colonies decreased 60% in samples treated with 5a (at ¥4 ICso) and colony

formation did not observe in samples treated at ICso value. Number of HaCaT colonies were
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reduced 44% by 5a (at ¥4 1Csq), when compared to vehicle control. Comparison of inhibitory
effect against A431 and HaCaT colony formation suggested 5a (at % 1Csp) was able to induce
higher antiproliferative activity after 15 days against tumorigenic than non-tumorigenic cells,

corroborating its selectivity.

Figure 1. Qualitative and quantitative data of inhibitory effect of hybrid 5a against cell
colony formation of A431 and HaCaT lines, after 15 days. Cells were treated with hybrid 5a
at concentrations corresponding to its 1Csp (2.7 and 23 puM) and % ICso (0.7 and 6.2 pM)
values, respectively. Significant differences were determined using ANOVA followed by
Tukey test for results ****p<0.0001 vs. vehicle control.
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Source: author

The chemical stability of hybrid 5a was evaluated at pH 7.4 by monitoring its UV-Vis
absorption decreasing at 37 °C and compared with curcumin and cinnamaldehyde
demonstrated poor stability under physiological conditions (Hong et al., 2016; Nelson et al.,
2017). Curcumin and cinnamaldehyde were rapidly degraded, reducing at 60 and 40%,

respectively, after 24 h (Fig. 2). On the other hand, hybrid 5a was more stable than its parent
compounds, reducing 21%.

Figure 2. Chemical stability of hybrid 5a and parent compounds (pH 7.4) by monitoring the
decrease in their maximum absorbance at 37 °C for 24 h. Data are represented as means *
SEMs and expressed as percentage (%).
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Source: author

Drug-likeness properties may be defined as set of structural and physico-chemical
features, which indicate if a hit compound is similar to drugs (Polkam et al., 2016),
corroborating its further chemical and biological studies. Several drug-likeness sets to filter

hit compounds have been described such as Lipinski’s (Lipinski et al., 1997),Veber’s (Veber
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et al., 2002), Muegge’s (Muegge et al., 2001; Muegge 2003) and Ghose’s rules (Ghose et al.,
1999). Among these, “Rule-0f-Five” established by Lipinski and collaborators is one of the
best known and widely used filters (Lipinski et al., 1997). Lipinski’s rules include values of
logarithm of compound partition coefficient between n-octanol and water (log Pyw < 5.0),
weight molecular (MW < 500 Da), number of hydrogen bond acceptors (HBA < 10), number
of hydrogen bond donors (HBD <5).

Hybrid 5a demonstrated log Py = 3.31, MW = 224.26 Da, HBD = 1 and HBA = 2.
Veber and collaborators (Veber et al., 2002) reported two drug-likeness properties, such as
sum of HBA and HBD (HBA + HBD < 12) and number of rotatable bonds (NROBT < 10).
Hybrid 5a presented HBA + HBD = 3 and NROBT = 3. Muegge and co-authors developed
rapid and simple criteria to select pharmacophore points. The main central is related to
number or functionalities and rings on drug structure, which can corroborate as
pharmacophores (Muegge et al., 2001; Muegge 2003). Hybrid 5a exhibited two functional
groups, carbonyl (as part of enone bridge) and hydroxyl (as part of phenolic ring A), which
may be pharmacophoric motifs. Moreover, hybrid 5a displayed two rings phenol (ring A) and
unsubstituted benzene ring (ring B) as result of molecular hybridization between curcumin
and cinnamaldehyde. Ghose and collaborators (Ghose et al., 1999) analyzed Comprehensive
Medicinal Chemistry (CMC) database and classify ranges of molecular properties of drugs,
including antineoplastic drugs. Among these, drugs presented total number of atoms
considered in the range of 20-70 (average value of 48). Hybrid 5a possess number of atoms
of 29. Thus, hybrid 5a did not violate Lipinski’s, Veber’s, Muegge’s and Ghose’s boundaries,
corroborating its drug-likeness properties.

5.4. CONCLUSIONS

In conclusion, we evaluated two series of CCHs as part of continuous search for
antineoplastic compounds based on natural products and molecular hybridization. Hybrids of
series | were more potent antiproliferative agents than series Il, which can be related to
electrophilic carbon B as Michael acceptor. Hybrid 5a was found to be a hit with activity
against breast, cervical and vulvar cancer cells and able to inhibit vulvar colony formation
after 15 days. In vitro investigations with non-tumorigenic cells (HaCaT) indicated 5a was

nine times more toxic to cancer cells than normal cells, as well as stable at pH 7.4. In
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addition, a brief in silico investigation corroborated drug-likeness properties of 5a. These
results corroborate curcumin and cinnamaldehyde as parent compounds for design of

antiproliferative hybrids.
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5.7. Supplementary Material

5.7.1. Spectroscopy Data Analyses

'H NMR and *C NMR spectra were recorded on a Bruker Avance 111 14.1 T (600 MHz)
spectrometer. Compounds were solubilized in deuterated chloroform (CDCI3) or
dimethylsulfoxide (DMSO-ds). Chemical shifts (6) and coupling constants (J) were expressed
in ppm and Hz, respectively. Multiplicities were reported as singlet (s), doublet (d), doublet of
doublet (dd) and doublet of doublet of doublets (ddd).

(E)-1-(4-hydroxy-3-methoxyphenyl)-3-phenylprop-2-en-1-one (la) (Weber et a., 2006;
Badavath et al., 2016)

Yellow solid

Yield: 89%

'H NMR (600 MHz; DMSO-d): 3.88 (s; 3°-OMe), 6.94 (d; 8.4; H-5"), 7.44—7.46 (H-3, H-4
and H-5), 7.64 (d; 1.8; H-2"), 7.71 (d; 15.6; H-a), 7.81 (dd; 1.8 and 8.4; H-6"), 7.87 (dd; 1.8
and 7.5; H-2 and H-6), 7.93 (d; 15.6; H-B), 10.1 (s; 4’-OH).

3C NMR (150 MHz; DMSO-dg): 56.2 (3’-OMe), 112.1 (C-2°), 115.5 (C-5°), 122.5 (C-a),
124.2 (C-6), 129.2 (C-3 and C-5), 129.3 (C-2 and C-6), 129.9 (C-1°), 130.8 (C-4), 135.3 (C-
1), 143.2 (C-B), 148.3 (C-4°), 152.4 (C-3"), 187.6 (C-P").

(E)-1-phenyl-3-phenylprop-2-en-1-one (2a) (Weber et al., 2006; Weldon et al., 2014)
0

ChA®
Yellow solid
Yield: 95%
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'H NMR (600 MHz; CDCls): 7.40-7.42 (H-3, H-4 and H-5), 7.49 (dd; 7.8 and 8.4; H-3’ and
H-5%), 7.53 (d; 15.6; H-0)), 7.56-7.58 (H-4"), 7.63 (dd; 1.8 and 6.3; H-2 and H-6), 7.81 (d;
15.6; H-B), 8.02 (dd; 1.2 and 8.4; H-2” and H-6").

BNMR (150 MHz; CDCly): 122.1 (C-a), 128.4 (C-3 and C-5), 128.5 (C-2 and C-6), 128.7
(C-3’ and C-5°), 129.0 (C-2’ and C-6"), 130.6 (C-4), 132.8 (C-4), 134.9 (C-1), 138.2 (C-1"),
144.9 (C-B), 190.6 (C-p’).

(E)-1-(3-methoxyphenyl)-3-phenylprop-2-en-1-one (3a) (Marques et al., 2019)
0

MeO O Z O
Yellow solid
Yield: 85%
'H NMR (600 MHz; CDCls): 3.86 (s; 3’-OMe), 7.12 (dd; 2.4 and 8.1; H-4"), 7.39-7.41 (H-
3, H-4, H-5 and H-5%), 7.51 (d; 15.6; H-0), 7.54 (dd; 1.8 and 2.4; H-2"), 7.60 (ddd; 1.2, 1.8
and 7.3; H-6"), 7.63 (dd; 1.2 and 6.6; H-2 and H-6), 7.81 (d; 15.6; H-p).
BC NMR (150 MHz; CDCly): 55.5 (3’-OMe), 112.9 (C-2°), 119.3 (C-4°), 121.1 (C-6"),
122.1 (C-a), 128.5 (C-3 and C-5), 129.0 (C-2 and C-6), 129.6 (C-57), 130.6 (C-4), 134.9 (C-
1), 139.6 (C-17), 144.9 (C-B), 159.9 (C-3), 190.2 (C-p).

(E)-1-(4-hydroxyphenyl)-3-phenylprop-2-en-1-one (4a) (Syam et al., 2012; Fandakli et al.,
2018)

0
7T
HO
Yellow solid
Yield: 93%
'H NMR (600 MHz; DMSO-dg): 6.93 (d; 8.4; H-3" and H-5"), 7.44—7.45 (H-3, H-4 and H-
5), 7.70 (d; 15.6; H-a), 7.86 (dd; 1.2 and 7.5; H-2 and H-6), 7.91 (d; 15.6; H-B), 8.09 (d; 8.4;
H-2’ and H-6"), 10.46 (s; 4’-OH).
3C NMR (150 MHz; DMSO-dg): 115.9 (C-3’ and C-5"), 122.6 (C-0), 129.1 (C-3 and C-5),
129.3 (C-2 and C-6), 129.6 (C-17), 130.8 (C-4), 131.7 (C-2’ and C-6’), 135.4 (C-1), 143.2 (C-
B), 162.7 (C-4"), 187.6 (C-P’).
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(E)-1-(3-hydroxyphenyl)-3-phenylprop-2-en-1-one (5a) (Fandakli et al., 2018)
0

HO O Z O
Yellow solid
Yield: 89%
'H NMR (600 MHz; DMSO-dg): 7.08 (dd; 1.8 and 8.4; H-4"), 7.38 (dd; 7.8 and 8.4; H-5"),
7.45—7.48 (H-3, H-4, H-5 and H-2"), 7.64 (d; 7.8; H-6"), 7.73 (d; 15.6; H-0), 7.86 (d; 15.6; H-
B), 7.87—7.88 (H-2 and H-6), 9.83 (s; 3°-OH).
3C NMR (150 MHz; DMSO-dg): 115.1 (C-2°), 120.1 (C-4’), 120.8 (C-6), 122.7 (C-a),
129.3 (C-3 and C-5), 129.4 (C-2 and C-6), 130.3 (C-4), 131.0 (C-5"), 135.1 (C-1), 139.5 (C-
1°), 144.3 (C-p), 158.2 (C-3"), 189.6 (C-B").

(E)-1-(4-methoxyphenyl)-3-phenylprop-2-en-1-one (6a) (Syam et al., 2012; Marques et al.,
2019)

o)
SAA®
MeO
Yellow solid
Yield: 73%
'H NMR (600 MHz; CDCls): 3.87 (s; 4’-OMe), 6.97 (d; 8.4; H-3’ and H-5), 7.40-7.41 (H-
3, H-4 and H-5), 7.54 (d; 15.6; H-a), 7.63 (dd; 1.8 and 6.0; H-2 and H-6); 7.80 (d; 15.6; H-B),
8.04 (d; 8.4; H-2’ and H-6").
B3C NMR (150 MHz; CDCls): 55.5 (4’-OMe), 113.9 (C-3’ and C-57), 121.9 (C-a), 128.4 (C-
3 and C-5), 128.9 (C-2 and C-6), 130.3 (C-4), 130.8 (C-2’ and C-6’), 131.1 (C-1"), 135.1 (C-
1), 144.0 (C-B), 163.5 (C-4"), 188.7 (C-p*)

(2E,4E)-1-(4-hydroxy-3-methoxyphenyl)-5-phenylpenta-2,4-dien-1-one (1b) (Polaquini et al.,

2017)
> 9 B 8 2
MeO A
SRS
HO™ ,~ 6 4

Yellow crystal
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Yield: 95%

'H NMR (600 MHz; DMSO-dg): 3.86 (s; 3°-OMe), 6.92 (d; 8.4; H-5"), 7.17—7.27 (H-y and
H-5), 7.35 (dd; 1.8 and 7.2; H-4), 7.42 (dd; 7.2 and 7.8; H-3 and H-5), 7.43 (d; 15.0; H-a),
7.47-7.52 (H-B), 7.56 (d; 1.8; H-2), 7.59 (dd; 1.8 and 7.8; H-2 and H-6), 7.62 (dd; 1.8 and
8.4; H-6%), 10.07 (s; 4’-OH).

B3C NMR (150 MHz; DMSO-dg): 56.1 (3’-OMe), 111.9 (C-2°), 115.5 (C-5"), 123.7 (C-6"),
126.0 (C-y), 127.6 (C-2 and C-6), 127.9 (C-a), 129.4 (C-3 and C-5), 129.5 (C-4), 130.0 (C-
17), 136.6 (C-1), 141.3 (C-5), 143.5 (C-B), 148.2 (C-4’), 152.3 (C-3”), 187.5 (C-B’).

(2E,4E)-1,5-diphenylpenta-2,4-dien-1-one (2b) (Weldon et al., 2014; Silva et al., 2016; Pan et
al., 2019)

SAAA®
Yellow solid
Yield: 87%
'H NMR (600 MHz; CDCls): 6.98—7.04 (H-y and H-8), 7.08 (d; 15.0; H-a), 7.31 (dd; 1.2
and 7.8; H-4), 7.36 (dd; 7.2 and 7.8; H-3 and H-5), 7.46—7.50 (H-2, H-6, H-3” and H-5"), 7.56
(dd: 1.2 and 7.2; H-4"), 7.58-7.62 (H-P), 7.97 (dd; 1.2 and 7.8; H-2’ and H-6").
3C NMR (150 MHz; CDCls): 125.4 (C-y), 127.0 (C-a), 127.3 (C-2 and C-6), 128.4 (C-3 and
C-5), 128.6 (C-3’ and C-57), 128.9 (C-2’ and C-6"), 129.3 (C-4), 132.7 (C-4"), 136.1 (C-1),
138.2 (C-17), 142.0 (C-5), 144.9 (C-B), 190.5 (C-p°).

(2E,4E)-1-(3-methoxyphenyl)-5-phenylpenta-2,4-dien-1-one (3b) (Polaquini et al., 2017; Pan
etal., 2019)

O

o

Yellow crystal

Yield: 60%

'H NMR (600 MHz; CDCl3): 3.90 (s; 3’-OMe), 7.03—7.09 (H-y and H-8), 7.10 (d; 15.0; H-
a), 7.15 (ddd; 1.2, 2.4 and 8.2; H-4%), 7.35 (dd; 2.4 and 7.2; H-4), 7.40 (dd; 7.2 and 7.8; H-3
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and H-5), 7.42 (dd; 7.8 and 8.2; H-5"), 7.53—7.54 (H-2, H-6 and H-2"), 7.58 (ddd; 1.2, 1.8 and
7.8; H-6"), 7.61-7.66 (H-B).

3C NMR (150 MHz; CDCls): 55.5 (3’-OMe), 112.6 (C-2°), 119.3 (C-4’), 121.0 (C-6"),
125.4 (C-y), 127.0 (C-0), 127.3 (C-2 and C-6), 128.9 (C-3 and C-5), 129.3 (C-4), 129.6 (C-
5%), 136.1 (C-1), 139.6 (C-1°), 142.0 (C-3), 144.9 (C-P), 159.9 (C-37), 190.2 (C-B").

(2E,4E)-1-(4-hydroxyphenyl)-5-phenylpenta-2,4-dien-1-one  (4b) (Silva et al., 2016;
Polaquini et al., 2017)

O
ShAa®
HO
Yellow solid
Yield: 71%

'H NMR (600 MHz; DMSO-dg): 6.90 (d; 8.4; H-3" and H-5"), 7.16—7.26 (H-y and H-§),
7.35 (d; 7.2; H-4), 7.38 (d; 14.4; H-a), 7.42 (dd; 7.2 and 7.8; H-3 and H-5), 7.46-7.51 (H-p),
7.59 (d; 7.8; H-2 and H-6), 7.94 (d; 8.4; H-2’ and H-6"), 10.38 (s; 4’-OH).

3C NMR (150 MHz; DMSO-dg): 115.9 (C-3’ and C-5°), 126.0 (C-y), 127.6 (C-2 and C-6),
127.9 (C-0), 129.4 (C-3 and C-5), 129.5 (C-4), 129.6 (C-1"), 131.3 (C-2’ and C-6"), 136.6 (C-
1), 141.3 (C-8), 143.6 (C-p), 162.6 (C-4), 187.6 (C-B).

(2E,4E)-1-(3-hydroxyphenyl)-5-phenylpenta-2,4-dien-1-one (5b) (Polaquini et al., 2017)

o)
HO O A O

Brown solid

Yield: 84%

'H NMR (600 MHz; DMSO-dg): 7.06 (d; 8.4; H-4"), 7.19—7.29 (H-y and H-8), 7.31 (d; 14.4;
H-a), 7.34-7.38 (H-4, H-2’ and H-5"), 7.41 (dd; 7.2 and 7.8; H-3 and H-5), 7.47 (d; 7.8; H-
6°), 7.50-7.54 (H-p), 7.60 (d; 7.2; H-2 and H-6), 9.84 (s, 3°-OH).

3C NMR (150 MHz; DMSO-dg): 114.9 (C-2°), 119.6 (C-4%), 120.6 (C-6"), 126.1 (C-y),
127.7 (C-2 and C-6), 127.8 (C-a), 129.4 (C-3 and C-5), 129.7 (C-4), 130.4 (C-5"), 136.5 (C-

1), 139.6 (C-1°), 142.1 (C-3), 144.8 (C-B), 158.2 (C-3"), 189.6 (C-B").
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(2E,4E)-1-(4-methoxyphenyl)-5-phenylpenta-2,4-dien-1-one (6b) (Weldon et al., 2014; Silva
etal., 2016; Pan et al., 2019)

JTTC
MeO
Yellow solid

Yield: 66%

'H NMR (600 MHz; CDCls): 3.87 (s; 4’-OMe), 6.96 (d; 8.4; H-3 and H-5"), 6.99—-7.04 (H-y
and H-9), 7.10 (d; 14.4; H-a), 7.31 (dd; 2.4 and 7.8; H-4), 7.36 (dd; 7.2 and 7.8; H-3 and H-5),
7.49 (d; 7.2; H-2 and H-6), 7.57-7.61 (H-B), 7.99 (d; 8.4; H-2’ and H-6").

B3C NMR (150 MHz; CDCls): 55.5 (4’-OMe), 113.8 (C-3” and C-5°), 125.3 (C-y), 127.1 (C-
a), 127.3 (C-2 and C-6), 128.9 (C-3 and C-5), 129.1 (C-4), 130.7 (C-2’ and C-6’), 131.1 (C-
1°), 136.2 (C-1), 141.4 (C-8), 144.0 (C-B), 163.4 (C-4"), 188.7 (C-p").
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Figure S 1. *H NMR spectrum of compound 1a (600 MHz, DMSO-dg)
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Figure S 2. “°C NMR spectrum of compound 1a (150 MHz, DMSO-ds)
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Figure S 3. *H NMR spectrum of compound 2a (600 MHz, CDCls)
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Figure S 4. ~°C NMR spectrum of compound 2a (150 MHz, CDCl5)
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Figure S 5. *H NMR spectrum of compound 3a (600 MHz, CDCls)
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Figure S 6. ~°C NMR spectrum of compound 3a (150 MHz, CDCl5)
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Figure S 7. *H NMR spectrum of compound 4a (600 MHz, DMSO-d®)
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Figure S 8. *C NMR spectrum of compound 4a (150 MHz, DMSO-ds)
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Figure S 9. *H NMR spectrum of compound 5a (600 MHz, DMSO-dg)
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Figure S 10. *C NMR spectrum of compound 5a (150 MHz, DMSO-dg)
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Figure S 11. *H NMR spectrum of compound 6a (600 MHz, CDCl5)
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Figure S 12. 3C NMR spectrum of compound 6a (150 MHz, CDCls)
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Figure S 13. *H NMR spectrum of compound 1b (600 MHz, DMSO-dg)
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Figure S 15. *H NMR spectrum of compound 2b (600 MHz, CDCl5)
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Figure S 16. 3C NMR spectrum of compound 2b (150 MHz, CDCl3)
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Figure S 17. *H NMR spectrum of compound 3b (600 MHz, CDCl5)
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Figure S 18. 3C NMR spectrum of compound 3b (150 MHz, CDCl3)
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Figure S 19. *H NMR spectrum of compound 4b (600 MHz, DMSO-dg)
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Figure S 20. **C NMR spectrum of compound 4b (150 MHz, DMSO-de)
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Figure S 21. *H NMR spectrum of compound 5b (600 MHz, DMSO-dg)
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Figure S 22. **C NMR spectrum of compound 5b (150 MHz, DMSO-de)
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Figure S 23. *H NMR spectrum of compound 6b (600 MHz, CDCl5)
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Figure S 24. 3C NMR spectrum of compound 6b (150 MHz, CDCls3)
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6. Artigo Cientifico

Pro-apoptotic activity, inhibition of migration and invasion of 3’-hydroxychalcone
(3HC) in human osteosarcoma cells are related with the induction of p53 and Hsp40
expression
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Abstract: Osteosarcoma (OS) is the most common and malignant bone cancer with high
resistance to pharmacotherapy. In this study, we evaluated 3HC (3’-hydroxychalcone) against
human OS cells U20S (p53 + / +) and Saos-2 (p53 - / -). Cell viability was measured by the
MTT assay, with ICso values of 22.4 uM and 45.0 uM, for U20S and Saos-2, respectively,
suggesting that the p53 protein may be its molecular target. Flow cytometric analysis
indicated that this cell inhibition is related to the induction of death by apoptosis. The Western
Blot assay demonstrated that 3HC induced p53 and Hsp40 expression in a concentration-
dependent manner in U20S, this induction may contribute to p53 activity, important for
apoptosis, since Hsp40 stabilizes the p53 protein conformation. Furthermore, 3HC reduced
migration, invasion and matrix metalloproteinase 2 (MMP-2) in U20S of concentration-
dependent manner, for wound healing assays, transwell and zymography, respectively. These
results showed that 3HC has anticancer activity, which may be associated with the expression
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of genes involved in apoptosis, such as p53 and Hsp40, as well as its anti-migration, anti-
invasion effect and reducing activity of MMP-2 in U20S, suggesting that 3HC represents an

anticancer promise for the development of new chalcones for OS therapy.

Keywords: osteosarcoma; hydroxychalcone; p53; apoptosis; migration; invasion; matrix

metalloproteinase 2

6.1. INTRODUCTION

Osteosarcoma (OS) is highly malignant and the most common bone cancer, which can
develop anywhere in the bone structure. This cancer affects mainly children, adolescents and
young adults, as well as, 60% of cases occur between 10 and 20 years-old and its incidence is
higher in men than women (KANSARA et al., 2014). Current OS treatments include local
surgery associated with cisplatin, doxorubicin, methotrexate and ifosfamide pharmacotherapy.
Despite effective treatment, OS has a high predisposition for local invasion and metastasis.
Consequently, this aggressiveness and invasiveness led to lack of treatment (JAFFE et al.,
2013; INCA, 2019).

One of main therapeutic strategies for the OS treatment is the metastasis inhibition.
However, due to drug resistance, the chances of success in treatment are low, which decreases
the long-term survival rate to approximately 20-30%. Secondary neoplasia remains as the
most important cause of OS death, mainly because the lung is the most common site and leads
to death in one year (INCA, 2019; ANDERSON, 2016). Furthermore, side effects of
chemotherapy include cardiotoxicity, nephrotoxicity, neurotoxicity and consequent secondary
neoplasia, and these factors also affect desirable anti-cancer effects (ANDERSON, 2016).
Thus, innovative antiproliferative drugs with reduced toxicity, anti-metastatic effects and
more effective treatments to achieve the necessary target against this disease are needed.

The chalcones, flavonoids abundant in fruits, vegetables and plants (JANDIAL et al.,
2014; MIRZAEI et al., 2016), have shown efficacy in the treatment of several diseases, such
as: anti-diabetic, anti-inflammatory, antibacterial, antioxidants, antifungal, anti-Leishmania,
antiproliferative, antimalarial, antiprotozoal and anti-HIV effects (MIRZAEI et al., 2016;
SINGH et al., 2014). Some studies have shown its ability to inhibit OS cells mediated by
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caspase-dependent apoptosis induction (SILVA et al., 2016), decrease migration, invasion,
MMP-2 activity and regulate genes involved in epithelial-mesenchymal transition, as well as
induce the p53 expression that may be related to anti-metastatic effects (SEBA et al., 2018).

In addition, several studies have reported that the structure of chalcone can be easily
modified to enhance its biological action, such as by adding a wide variety of functional
groups as aryls, halogens, hydroxyls, carboxylic groups, benzenes, etc (JANDIAL et al.,
2014). In our previous work, we demonstrated that trans-chalcone inhibits the cell viability of
OS cancer cells (U20S). Thus, encouraged by our previous results, we investigated the
anticancer effects and possible underlying molecular mechanisms in the effect of 3HC on OS
cells. This substance was selected based on its stability and higher activity against various
tumor cells, presented in our previous results, in submission phase, in which we also reported
that 3HC (3’-hydroxychalcone - hybrid of curcumin and cinnamaldehyde) proved to be a
stable compound under physiological conditions when compared to curcumin
(antiproliferative agent) which was quickly degraded. In the present study, the results showed
that 3HC has activity against U20S, which may be related to the expression of genes
involved in apoptosis such as p53 and Hsp40. In addition, 3HC also decreased cell migration

and invasion accompanied by inhibition of MMP-2 in U20S.

6.2. MATERIALS AND METHODS

6.2.1 Synthesis of 3’-Hydroxychalcone (3HC)

Reagent and solvents were purchased from Merck®. 3’-Hydroxychalcone (3HC)
(Figure 1) was synthesized by Claisen-Schmidt aldol condensation reaction, according to
protocol described by Marques and co-authors with minor modifications (MARQUES et al.,
2019). Reaction was carried out at room temperature using 3.0 mmol of 3’-
hydroxyacetophenone and 3.0 mmol of benzaldehyde, which were dissolved in ethanol (30
mL). Sodium hydroxide in ethanol (1.0 mol/L) was added as catalyst solution. Reagents
conversion was checked by thin layer chromatography. Reaction medium was poured onto ice
(from distilled and deionized water) and filtered. Crude product was purified over silica gel
column with hexane and ethyl acetate (4:1) as mobile phase. Structure of 3HC was confirmed

by 'H and **C Nuclear Magnetic Resonance (*H and **C NMR) spectra analyses. Purity of
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3HC was measured by High Performance Liquid Chromatography with Diode Array Detector
(HPLC-DAD).

Figure 1. Structure of 3'-hydroxychalcone (3HC)

WAL AL

(o)

Source: author

6.2.2 Cell Culture

Human osteosarcoma cell lines U20S (p53 wild) and Saos-2 (p53 null) and
immortalized non-tumorigenic human keratinocyte cells (HaCaT - CLS 300493) were
purchased from the Rio de Janeiro Cell Bank (BCRJ, Federal University of Rio de Janeiro,
Rio de Janeiro, Brazil). U20S and Saos-2 cells were grown in McCoy’s 5A Medium (Sigma-
Aldrich®) and HaCaT cells were grown in RPMI medium (Sigma-Aldrich®), supplemented
with 10% fetal bovine serum (FBS), 100 U/mL penicillin, and 100 g/mL streptomycin
(Sigma-Aldrich®). Cells were cultured at 37 °C under humidified atmosphere of 5% CO,.

6.2.3 Cell Viability Assay

Cell viability was measured by the MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide] assay (Sigma-Aldrich®), using protocol described by Silva and
co-authors (SILVA et al. 2018b) with minor modifications. This assay is based on the
conversion from tetrazole-compound (yellow) to formazan crystals (purple), by the
dehydrogenases of viable cells. Cells were seeded in 96-well plates at 1 x 10* cells/well. After
overnight culture, cells were treated with 6, 11, 22, 45 and 89 uM/mL of 3HC for 24 h, to
obtain the 1Cs value and use the concentrations needed for the next experiments. Curcumin
was used as antiproliferative agent (6, 11, 22, 45 and 89 pM/mL) (MARQUES et al, 2019,
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IQBAL et al., 2016; HSIEH et al., 2017) and doxorubicin (1, 2, 5, 9 and 18 uM/mL) (Sigma-
Aldrich®) was used as reference antineoplastic drug. DMSO 0.1% was used as solvent for
substances and vehicle control. After the treatment, the medium was replaced by fresh
medium. 20 pL MTT of solution (5 mg/mL) was added to each well, and the plates were
incubated for 3 h. Absorbance was measured spectrophotometrically at 550 nm by microplate
reader (MultiSkan FC, Thermo Scientific, Waltham, MA, USA). Results were plotted as the
percentage of cell viability inhibition (CV1) calculated as follows: CVI (%) = [1 - (absorbance
of cells treated with compounds/absorbance of cells trated with DMSO 0.1%)] x 100. Data
represent the average + SD from three independent experiments combined. ICs, values were
determined from non-linear regression using GraphPad Prism® (GraphPad Software, Inc., San
Diego, CA, USA).

6.2.4 Apoptosis Assay

Apoptosis analysis was performed with double labeling (Annexin-V/propidium
iodide), usingan FITC Annexin V Apoptosis Detection Kit | (BD Biosciences), according to
the manufacturer’s recommendations, with slight modifications. U20S cells were cultured in
6-well plates (6.5 x 10° cells/well), then treated with 1Cs, concentration of 3HC and curcumin
(22.4 and 23.3 pM respectivelly) in a medium with 10% FBS for 24 h. After this treatment,
adherent and floating cells were collected by centrifugation, washed with PBS, and
resuspended in 300 pL of 1x binding buffer. Next, 5 pL of FITC Annexin V and 5 pL of
propidium iodide were added and the cells were incubated at room temperature in the dark for
15 min. Finally, cells were analyzed using a BD FACS Calibur™ Flow Cytometer (BD
Biosciences, San Jose, CA, USA). For the vehicle control 0.1% DMSO was used. Data

represent the average + SD from three independent experiments combined.

6.2.5 Wound-Healing Assay

A wound-healing assay was performed to analyze cell migration capacity according to
the published protocols of literature (YUE et al., 2010) with minor modifications (SILVA et

al., 2018b). Briefly, U20S cells were grown in 24-wells plate until the cell monolayer reached
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nearly 100% confluency, then a wound was created with a sterile 10 pL pipette tip. Floating
cells were removed, followed by treatment with 5, 10, and 20 pM of 3HC and curcumin for
24 h. The scratched areas were photographed in an optical microscope in time 0 and 24 h. The
wound area was measured using ImageJ software (ImageJ2, National Institutes of Health,
Bethesda, MD, USA). For the vehicle control 0.1% DMSO was used. Migration rates of 3HC
/curcumin group and DMSO group were calculated as follows: Migration rate (%) = [(wound
area at 0 h - wound area at 24 h)/wound area at 0 h] x100%. Data represent the average = SD

from three independent experiments combined.

6.2.6 Transwell Assay

A Transwell cell assay was used to analyze the effect of 3HC on the invasion capacity
of U20S cells. The membrane of the Transwell plate with an 8 um pore size (Corning,
Corning, NY, USA) was pre-coated with 0.75 mm of Matrigel (Corning®) according to the
manufacturer’s instructions and then 2 x 10° cells resuspended in 200 pL serum-free medium
were seeded into the upper chamber of plate. Into the lower chamber, 750 uL of complete
medium (with 10% serum) containing the concentrations 5, 10, and 20 uM of 3HC and
curcumin was added. After treatment for 24 h, the cells that invaded and attached on the
bottom side of the Transwell membrane were fixed with 3.7% of paraformaldehyde for 2 min,
permeabilized with methanol 100%, and stained with Wright’s Giemsa solution for 15 min at
room temperature. The cells were destained with 100 pL of 33% acetic acid. The destaining
solution was collected and the absorbance was measured at a wavelength of 490 nm by a
microplate reader (MultiSkan FC). For the vehicle control 0.1% DMSO was used. The
inhibition of invasion was calculated as follows: Inhibition (%) = [1 - (absorbance of treated
group/absorbance of control group)] x 100. Data represent the average = SD from three
independent experiments (SILVA et al., 2018Db).

6.2.7 Gelatin Zymography

Gelatin zymography was performed to quantify the matrix metalloproteinase-2 (MMP-

2) activity. Briefly, U20S cells were cultured in 6-well plates (5 x 10° cells/well) followed by
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treatment with 5, 10 and 20 uM of 3HC and curcumin for 24 h. After treatment, the
supernatant (conditioned medium) for each sample was collected and then separated by 0.1%
gelatin-7% SDS-PAGE electrophoresis. Next, the gels were washed in 2.5% Triton X-100
three times (30 min each) at room temperature and incubated in reaction buffer (10 mM
CaCly, 40 mM Tris-HCI, and 0.01% NaNs;, pH 8.0) at 37 °C for 18 h. Gels were washed with
distilled water, and stained with Coomassie brilliant blue R-250. After destaining steps, bands
were digitally scanned, and the gelatinolytic activities were measured using ImageJ software
(ImageJ2, National Institutes of Health, Bethesda, MD, USA). For the vehicle control 0.1%
DMSO was used. Data represent the average + SD from three independent experiments.

6.2.8 Western Blot

U20S cells were cultured in 6-well plates (6.5 x 10° cells/well), followed by treatment
with 5, 10, and 20 uM of 3HC in serum-free medium for 24 h. Next, cells were harvested in
RIPA buffer (Sigma-Aldrich®) supplemented with proteinase inhibitors and subjected to
sonication (three times for 5 s each) and the cell lysate was centrifuged at 15.000 rpm for 15
min at 4 °C. The supernatant was collected, and the protein concentration was determined
using the Pierce BCA Protein Assay Reagent (Thermo Scientific, Rockford, IL, USA).
Amounts of total proteins (30 pg) were separated on 10% SDS-PAGE gel, and then
transferred to AmershamTM ProtranTM 0.45-pm NC nitrocellulose membranes (GE
Healthcare, Little Chalfont, UK). The membranes were blocked in Tris-buffered saline with
Tween 20 (TBST) (25 mM Tris, 3mM KCI, 0.14 M NaCl, and 0.05% Tween 20), containing
5% nonfat milk, at room temperature for 1 h. Next, the membranes were incubated in TBST-
5% nonfat milk, containing the primary p53, Hsp40/DNAJB1 and B-actin antibodies (1:1000)
(Santa Cruz Biotechnology, Santa Cruz, CA) overnight at 4 °C. After washing with TBST, the
membranes were incubated with horseradish peroxidase-conjugated secondary antibodies
diluted in TBST-5% nonfat milk (1:10,000) for 1 h and washed several times. The proteins
were detected by chemiluminescence, using the ECL Prime WB Detection Reagent (GE
Healthcare) in an Image Quant LAS 500 luminescence analyzer (GE Healthcare). For the
vehicle control 0.1% DMSO was used. The experiments were performed in three independent

events.
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6.2.9 Statistical Analisis

Statistical analysis was carried out using one-way ANOVA followed by Tukey test
using the GraphPad Prism 7 (GraphPad Software, Inc., La Jolla, CA, USA). The results were
considered statistically significant if p< 0.05, p< 0.01, p< 0.001 and p< 0.0001.

6.3. RESULTS AND DISCUSSION

6.3.1. 3HC Inhibits Cell Viability of Osteosarcoma Cell Lines

We performed the MTT assay to determine the effect of 3HC on cell viability of OS
cell lines U20S and Saos-2. Antiproliferative activity was expressed as ICsy values
(concentration able to inhibit 50% of cell growth). Curcumin was used as antiproliferative

agent (positive control) and doxorubicin was used as reference antineoplastic drug (Table 1).

Table 1. Antiproliferative activity of 3HC against U20S and Saos-2 cell lines expressed
as ICso values (in pMY)

Compounds U20S Saos-2
3HC 22.4+] 3**** 45,045, 5****
curcumin 23.3+£0.9%*** 35.6+2.8****
doxorubicin 4,041 3**** 8.943.9****

! Mean value + standard deviation from three independent experiments (ICso= concentration
able to inhibit 50% of cell growth). Values obtained by MTT assay after 24 h. U20S =
osteosarcoma (p53 wild); Saos-2 = osteosarcoma (p53 null).

**** n<0.0001 (treatment of U20S vs. Saos-2).

Source: author

3HC reduced the viability of OS cell lines U20S and Saos-2, with ICsy values of 22.4
+ 1.3 and 45.0 £ 5.5 uM, respectively. The higher activity of 3HC against U20S, with
significant statistical difference (p<0.0001 vs. SAOS-2), indicates that the presence of p53
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protein may be related to inhibition of cell. In addition, we suggest that the presence of
Michael acceptor in structure could contribute to its action, because this moiety is very
common in other compounds that exhibit antitumor activity (WANG et al.,, 2018).
Interestingly, other study reported that cell growth was significantly suppressed by the
treatment of 10 uM trans-chalcone with 24%, 58%, and 90% inhibition on day 1, 2 and 4,
respectively, against U20S cells (SILVA et al., 2016). Silva and co-authors described that
after 24 h of treatment at the 10 uM concentration of 2’-hydroxy-5’-fluoride chalcone there
was an inhibition of about 60% of U20S cells (SILVA et al., 2018). On the other hand, 4’-
amino-1’-naphthyl-chalcone and 4’-amino-4’-methyl-1’-naphthyl-chalcone showed a low
capacity to inhibit the viability of OS cells (U20S and Saos-2) (<30% inhibition) (SEBA et
al., 2018).

Curcumin also showed higher activity against U20S with 1Csy values of 23.3 = 0.9
and 35.6 = 2.8 UM in U20S and Saos-2 cells, respectively (p<0.0001), indicating that 3HC
and curcumin have similar effects against both cells, however curcumin has low
bioavailability, limiting its use as a therapeutic agent (NELSON et al., 2017).

3HC showed moderate inhibition of cell viability of the OS cells when compared with
doxorubicin which exhibited 1Cs, values of 4.0+1.3 and 8.9+3.9 uM, respectively (p<0.0001).
Despite the lower activity, 3HC is a promising substance based on the structure of natural
products, since doxorubicin has several severe adverse effects including cardiotoxicity,
nephrotoxicity, neurotoxicity, hepatotoxicity, affect the female reproductive system, causes
skin problems, induction of secondary neoplasia and long-term may be related to
atherosclerosis (PUGAZHENDHI et al., 2018). Finally, we evaluated the action of 3HC,
curcumin and doxorubicin against the immortalized non-tumor human keratinocyte cells
(HaCaT), in which ICs, values were 23.0 + 3.9, 7.6 + 2.1 and 12.3 £ 2.1 uM respectively,
showing that 3HC less cytotoxic to HaCaT when compared to curcumin, however

doxorubicin (a potent cytotoxic drug) showed a higher selectivity.

6.3.2. Inhibition of Cell Viability by 3HC Results in Induction of Apoptosis

The main cell death pathways are apoptosis and necrosis (GRILO et al., 2019).

However, apoptosis is an essential mechanism for the elimination of damaged, excess or
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cancerous cells. Their deregulation often contributes to the development of cancer and
resistance to therapy (KOFF et al., 2015).

In order to verify whether the reduction of U20S cell viability was correlated to the
induction of apoptosis, we performed Annexin V-FITC/Pl double staining using flow
cytometry. In conformity with the inhibition of cell viability, the 3HC induced 30% of
apoptosis in U20S cells after 24 h of exposure to ICs, concentration 3HC, with significant
statistical difference (p< 0.01 vs. control) about five times more than the control, treated with
DMSO (Figure 2). Cells treated with 1Cs concentration of curcumin also induced apoptosis in
50% (p< 0.001 vs. control), in which there was a greater induction of apoptosis by curcumin
than the 3HC (p< 0.01 vs. curcumin). Furthermore, the number of necrotic cells was low,
with values of 4% and 2% for 3HC and curcumin, respectively. The data indicated that 3HC
has a cell viability reducing effect on OS cells mediated at least in part by apoptosis induction.
We believe that 20% of cell death may have occurred due to other effects such as cell cycle
arrest, because as some studies show, chalcones have other targets that also disrupt cell cycle
progression and subsequent apoptotic signal (JANDIAL et al., 2014). These results were
similar to other investigations, which after treatment with chalcones also showed induction of
apoptosis in cervical cancer (HeLa) (MARKOVIC et al., 2015), breast cancer (MCF-7 and
MDA-MB-231) (BORTOLOTTO et al., 2017; SANTOS et al., 2019), colorectal (HT-29)
(MAI et al., 2014) hepatic (HepG2), lung (H460) (DONG et al., 2018) and OS (U20S) cells
(SILVA et al., 2016). Another study by Silva and co-authors reported that 2’-hydroxy-5’-
fluoride chalcone showed higher apoptotic activity than trans-chalcone against U20S cells
(SILVA et al.,, 2018). On the other hand, 4’-amino-1’-naphthyl-chalcone and 4’-amino-4’-methyl-1’-
naphthyl-chalcone did not induce apoptosis in OS cells (SEBA et al., 2018).
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Figure 2. Analysis of apoptosis and necrosis induction in U20S cells treated with DMSO
(0.1%), 3HC and curcumin at the ICso concentrations (22.4 and 23.3 uM respectivelly)
for 24 h.

The rate of apoptotic and necrotic cells was assessed by double staining flow cytometry
assay with Annexin—FITC and PI. The data are expressed as mean values + SD of three
independent experiments. Different letters represent statistical differences (p< 0.05).
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6.3.3. 3HC Decreases U20S Cell Migration and Invasion

Metastasis is responsible for about 90% of cancer deaths. It is characterized by ability
of cancer cells to migrate and invade tissues, causing the proliferation of cancer to other
organs (SEYFRIED et al., 2013). These aspects are characteristic of tumor malignancy,
mainly in the OS where the main causes of deaths are due to metastasis. In this way,
inhibition of metastasis is one of main strategies of therapy of OS (ANDERSON et al., 2016),
however one of great problems for success of its treatment is resistance to the drugs (LI et al.,

2015). Thus, we evaluated the effect of 3HC and curcumin on U20S cell migration and
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invasion using a wound-healing assay and a Transwell assay. U20S cells were treated for 24
h with 5, 10 and 20 uM of 3HC and curcumin. The choice of concentrations was performed
according to data reported in literature, to verify the difference in the result by concentration-
response with to the rounded value of the 1Cso (SILVA et al., 2018b; LIMA et al., 2018). The
wound-healing assay showed that 3HC significantly inhibited (p< 0.0001 vs. control) wound
closure in a concentration-dependent manner, with inhibition of 53% and 64% at 10 and 20
UM, respectively (Figure 3 a-b). Curcumin also inhibited migration in a concentration-
dependent manner, of 31% and 51% at 10 and 20 UM, respectively. This data show with 3HC
exhibited higher potency of inhibition than curcumin, presenting significant difference in the
concentration of 10 uM (p< 0.05 vs. curcumin). To evaluate the effect of 3HC and curcumin
on cell invasive capacity, we used Transwell coated with Matrigel, as shown in Figure 3 c-d; a
number of U20S cells that had invaded the Matrigel was significantly decreased (43%) by
3HC at 20 uM (p< 0.0001 vs. control). Curcumin also showed similar results to 3HC in
inhibition the invasion of U20S cells (showing no significant differences at any of the
concentrations p> 0.05). These results suggest that 3HC possesses an anti-migratory and anti-
invasive effect in U20S cells. Interestingly, others investigations have shown that chalcones
suppressed migration and invasion of tumor cells, such as lung (H460) and liver (HepG2)
(DONG et al., 2018). Studies by Seba and co-authors with OS tumor cells (U20S) showed
that 4’-amino-1’-naphthyl-chalcone and 4’-amino-4’-methyl-1’-naphthyl-chalcone markedly
decreased the migration and invasion of the U20S cells by more than 70% (SEBA et al.,
2018).

Figure 3. 3HC inhibited cell migration and invasion in U20S cells.

(a-b) The effect of 3HC and curcumin on U20S cell migration was evaluated by a
wound healing assay. U20S cells were scratched and treated with 5, 10, and 20 uM of
3HC and curcumin for 0 and 24 h. The migration was observed under a phase-contrast
microscope at a magnification of 40x. Migration inhibition (%) after treatment with 3HC
and curcumin was calculated and quantitative results are illustrated in the graphs; (c-d)
For the invasion assay, the Transwell membrane was pre-coated with Matrigel, following
which the cells were plated and treated as described above. Invasion Inhibition (%) was
calculated and quantitative results are illustrated in the graphs. In all experiments, the
data represent the mean = SD of three independent experiments. Different letters

represent statistical differences (p< 0.05).
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Source: author

6.3.4. 3HC Reduces Activity of MMP-2 in U20S Cell

MMP-2 is one of main matrix metalloproteinases (MMPSs), its over expression is
involved in the process of tumor cell migration, invasion and metastasis by degrading the
extracellular matrix (PITTAYAPRUEK et al., 2016). Several studies have reported the
involvement of MMP-2 in the migration and invasion of OS cells (BJORNLAND et al., 2005;
JIN et al., 2013; LEI et al., 2015), associated with lung metastasis and lower overall survival
of these patients (LI et al., 2014). Based on this, we examined by gelatin zymography analysis
whether the reduction of migration and invasion were accompanied by a decrease in the
activity of metalloproteinase 2. U20S cells were treated for 24 h with 5, 10 and 20 uM of
3HC and curcumin, and then the activity of MMP-2 was assessed. There was a reduction in
the MMP-2 collagenase activity in 3HC-treated U20S cells compared to control cells, in a
concentration-dependent manner with a significant (p < 0.0001 vs. control) remarkable effect
at 20 uM (fold—9.5) (Figure 4 a-b). Curcumin also reduced MMP-2 activity in a
concentration-dependent manner, fold—6.1 compared to the control in 20 uM. However,
3HC exhibited higher potency in reducing MMP-2 than curcumin at a concentration of 10 uM
(p < 0.05 vs. curcumin), but at concentration 20 M there was no significant difference (p >
0.05 vs. curcumin). These results together with those previously investigated indicate that
anti-migration and anti-invasion effect of 3HC is confirmed, at least in part, by reduction of
MMP-2 secretion. This relationship was also observed in other study in which they evaluated
the effect of the 4’-amino-1’-naphthyl-chalcone and 4’-amino-4’-methyl-1’-naphthyl-
chalcone in OS cell (U20S). In addition, they showed that these chalcones decreased the
activities of MMP-2 by gelatin zymography and significantly reduced mRNA expression of
MMP-2 (SEBA et al., 2018). Silva and co-authors also showed that the MMP-2 transcript was
downregulated after trans-chalcone treatment in OS cells (U20S) (SILVA et al., 2016).

121



Figure 4. 3HC decrease activity of MMP-2 in U20S cells.

(a-b) U20S cells were treated with 3HC and curcumin (5, 10 and 20 uM) for 24 h and
then the activity of secreted MMP-2 was measured by gelatin zymography assay. A
demonstrative gel and quantitative results (graphic) are presented. In all experiments, the
data represent the mean £ SD of three independent experiments. Different letters

represent statistical differences (p< 0.05).
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Source: author

6.3.5. 3HC Increases p53 and DNAJB1/Hsp40 Protein Levels in U20S Cell

The p53 protein regulates several biological functions such as DNA damage repair,
controls proliferation, migration, invasion and causes induction of apoptosis. Thus, p53
expression is essential due to their antitumor properties (NIAZI et al., 2018; YAMADA et al.,
2019). It is already established that the inactivation of p53 has a great relation with OS and
consequent lung metastasis (LIU et al., 2000; LIU et al., 2017). It was also identified that
Hsp40 binds to p53 regulating their conformation and stability (HIRAKI et al., 2015; SILVA
et al., 2018). To further investigate the underlying molecular mechanisms of 3HC-mediated
anticancer activities, the expression level of p53 and DNAJB1/Hsp40 proteins were examined
in U20S cells treated with 3HC, using Western blotting analysis. The p53 and
DNAJB1/Hsp40 proteins were expressed following 3HC treatment, in which p53 was higher
expressed in a concentration dependent manner with a significant (p < 0.0001 vs. control)
(Figure 5 a-b). Others investigations also reported p53 expression in OS (U20S), lung (A549)
oral (FaDu), colorectal (HCT-116) and breast (MCF-7) cancer cell lines after treatment with
chalcones (SILVA et al.,, 2016; IFTIKHAR et al., 2017; SEBA et al., 2018; SANTOS et al.,
2019). Furthermore, these results indicating the possible participation of Hsp40 in p53
stabilization, which consequently contributes to its activity, which is very important for the
mechanisms of induction of apoptosis. Studies performed by Silva and co-authors showed
that after treatment of U20S with the trans-chalcone, the Hsp40 and p53 proteins were also
highly expressed, however, the silencing of Hsp40 partially blocked p53 upregulation induced
by trans-chalcone, suggesting that Hsp40 contributed to p53 stability. Curiously this same
study showed that 4’-hydroxy chalcone was also able to induce DNAJB1/Hsp40 protein. In
addition, the authors also reported that chalcones with other substituents (2’-hydroxy-5’-
fluoride chalcone, 4’-amine-4’-fluoride chalcone, 4’-amino-4’-chlorine chalcone and 6’-
amino-4’-methyl chalcone) also induced p53 expression (SILVA et al., 2018). Thus, 3HC-
mediated p53 expression may also be correlated with inhibition of cell viability, induction of
apoptosis, reduction of migration, and invasion of U20S cells, as presented by results of this

study.
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Figure 5. 3HC increases the expression of p53, and DNAJBL1 proteins in U20S cells.

(a-b) The cells were grown in 6-well plates and then were incubated with 3HC at the

indicated concentrations for 24 h. After treatment, cell lysates (30 ug of total protein)

were obtained and examined by Western blot analysis. A demonstrative gel (a) and

quantitative results (b) are presented. In all experiments, the data represent the mean +

SD of three independent experiments. Different letters represent statistical differences (p<

0.05).
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Source: author

6.4. CONCLUSIONS

In conclusion, we evaluated effects of 3HC as part of continuous search for antitumor
compounds based on chalcones structure. 3HC was found to be an important hit with activity
against OS cells, in which, its mode of action may be associated with the higher expression of
apoptosis-involved genes such as p53 and Hsp40, which is an important target for the
development of novel anticancer agents. Furthermore, 3HC showed anti-migration, anti-
invasion effect and reduced activity of matrix metalloproteinase 2 in U20S. In addition to all
these activities presented, 3HC is very interesting for future in vivo trials, as 3HC is a stable
substance under physiological conditions, unlike curcumin. Altogether, our results
corroborate the potential of chalconic skeleton as a privileged framework for the discovery of

new chalcones for OS therapy.
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7. Conclusoes

Capitulo 1

Os hibridos de curcumina-cinamaldeido da série |1 foram agentes antiproliferativos
mais potentes que a série II;

Os dados indicaram que uma ligacao dupla carbono-carbono foi mais relevante para a
atividade antiproliferativa do que duas ligacGes duplas carbono-carbono;

De modo geral, os hibridos foram mais potentes que o cinamaldeido;

Hibridos contendo grupos hidroxilados foram mais ativos que os metoxilados;

O hibrido 5a apresentou a maior poténcia em inibir a proliferacdo celular de todas as
células avaliadas de cancer feminino com excec¢do da linhagem MCF-7, com valores de ICs
variando de 2.7 a 36.5 pM;

5a demonstrou maior poténcia que a curcumina contra as células CaSki, SiHa, C33 e
A431, além de ter exibido um maior IS (8.5) que a curcumina (0.7);

5a inibiu a formacdo de coldnias da célula (A431) em que apresentou maior atividade
(ICs0 = 2.7 uM);

5a demonstrou ser uma substancia estavel sob condicgdes fisioldgicas, ao contrario da
curcumina e cinamaldeido;

Uma breve investigacdo in silico corroborou as propriedades farmacocinéticas e drug-

likeness de 5a;

Capitulo 111

Nas linhagens de osteossarcoma, 3HC (5a) foi mais potente contra a linhagem U20S
(ICs0 = 22.4 uM) quando comparado a SAOS-2 (ICso = 45.0 uM), sugerindo que a proteina
p53 pode ser o seu alvo molecular;

O efeito antiproliferativo de 3HC foi mediado pela inducéo de apoptose;

3HC reduziu a migracdo, invasao celular e atividade da metaloproteinase MMP-2;

3HC induziu a expressdo de p53 e DNAJB1 (Hsp40), essa inducdo pode contribuir na
atividade de p53, importante para a apoptose, visto que Hsp40 estabiliza a conformacdo da

proteina p53;
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Estes dados destacam a importancia da hibridacdo molecular e da presenca de grupos
hidroxilados para potencializar a acdo em alvos moleculares antitumorais, na qual corroboram
0 potencial da curcumina e cinamaldeido como iniciais protétipos privilegiados para o
desenvolvimento de novos hibridos com atividade pro-apoptdticas e inibicdo da migracédo e

invasao.
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Abstract: Xanthomonas citri subsp. citri (Xcc) causes citrus canker, affecting sweet orange-producing
areas around the world. The current chemical treatment available for this disease is based on cupric
compounds. For this reason, the objective of this study was to design antibacterial agents. In order to
do this, we analyzed the anti-Xcc activity of 36 alkyl dihydroxybenzoates and we found 14 active
compounds. Among them, three esters with the lowest minimum inhibitory concentration values
were selected; compounds 4 (52 uM), 16 (80 uM) and 28 (88 uM). Our study demonstrated that
alkyl dihydroxybenzoates cause a delay in the exponential phase. The permeability capacity of alkyl
dihydroxybenzoates in a quarter of MIC was compared to nisin (positive control). Compound 28
was the most effective (93.8), compared to compound 16 (41.3) and compound 4 (13.9) by percentage
values. Finally, all three compounds showed inhibition of FtsZ GTPase activity, and promoted changes
in protofilaments, leading to depolymerization, which prevents bacterial cell division. In conclusion,
heptyl dihydroxybenzoates (compounds 4, 16 and 28) are promising anti-Xcc agents which may serve
as an alternative for the control of citrus canker.

Keywords: citrus canker; antimicrobial; plant disease; membrane disruption; phenolic acids

1. Introduction

Citrus canker is caused by Xanthonionas citri subsp. citri (Xcc), which is responsible for a severe
form of the disease (Asian citrus canker) [1-3]. Typical symptoms of this plant disease are brownish
eruptive lesions on their aerial parts, which may be surrounded by chlorotic halos. Bacteria infect
leaves, stems, and fruit, which leads to defoliation, twig dieback and early fruit drop. As a consequence,
the disease brings significant economic losses to the citrus sector [3-6].
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ABSTRACT

Chalcones are valuable structures for drug discovery due to their broad bioactivity spectrum. In this study,
we evaluated 20 synthetic chalcones against estrogen-receptor-positive breast cancer cells (MCF-7 line)
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and triple-negative breast cancer (TNBC) cells (MDA-MB-231 line). Antiproliferative screening by MTT assay

resulted in two most active compounds: 2-fluoro-4"-aminochalcone (11) and 3-pyridyl-4'-aminochalcone
(17). Their IC5o values ranged from 13.2 to 34.7 uM against both cell lines. Selected chalcones are weak
basic compounds and maintained their antiproliferative activity under acidosis conditions (pH 6.7), indicat-

KEYWORDS
Chalcones; cancer; p53;
antiproliferative; apoptosis

ing their resistance to ion-trapping effect. The mode of breast cancer cells death was investigated and
chalcones 11 and 17 were able to induce apoptosis rather than necrosis in both lines. Antiproliferative tar-
get investigations with MCF-7 cells suggested 11 and 17 upregulated p53 protein expression and did not
affect Sp1 protein expression. Future studies on chalcones 11 and 17 can define their in vivo thera-

peutic potential.

Introduction

Breast cancer is the most common type of cancer that affects
women around the world, corresponding to 25% of cases. It is
also the main cause of cancer death among women'~>, Its classifi-
cation is based on the presence of cellular receptors: (i) Hormone-
Receptor (HR), with Estrogen (ER) and/or Progesterone-Receptors
(PR); (ii) Human Epidermal Growth Factor-2 receptor (HER2); and
(iii) Triple-Negative Breast Cancer (TNBC), which does not express
ER, PR, or HER2 receptors*®. Chemotherapy choices for breast
cancer are made according to its classification aiming to reach
specific targets. ER-positive cancer treatments include ER modula-
tors, such as tamoxifen or aromatase inhibitors. HER2-positive can-
cer is treated with monoclonal antibodies, such as trastuzumab,
which is administered alongside tyrosine-kinase inhibitors’®.
TNBC cancer treatment is focused on cytotoxic agents, such as
taxanes or doxorubicin. This cancer has poor response to chemo-
therapy, particularly at metastatic sites, with survival rates below
2 years. Altogether, TNBC cancer has been considered the most
severe and difficult to treat due to a lack of targeted therapy'® 2.

Chalcones are valuable structures for drug discovery due to
their broad bioactivity spectrum, as well as their versatile and sim-
ple synthesis. Their structures, bearing two benzene rings (A and
B), are linked by an enone bridge. They have demonstrated anti-
proliferative activity against cancer cells, including breast

cancer'* ">, Mai et al. described chalcone was effective against ER-
positive breast cancer cells (MCF-7line) targeting 20 apoptotic
markers'®. Iftikhar et al. reported that chalcone bearing chlorine at
position 2 was effective against breast cancer cells (CAL-51line)
and induced accumulation of p53 protein'’. Silva and coauthors
described unsubstituted chalcone increased p53 protein activity in
osteosarcoma cells (U20S line) through the induction of heat
shock protein DNAJB1'®.

In our ongoing search for anticancer compounds with struc-
tures based on chalcone framework, we evaluated the antiprolifer-
ative activity of 20 chalcones against ER-positive cells (MCF-7 line)
and TNBC (MDA-MB-231 line). The two most active chalcones (11
and 17) were selected to antiproliferative evaluation under acid-
osis conditions (pH 6.7) and pro-apoptotic activity in MCF-7 and
MDA-MB-231 lines. In addition, we investigated tumour molecular
targets of 11 and 17 in MCF-7 line, which were able to upregulate
p53 protein expression.

Materials and methods
Chemical procedure for synthesis of chalcones 1-20

Reagents and solvents were purchased from Merck” (Kenilworth,
NJ). Series of 20 chalcones was synthesised by Claisen-Schmidt
aldol condensation reaction, according to protocol described by
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Abstract

BACKGROUMD:Chalcones substituted by methozgyl groups have presented a broad spectrum of bicactivities,
including antifungal, antibacterial and antiproliferative effects. However, a clear and unambiguous investigation
about the relevance of this substituent on the chalcone frameweork has not been described. OBJECTIVE:The purpose
of this work is to assess the antibacterial, antifungal and antiproliferative activities of two series of seventeen
synthesized regioisomeric methoxychalcones. Series | and Il were constituted by chalcones substituted by methoxgyd
groups on rings & (5-12) and B {13-21). respectively. In addition, the library of metha:xychalcones was submitted to in
silico drug-likeness and pharmacokinetics properties predictions. METHODE:Methowxychalcones were synthesized and
their structures were confirmed by NMR spectral data analyses. Evaluations of antimicrobial activity were performed
against five species of Candida, two Gram-negative and five Gram-positive species. For antiproliferative activity,
methaxychalcones were evaluated against four human tumorigenic cell lines, a= well as human non-tumarigenic
keratinocytes. Drug-likeness and pharmacokinetics properties were predict using Molinspiration and PreADMET
toolkits. RESULTS:In general, chalcones of series | are the most potent antifungal, antibacterial and antiproliferative
agents. 24" 5'-Trimethowxychalcone (11) demonstrated potent antifungal activity against Candida krusei (MIC=3.9
pE/mL). eight times more potent than fluconazole [reference antifungal drug). 3'-Methoxychalcone (B) displayed anti-
P=eudomonas activity (MIC = 7.8 pgfmL). 2'.5"-Dimethoxychalcone (9) dizplayed potent antiproliferative effect against
C-334 (skin). A-431 {=kin) and MCF-7 (breast), with IC50 values ranging from 7.7 to 9.2 phd. It= potency was superior to
curcumin (reference antiproliferative compound), which exhibited 1C50 values ranging from 10.4 to 19,0 p.
COMCLUSION 2Dur studies corroborated the relevance of methoxychalcones as antifungal, antibacterial and
antiproliferative agents. In addition, we elucidated influence of the position and number of methoxyl groups toward
bigactivity. In silico predictions indicated good drug-likeness and pharmacokinetics properties to library of

methaxychaloones.
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