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Carpe Diem!
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RESUMO

O cancer de mama é o que mais afeta as mulheres no Brasil e no mundo, entre os tipos de
cancer de mama, o triplo negativo TNBC (Triple Negative Breast Cancer), que ndo expressa
nenhum receptor hormonal, corresponde a 20% dos casos e apresenta recidivas em trés anos.
Entretanto, a maior causa de morte no cancer é devido a formacdo de metéstases. O TNBC
possui uma maior propensdao a metastases pulmonares e cerebrais. Alem disso, atualmente
poucos tratamentos estdo disponiveis. Buscas para novos medicamentos alvo para o TNBC e
com menos efeitos colaterais s&o de grande importancia para o tratamento dessa doenca.
Produtos naturais sdo fontes ricas em moléculas com atividades antitumorais, dentre elas os
gingerais, presentes no gengibre e o resveratrol (RSVT), presente nas uvas. Entretanto, pouco
se sabe da atividade antitumoral do [10]-gingerol (10G). Este trabalho teve como objetivo
investigar o potencial uso do 10G como molécula antimetastatica em experimentos in vitro e
in vivo. Neste trabalho verificou-se a atividade antiproliferativa do 10G e do RSVT em
diversas linhagens de cancer de mama (4T1BM2, 4TIBM2 shRNAP3, 4T1Br4, MDA-MB-
231, MDA-MB-231 BrM) e um controle de célula normal, a bEnd.3. Os produtos naturais
(PNs) usados afetam a morfologia celular nas células tumorais e 0 RSVT é capaz de inibir a
adesdo e migracdo via vitronectina. O 10G induziu apoptose da linhagem 4T1Br4 através da
via extrinseca, com o0 aumento da expressao de casspase-9, -3 e -7; induziu a parada do ciclo
celular nas fases G1 e sub GO. Em modelos de metéastase in vivo 0 10G inibiu o crescimento
do tumor primario e de metastases pulmonares, além de inibir metastases 0sseas e cerebrais.
Portanto, este trabalho foi capaz de fornecer dados de como o 10G atua nas células tumorais e

sua possivel aplicacgdo clinica.

Palavras-chave: Cancer, Metastase, Produto Natural, [10]-gingerol, Resveratrol, cérebro.



ABSTRACT

Breast cancer is the leading cause of death in Brazil and worldwide, between the types of
cancer, triple negative TNBC (Triple Negative Breast Cancer), which do not express hormone
receptors, represents 20% of the cases and presents relapses within 3 years. However, the
major cause of death in cancer is due the formation of metastasis. The TNBC has a greater
propensity to form lung and brain metastasis. Furthermore, currently few treatments are
available. Search for new target treatments, with fewer side effects is very important to treat
this disease. Natural products are rich sources of molecules with antitumoral activity; among
them are the gingerols, from ginger and resveratrol, from grapes. Nevertheless, not much is
known about antitumor activity of [10]-gingerol (10G). Therefore, the aim of this work was to
investigate the potential use of 10G as an antimetastatic molecule in in vitro and in vivo
experiments. In this work, 10G had antiproliferative activity on several breast cancer cell lines
(4T1BM2, 4T1BM2 shRNAB3, 4T1Br4, MDA-MB-231, MDA-MB-231 BrM) and on a
normal cell line, bEnd.3. The natural compounds affected tumor cell morphology and RSVT
was able to inhibit cell migration and adhesion through vitronectin. 10G induced apoptosis via
the extrinsic pathway through the increase of caspase-9, -3 and -7 expression and decrease of
Bcl-2 expression, induced cell cycle arrest in G1 and subGO phase. In in vivo models, 10G
inhibited primary tumor growth and lung metastasis, as well as bone and brain metastasis.
Therefore, this study was able to provide new data as 10G can be acting in tumor cells and its

possible clinical application.

Keywords: Cancer, Metastasis, Natural Product, [10]-gingerol, Resveratrol, Brain.
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1 INTRODUCAO

1.1 Cancer de mama

A palavra “cancer” descreve mais de 100 tipos de doencas que possuem em comum O
crescimento desordenado de células anormais com potenciais invasivos ou ndo, e que quando
invasivos, podem se espalhar pelo organismo. O tumor primario e/ou suas metastases podem
resultar em morte. O cancer é uma doenca heterogénea, com diferentes aspectos,
caracteristicas moleculares, comportamentos e respostas a terapias. Mesmo pacientes com
caracteristicas tumorais similares apresentam diferentes respostas aos tratamentos, e este pode
ser causado por fatores genéticos, ambientais e epigenéticos (AMERICAN CANCER
SOCIETY, 2014; CHATTERJEE; MCCAFFREY, 2014; INCA, 2014).

As estimativas no Brasil para 2014/2015 preveem que ocorram 570 mil novos casos de
cancer. O céncer de pele do tipo ndo melanoma serd o de maior incidéncia, seguido pelo
cancer de mama e colo de utero nas mulheres e o cancer de prostata em homens. A
expectativa é de que em 2030 ocorram 21,4 milhdes de novos casos no mundo com cerca de
13,2 milhdes de mortes (INCA, 2014).

Apesar da alta incidéncia dessa doenca, com o passar dos anos houve uma melhoria
nos métodos de diagnosticos do céncer e de seu tratamento, portanto, existe um grande
esforco entre os profissionais da area para o desenvolvimento de novos tratamentos e
farmacos (LIVES, 2012). Tais dados podem ser observados na figura abaixo, em que apesar
do crescimento da populacdo, houve uma grande melhoria no nimero de sobreviventes
(Figura 1).
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Figura 1 — Sobrevivéncia dos pacientes com cancer nos EUA.

Em 1971, 1 em 69 americanos eram
sobreviventes do cancer. Hoje, 1 em 22
americanos sdo sobreviventes do cancer,
gragas a pesquisa biomédica.

Porcentagem da populagdo americana

Sobreviventes de cancer nos EUA
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A taxa de sobreviventes com cancer triplicou com relacdo ao crescimento da populacdo Americana nos anos de
1971 até 2012. Grafico traduzido do relatdrio de progresso da AACR (LIVES, 2012).

O cancer de mama pode ser classificado em trés grandes grupos baseados em
biomarcadores moleculares, como a expressdo de receptores hormonais (HR: Hormone
Receptors) ou sua auséncia na superficie celular. Entre estes grupos estdo os que i)
apresentam receptores de estrogeno (ER+) ou receptores de progesterona (PR+), ii) 0s que
apresentam receptor HER-2 (Human Epidermal Growth Factor Receptor-2) com ou sem 0
receptor ER+ e iii) o subtipo triplo negativo, que ndo possui 0s trés receptores embora possa
apresentar uma baixa expressdo de HER-2 (TNBC: Triple Negative Breast Cancer)
(CRISCITIELLO et al., 2012). Mais recentemente, um trabalho propds a divisdo dos grupos
de céncer de mama baseado na expresséo de HER2 e taxa de proliferagdo em:
ER+/PR/HER2+ (Triple Positive), subtipo ER+/PR+/HER2 e TN (VICI et al., 2014). Os
tumores HR+ e HER2- sdo os de maior incidéncia entre as mulheres e apresentam melhor
prognostico devido a resposta a terapia hormonal. Entretanto, tumores que apresentam
HR+/HER+ acometem 6% das mulheres, e estes possuem uma resisténcia elevada a terapia
hormonal e a quimioterapia. Os tumores triplo negativos (TN) possuem um mau prognéstico
com relacdo a cura e sobrevivéncia geral da doenca, acometem de 9-16% da populacdo, e
atualmente ndo possuem terapias-alvo (ENGEBRAATEN; VOLLAN; BORRESEN-DALE,
2013; RAKHA; CHAN, 2011).

Esta classificacdo pode predizer a resposta dos pacientes ao tratamento e que tipo de
tratamento devera ser utilizado. Além disso, tumores TN possuem uma propensdo a metastase
principalmente pulmonar e cerebral mais do que o0ssos e linfonodos, tornando o tratamento
mais dificil que outros tipos de cancer de mama (BEASLEY; TOMS, 2011).
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1.2 A evolucdo do cancer e metastase

A maior causa de morte por cancer de mama néo é devido ao tumor primario em si,
mas sim devido a formacéo de metastases em oOrgaos distantes em 90% dos casos (PERRET;
CREPIN, 2008; SCULLY et al., 2012).

A glandula maméria consiste em uma camada de células luminais polarizadas e uma
outra camada que a envolve, de células mioepiteliais que faz contato com a membrana basal.
O cancer de mama se inicia com a formacéo de uma atipia epitelial benigna ou hiperplasia
ductal que pode progredir para um carcinoma in situ, que por sua vez pode se transformar em
um carcinoma invasivo, como demonstrado na Figura 2. A hiperplasia e a atipia epitelial sdo
lesGes precursoras clonais que possuem como principal caracteristica uma taxa de proliferacdo
celular exacerbada, formando um ducto constituido de multicamadas celulares. Durante este
processo as células normais se transformam em células tumorais devido a mutaces, fatores
epigenéticos e/ou intrinsecos que regulam vias essenciais, gerando esta proliferacdo
descontrolada (CHATTERJEE; MCCAFFREY, 2014).

Figura 2 — Progressdo do cancer de mama.

Progressao do cancer de mama
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Progressao tumoral indicando os passos desde a estrutura de uma glandula mamaria normal até a formagéo de
um carcinoma invasivo em que as células se dissociam do tumor primario para os tecidos adjacentes, iniciando o
processo metastatico (adaptado de CHATTERJEE; MCCAFFREY, 2014).

A partir dessa regulacdo descontrolada da proliferacdo celular, as células tumorais

podem se dissociar do tumor primario e invadir tecidos adjacentes e distantes. Este processo é
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conhecido como metastase e pode ser descrito como uma cascata de eventos. As células
transformadas interagem intensamente com células de seu microambiente tumoral, como
células endoteliais, fibroblastos e macrofagos, formando uma estrutura complexa e
heterogénea, junto com a inducdo da formacdo de novos vasos sanguineos e linfaticos
(JOYCE; POLLARD, 2009). Um importante passo durante a tumorigénese e
consequentemente a formagdo de metéstases, € a angiogénese no tumor primério. Este
processo é descrito como a formacdo de novos vasos sanguineos a partir de vasos pré-
existentes. (PERRET; CREPIN, 2008). Sem a formacio de novos vasos o tumor ficaria
restrito a um tamanho microscopico e as células ndo conseguiriam entrar na circulagéo para
popular novos sitios. Durante a proliferacdo exacerbada das células tumorais o ambiente
celular se torna hipdxico, com isso ha a ativacdo do HIF (Hipoxya-Inducible Factor) que
estimula células tumorais e células associadas ao tumor a produzirem VEGF (Vascular
Endothelial Growth Factor) que ¢ uma molécula chave para o inicio da angiogénese,
atendendo entdo, as exigéncias de oxigénio do tumor (FOLKMAN, 2003; KUBOTA, 2012).

O processo metastatico pode ser descrito portanto por eventos de dissociacéo,
invasdo, intravasamento, extravasamento e dorméncia (Figura 3) (ALIZADEH; SHIRI;
FARSINEJAD, 2014).

Figura 3 — Passos da cascata metastatica.
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A cascata metastatica é iniciada ap6s a formacdo da massa tumoral em que algumas células do tumor primario se
dissociam invadindo os tecidos adjacentes, em seguida ocorre o intravasamento destas células nos vasos
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sanguineos e/ou linfaticos fazendo com que entrem na circulagdo. Estas células, quando atingem seu sitio
secundario, extravasam do vaso chegando ao seu novo ambiente, onde podem entrar em um estado de dorméncia
ou proliferar para a formacdo da metastase. Modificado de Alizadeh et al. 2014 (ALIZADEH; SHIRI;
FARSINEJAD, 2014).

1.2.1 Passos da metastase

Dissociacdo: Nesta fase, células do tumor primario se dissociam para invadir os tecidos
adjacentes. Para isso, as células tumorais perdem suas adesdes célula-célula. Durante este
passo, as células sofrem mudancgas na sua expressdo génica tornando-se capazes de aderir a
matriz extracelular (MEC), degradéa-la e migrar localmente. Como durante esse processo as
células devem perder suas adesdes célula-célula e célula-MEC, proteinas de adesdo celular
sdo de extrema importancia, tais como, caderinas, integrinas, selectinas e imunoglobulinas
(ALIZADEH; SHIRI; FARSINEJAD, 2014; WOLF; FRIEDL, 2006)

Invasdo: Primeiramente as células sofrem mudancas em seu citoesqueleto, em seguida
migram de forma individual, perdendo contato com as células do tumor primario, ou de forma
coletiva migrando em conjunto sem perder as adesdes célula-célula. Durante a migracéo
individual as células perdem suas caracteristicas epiteliais e adquirem caracteristicas
mesenquimais, este processo € denominado transicdo epitelial-mesenquimal (EMT:
Epithelial Mesenchymal Transition). Na migracdo coletiva, as células requerem forca para
migrar e uma célula sera responsavel por liderar esta migracdo. Além dessas duas formas de
migracdo, ainda existe a migracdo amebdide que ndo requer a degradacdo da matriz
extracelular por meio de proteases, como as metaloproteases de matriz (MMPs). Neste tipo de
migracdo as células perdem sua polaridade e migram rapidamente. As outras formas de
migracdo requerem a atividade de MMPs (ALIZADEH; SHIRI; FARSINEJAD, 2014;
YILMAZ; CHRISTOFORI; LEHEMBRE, 2007).

Intravasamento: E o processo pelo qual as células tumorais invadem localmente os vasos
linfaticos ou sanguineos para atingir seus sitios secundarios. Este € um passo limitante da
metastase, pois é nele que ocorre a regulacdo de quantas celulas tumorais irdo circular na
corrente sanguinea e consequentemente popular os tumores secundarios. O intravasamento
nos vasos, sejam linfaticos ou sanguineos, é conhecido como transmigragdo endotelial. Para
que isso ocorra, as células devem sofrer mudancas drasticas no seu citoesqueleto, morfologia
celular e quebrar suas ligagdes com a matriz e/ou células tumorais (ALIZADEH; SHIRI;
FARSINEJAD, 2014; GEIGER; PEEPER, 2009). Esse passo tambem é limitante, pois uma
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vez que as células entram na circulagdo sanguinea, estas sofrem um grande estresse podendo
acarretar na sua morte, porém as plaquetas presentes na circulacdo possuem um papel protetor
em conjunto com o fibrinogénio, atuando como um escudo e impedindo que essas células
sejam atacadas pelo sistema imune (COUPLAND; PARISH, 2014).

Extravasamento: Durante o extravasamento as células tumorais saem da corrente sanguinea
ou linfatica em direcdo ao sitio secundario onde irdo formar as metéstases. Para isso, as
células devem atravessar o endotélio da vasculatura, invadir o tecido adjacente e se
estabelecer neste novo ambiente. Umas das hipéteses que tentam explicar como se dard a
nova localizacdo das células tumorais no sitio secundario ¢ a teoria do “seed and soil”
proposta por Stephen Paget em 1889,a qual pressupfe que as células tumorais (seed) s6 se
desenvolverdo aonde exista um ambiente propicio para seu estabelecimento (soil),
(MENDOZA; KHANNA, 2009). Atualmente, sabe-se que as celulas tumorais realmente
possuem uma propensao a metastatizar para 6rgdo especificos, e isso ocorre devido a
formacdo do nicho pré-metastatico. A formacdo do nicho prémetastatico se inicia pela
chegada de células hematopoiéticas da medula 6ssea que expressam receptores de fatores de
crescimento endoteliais, como o VEFGR-1, e precedem a chegada das células tumorais a
sitios distantes do tumor priméario. Ha um aumento de expressao de fatores de crescimento e
fibronectina no local, e esses eventos em conjunto resultam na formagdo do nicho pré-
metastatico, em que células ndo neoplasicas marcam o futuro sitio metastatico das células

tumorais. (PEINADO; LAVOTSHKIN; LYDEN, 2011, 2011).

Dorméncia e formacdo das metastases: Quando as células tumorais atingem seu sitio
secundario, estas podem entrar num estagio de dorméncia e permanecer dessa forma por
longos periodos de tempo. Entretanto, esta fase pode nédo ocorrer e as células podem entrar no
processo de colonizacdo deste novo ambiente e estabilizacdo da metastase. O final da fase de
dorméncia estd altamente relacionado a formacdo de novos vasos, conhecido como
“angiogenic switch”, quando ha inibidores de angiogénese estas células permanecem
dormentes, portanto, para estas células escaparem da dorméncia deve haver um balanco
angiogénico positivo nos tumores, este mecanismo também pode ocorrer no tumor primario
(ALIZADEH; SHIRI; FARSINEJAD, 2014; GEIGER; PEEPER, 2009; POLLARD et al.,
2009).

Durante os passos da metastase, fica clara a importancia da interacdo das celulas

tumorais com a MEC. A MEC e o componente ndo celular dos tecidos, composta de uma
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parte fibrosa e uma ndo fibrosa, e sua relacdo determina as propriedades fisioldgicas e
particulares da MEC (TANZER, 2006). Sua funcdo é promover suporte e forca para o
desenvolvimento dos tecidos. A MEC em mamiferos € composta por mais de 300 proteinas
incluindo os colagenos, proteoglicanos, glicoproteinas, fibronectinas, lamininas e
polissacarideos (BERRIER; YAMADA, 2007; FRANTZ; STEWART; WEAVER, 2010).
Entre esses compontentes estdo presentes mais de 43 subunidades de colagenos, 36
proteoglicanos e cerca de 200 complexos de glicoproteinas. A principal proteina presente na
MEC séo os colagenos fibrilares, que proporcionam forca e elasticidade ao tecido, e formas
ndo fibrilares. Os proteoglicanos conferem hidratagdo e as glicoproteinas, tais como, as
lamininas e fibronectinas, sdo responsaveis pela interacdo célula-MEC através de receptores
conhecidos como integrinas. Além disso, proteinas associadas a MEC como fatores de
crescimento, citocinas entre outros, também estdo presentes e sdo de grande importancia no
remodelamento da MEC (BONNANS; CHOU; WERB, 2014; HYNES; NABA, 2012).

Para que as células possam migrar sobre a MEC, estas devem ser capazes de degrada-
la através de proteases, principalmente pelas MMPs. As MMPs sdo responsaveis pelo
remodelamento da MEC, liberacdo de fatores de crescimento e de moléculas de adesdo e
representam algumas das principais mediadoras das alteracbes do microambiente tumoral,
dentre elas estdo a MMP-2 e MMP-9 (FRANTZ; STEWART; WEAVER, 2010; GIALELLI;
THEOCHARIS; KARAMANOS, 2011; KESSENBROCK; PLAKS; WERB, 2010). A MMP-
2 é conhecida como gelatinase A e MMP-9 como gelatinase B, ambas degradam colagenos
(IV, V, VIl entre outros), gelatina, fibronectina entre outros componentes da MEC. A MMP-2
e -9 sdo consideradas metaloproteases chaves na invasdo e formacdo de metéstases
(AMALINEI et al., 2010).

Durante a migracao, as células tumorais interagem com a MEC através de receptores
celulares conhecidos como integrinas (FRIEDL; BROCKER, 2000). As integrinas pertencem
a superfamilia de receptores de adesdo celular que reconhecem a MEC e ligantes da superficie
celular. Sdo receptores de membrana e sua estrutura € caracterizada pela presenca de duas
cadeias heterodiméricas, uma cadeia o € uma cadeia p. Ja foram descritas 18 cadeias o e 8
cadeias f3, que podem se combinar e formar 24 dimeros, apresentando propriedades de ligacao
diferentes. Essas diferentes combinacOes acarretam em ligacdes a diferentes componentes da
MEC, como demonstrado na Figura 4. Portanto, as integrinas funcionam como uma conexao
entre a MEC e o citoesqueleto celular, regulando diferentes processos bioldgicos tais como,
sobrevivéncia celular, proliferagdo, migracao e diferenciacdo celular (BERRIER; YAMADA,

2007; KAPP et al., 2013; TAKADA; YE; SIMON, 2007).
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Figura 4 — Estrutura das integrinas e combinagdes das cadeias o e B para formar as integrinas
e seus possiveis ligantes da MEC.
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Modificado de Kapp et al. (KAPP et al., 2013).

As integrinas contribuem com a progressao tumoral e apresentam diferentes perfis de
expressdo nos tumores. Integrinas como a6p4, a6p1, avps, a2p1, a3p1 apresentam expressao
alterada em tumores, auxiliando na adeséo e migracéo celular, entre outros. Normalmente esta
expressao alterada estd associada a uma menor sobrevida dos pacientes (DESGROSELLIER;
CHERESH, 2010; HOOD; CHERESH, 2002).

Além do conjunto de fatores descrito, o microambiente tumoral € de grande
importancia para a formacdo de metéstases, assim como o sistema imune, pois as células
préximas ao tumor, que fazem parte do estroma normal, participam da tumorigénese e
metastase, regulando todos esses processos (MENDOZA; KHANNA, 2009). Células do
sistema imune, como os macréfagos associados ao tumor (TAMs — Tumour Associated
Macrophages), auxiliam as células tumorais na invasdo e no comportamento migratorio
destas, pois secretam MMPs auxiliando as células tumorais a invadirem os tecidos adjacentes,
e além disso, atuam como quimioatraente de mondcitos que adentram o tumor nas regides de
hipdxia estimulando angiogénese e a progressao tumoral (ECKHARDT et al., 2005, 2012).

Para resumir a complexidade presente na formacdo de neoplasias e por
conseguinte, na formagdo de metastases, Hanahan e Weinberg definiram algumas
carateristicas do cancer que permitem e contribuem para que todo esse processo ocorra, e as
denominaram de “hallmarks” do cancer (

Figura 5). Os hallmarks sdo: sinaliza¢fes que sustentam a proliferacdo exacerbada das

células tumorais, “fuga” de supressores do crescimento e do sistema imune, replicagdo
Martin, ACBM




Introducéo 26

imortal, promocéo da inflamacdo que contribui para o estabelecimento do tumor e formacéo
de mutacGes que aceleram a evolucdo genética do tumor, invasdo e metéstase, inducdo da
angiogénese, instabilidade gendmica e desregulacdo energética das células (HANAHAN;
WEINBERG, 2011).
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Figura 5 — Hallmarks do cancer.
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Esta figura ilustra os hallmarks do cancer, que sdo caracteristicas do tumor que permitem sua progressao e ao
redor destes, estdo as possiveis formas de intervencdo para cada hallmark.Modificado de Hanahan & Weinberg,
2011.

1.3 Tratamentos no cancer de mama triplo negativo

Vista a complexidade da cascata metastatica, torna-se um desafio a compreensdo dos
mecanismos envolvidos neste processo. Atualmente, um dos primeiros passos para 0
tratamento do céancer de mama é a cirurgia para retirada do tumor primario, seguida de
guimioterapia, radioterapia e terapia-alvo dependendo do tipo de cancer de mama. Entretanto,
0s tratamentos atuais apresentam severos efeitos colaterais (NAMBIAR; RAJAMANI;
SINGH, 2011).

Para os canceres de mama positivos para receptores de hormonio, atualmente alem dos
tratamentos usuais, como cirurgia e radioterapia, existem terapias-alvo que permitem uma

maior sobrevida do paciente e até mesmo a cura da doenca. Terapias-alvo incluem terapia
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hormonal, terapia imunoldgica e terapia antiangiogénica. Entre estas, o0 Tamoxifo é um agente
bloqueador de ER, assim como o Letrozol e o Anastrozol. O Trastuzumab é um anticorpo
monoclonal que se liga seletivamente ao HER2 bloqueando a proliferacdo de tumores que
super-expressam HER2. Outra terapia j& em uso € o Bevacizumab, que é um anticorpo
monoclonal, que tem como alvo isoformas de VEGF-A (Vascular Endothelial Growth
Factor-A) que inibe a proliferacdo de células endoteliais e como consequéncia, 0
fornecimento de nutrientes ao tumor (SCULLY et al., 2012; VIClI et al., 2014).

O TNBC esta associado a mulheres com menos de 40 anos e mulheres afro-
americanas, e é caracterizado pela recorréncia da doenca entre o primeiro e terceiro ano
depois do diagndstico e recaidas raras até 8-10 anos depois, portanto, apresentam alta taxa de
recaida e mau progndstico. As metastases provenientes desse tipo de cancer sdao mais
agressivas que 0s outros subtipos e sdo mais provaveis de ocorrer no pulméo e cérebro do que
nos 0ssos (CRISCITIELLO et al., 2012; NIIKURA et al., 2014).

Terapias atuais para 0 TNBC sdo basicamente a cirurgia para remogdo do tumor
primario, radioterapia e quimioterapia. Atualmente ndo ha tratamentos-alvo disponiveis e 0s
agentes citotoxicos mais usados sdo as Antraciclinas e Taxanos (antibidtico e produto natural,
respectivamente) e também agentes contendo platina, como a cisplatina. Estes agentes sdo 0s
mais indicados para o tratamento de TNBC pois interagem com o DNA tumoral e mostraram
ter melhores respostas que outros tipos de tratamento, como o tratamento hormonal
(ENGEBRAATEN; VOLLAN; BARRESEN-DALE, 2013). Os tratamentos mais usados para

TNBC estdo indicados na Figura 6, assim como sua forma de acao.

Figura 6 — Tratamentos indicados para TNBC e suas vias de agéo.
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Modificado de Engebraaten et al. (ENGEBRAATEN; VOLLAN; BARRESEN-DALE, 2013).

As metastases provenientes do TNBC ndo sdo curaveis e a principal terapia é o re-
estabelecimento da qualidade de vida desses pacientes. Como citado acima, a maior

incidéncia de metastases nesse subtipo de cancer de mama s@o os pulmdes e cérebro em vez
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de linfonodos, ossos e figado, e isso ocorre pois as células tumorais tendem a se espalhar
preferencialmente via sistema sanguineo e menos pelo sistema linfatico (RAKHA; CHAN,
2011).

1.4 Apoptose e ciclo celular

Atualmente ha uma busca de farmacos que consigam tratar o TNBC de forma eficaz e
com o minimo de efeitos colaterais. Sabendo-se da melhor eficicia de agentes citotdxicos
para o tratamento do TNBC ha a necessidade da compreensdo dos mecanismos envolvidos na
apoptose e ciclo celular para encontrarmos moléculas que atuem nestas vias (SHASTRY;
YARDLEY, 2013).

A apoptose, conhecida como morte celular programada, € um programa celular
fundamental inerente a todas as células do corpo humano. A apoptose desempenha um papel
critico durante diversos processos fisiologicos, assim como em condi¢Bes patoldgicas. A
morte celular programada mantém a homeostase pela eliminacdo controlada das células que
ndo sdo mais necessarias ou que sofreram algum dano, entrando entdo no processo de
apoptose (HASSAN et al., 2014; SAYERS, 2011). A apoptose em condi¢Bes normais € um
mecanismo que previne a tumorigénese, portanto, uma vez que este controle é perdido, as
células perdem o controle na proliferacdo, formando os tumores. Consequentemente este
processo participa também na progressdo tumoral e a resisténcia ao tratamento do cancer
(FULDA, 2014a).

Durante a apoptose ocorrem algumas mudancas morfolégicas tais como o
encolhimento celular, formacéo de vesiculas, formacédo de corpos apoptoticos no citoplasma,
auséncia de sinais inflamatorios, degradacdo da membrana celular e condensacdo da
cromatina. Assim que as células produzem os corpos apoptoticos, estes sdo englobados e
digeridos por células do sistema imune como os macréfagos (ELMORE, 2007).

A morte celular programada possui duas vias principais, a extrinseca e a intrinseca. A
via extrinseca € conhecida também por ser a via ativada por receptores de morte, TRAIL e
TNF, os quais recrutam moléculas adaptadoras como a Fas e FADD, que por sua vez se
associam com a pro-caspase-8. Uma vez que essas moléculas se associam, ha a formacédo de
um complexo conhecido como indutor da morte DISC (DISC: Death-Inducing Signalig
Complex). Nesse processo, a caspase-8 € entdo ativada e consequentemente, recruta e ativa as
caspases efetoras-3 e -7. A caspase-8 também pode mediar a clivagem de Bid em tBid

interligando as vias extrinseca e intrinseca, pois a tBid induz a ativacdo de Bax, membro da
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familia Bcl-2, importante na via intrinseca (FULDA, 2014b). Pela via intrinseca, também
conhecida como mitocondrial, proteinas da familia Bcl-2, tais como Bax e Bak (proteinas pro-
apoptoticas) sao ativadas e induzem a permeabilizacdo da membrana da mitocéndria, e assim
moléculas como o citocromo ¢ e Smac sdo também ativadas. Em seguida, o citocromo ¢
ativa a pro-caspase-9 e Apaf-1, a caspase-9 é clivada e entdo ativa as caspases efetoras 3 e 7,
consequentemente, ocorrendo a apoptose. Esta via também pode ser regulada pela Bcl-2, uma
proteina antiapoptoética, que inibe a Bax (SAYERS, 2011). As vias intrinsecas e extrinsecas

(via TRAIL) podem ser visualizadas na Figura 7.

Figura 7 — Vias de sinalizagdo da apoptose.
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Modificado de Sayers 2011(SAYERS, 2011).

A via intrinseca é estimulada por sinais intracelulares que agem diretamente em
eventos iniciados pela mitocéndria. Os sinais variam desde a radiacdo, toxinas, hipdxia,
infeccbes virais até a presenca de radicais livres. Quando esta via é ativada por esses
estimulos, o citocromo c é ativado e consequentemente ativa a caspase-9 e Apaf-1 formando o
apoptossomo, e consequentemente ativando as caspases efetoras como descrito acima
(ELMORE, 2007).

A apoptose ndo é o Unico mecanismo que regula a morte celular. A necrose também

pode ocorrer, e esta tem sido descrita tradicionalmente como uma morte passiva, mas
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atualmente sabe-se que parte dessa morte pode ocorrer através de um mecanismo conhecido
como necroptose ou necrose programada. A necroptose pode ser ativada pelos mesmos
ligantes da apoptose, como 0 TNF-a, Fas ¢ TRAIL. Entretanto, a via ativada ¢é através da
RIP1 (Receptor interacting protein 1) que é considerada a molécula chave na necroptose. A
RIP1 é entdo ativada e se associa com a RIP3 formando o complexo necroptotico Ilb,
induzindo a necroptose. Sabe-se da existéncia de um inibidor da formac&o do complexo Ilb
conhecido como Nec-1 (Necrostatina-1), entretanto, pouco se sabe sobre qual via sera ativada
através dos receptores da morte (CHRISTOFFERSON; YUAN, 2010; GALLUZZI;
KROEMER; VILLEJUIF, 2008).

Sabe-se que células tumorais podem ser resistentes aos tratamentos. Um trabalho
recente descreveu que quando o tratamento € caracterizado por farmacos que induzem
apoptose, algumas células podem se tornar resistentes. Isto também acontece em tratamentos
que utilizam farmacos que ativam a necrose (outra forma de morte celular), portanto, é
necessario o uso de tratamentos que atuem via apoptose, necroptose e uma terceira via de
morte celular, como inibicdo do ciclo celular, para eliminar células com dupla-resisténcia
(HU; XUAN, 2008). Este mecanismo pode ser melhor compreendido observando-se a Figura
8.

Figura 8 — Tratamento simultaneo em diferentes vias da apoptose para evitar a resisténcia das
células tumorais.
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Modificado de Hu & Xuan 2008 (HU; XUAN, 2008).

Martin, ACBM




Introdugéo 31

O ciclo celular é um conjunto de eventos monitorados e extremamente organizados,
responsaveis pela divisio celular adequada em duas células-filha. E um processo que
demanda altos niveis de energia e requer uma série de eventos que garantem a correta
duplicacdo e segregacdo do genoma. Esse processo ocorre em 4 fases que vai da dorméncia
ou descanso (fase GO) até a proliferacdo, dividida em G1, S, G2 e M, e volta ao seu estado de
descanso. O ciclo também pode ser dividido em interfase (G1, S e G2) e mitose (M) (DIAZ-
MORALLI et al., 2013).

As células podem sair de sua fase de dorméncia, GO, e entrar na primeira fase do ciclo,
G1, se estiverem proliferando. Nesta primeira fase a célula prepara seu DNA para sintese,
seguida da fase S, onde ocorre efetivamente a sintese do DNA. Em seguida, a fase G2
caracteriza-se pela preparacdo da célula para a mitose, esta acontece na fase M. As células
podem durante G1 entrar no estado de descanso e permanecer na fase GO, fase em que a
célula ndo cresce e ndo prolifera no organismo (VERMEULEN; VAN BOCKSTAELE;
BERNEMAN, 2003). Este processo é regulado por complexos chamados ciclinas-CDKs (que
sdo ciclinas e kinases dependentes de ciclinas). A transicdo de uma fase para outra €
monitorada por mecanismos chamados checkpoints (pontos de checagem) para manutencao
dessa sequéncia de eventos, que fazem com que a préxima fase somente ocorra quando a
anterior esteja totalmente completa. Além disso, esse mecanismo tem como objetivo final
detectar e reparar danos do DNA, prevenir divisdo celular descontrolada e garantir que as
duas células-filhas contenham todo o material genético presente na célula-mée. Os pontos de
checagem sdo ativados quando um erro é detectado e a célula para seu ciclo celular até que o
problema se resolva, caso contrario a célula entra em senescéncia ou apoptose (DIAZ-
MORALLI et al., 2013). As fases do ciclo celular e seus pontos de checagem podem ser

visualizados na Figura 9.
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Figura 9 — Fases do ciclo celular e seus pontos de checagem.
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Modificado de Vermeulen e colaboradores 2003 (VERMEULEN; VAN BOCKSTAELE; BERNEMAN, 2003).

Células tumorais apresentam modificacGes que sdo reguladas pelo ciclo celular e
consequentemente, pela falta de regulacdo das CDKs: a proliferacdo exacerbada, a
instabilidade genémica e cromossdémica, resultando na divisdo descontrolada dessas células e
portanto, na formagdo dos tumores (LAPENNA; GIORDANO, 2009; MALUMBRES;
BARBACID, 2009). Assim sendo, novos farmacos que atuem induzindo a apoptose ou

inibindo o ciclo celular sdo de grande importancia para o tratamento do TNBC.

1.5 Produtos Naturais

Apesar da terapia contra o cancer através de cirurgia e radioterapia ser a mais usual,
quando as células se espalham para outros 6rgaos o tratamento mais usado é a quimioterapia.
O tratamento quimioterapico consiste em medicamentos que atuam de forma sistémica e nédo
somente sobre as células tumorais. Porém, estes medicamentos apresentam efeitos colaterais
severos, e portanto, devem ser usadas em niveis subotimos para reducdo desses efeitos. A
baixa eficAcia no tratamento de metastases pela quimioterapia faz necessario o
desenvolvimento de novos agentes quimioterapicos, principalmente para os TNBC que ndo
possuem terapias-alvo (MARTIN-CORDERO et al., 2012a; NAMBIAR; RAJAMANI,;
SINGH, 2011).

Com o comeco da revolugdo industrial e introducdo de drogas modernas, o uso de
plantas medicinais foi abandonado por um periodo, mas com o surgimento de novas técnicas

de extracdo e separacdo de compostos houve um aumento no estudo e nas descobertas de
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novos produtos com atividade medicinal (SAFARZADEH; SHOTORBANI; BARADARAN,
2014). O interesse no uso de drogas medicinais é proveniente de estudos populacionais que
mostraram que pessoas que vivem em paises asiaticos tém menor risco de desenvolveram
cancer de colo, gastrointestinal, prostata e mama quando comparados com paises ocidentais.
Habitantes de paises orientais cuja dieta é rica em gengibre, soja, cebola, tomate, pimentas e
ché verde apresentam menor incidéncia desses tumores (DORAI; AGGARWAL, 2004). Esses
alimentos e seus componentes ativos sdo conhecidos como produtos naturais. Durante o
periodo de 1981-2002, 48% dos medicamentos antitumorais produzidos foram derivados de
produtos naturais ou drogas sintéticas que mimetizam produtos naturais e seus compostos
(Figura 10) (NEWMAN; CRAGG; SNADER, 2007). Entre 1981 e 2008, 6% das drogas
antitumorais eram produtos naturais ndo modificados, e somente 37% dos medicamentos ndo
eram relacionados a produtos naturais (MARTIN-CORDERO et al., 2012b).

Figura 10 — Relacédo de drogas na sua totalidade e de drogas antitumorais entre os anos 1940-
2002.
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Modificado de Newman e colaboradores, 2007 (NEWMAN; CRAGG; SNADER, 2007).
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Os primeiros compostos naturais a avangarem clinicamente como antitumorais foram a
vimblastina e a vincristina, assim como o taxol (chamado também de Paclitaxel) e seus
analogos (docetaxel). Esses produtos atuam nos microtibulos e na DNA toposiomerase I,
além de aturarem na formacdo de espécies reativas de oxigénio (ROS) (SAFARZADEH,;
SHOTORBANI; BARADARAN, 2014). O taxol foi isolado primeiramente da casca da
arvore Taxus brevifolia, mas pode também ser sintetizado nas folhas da arvore. O taxol é
usado no tratamento de cancer de mama, ovario e pulmdo. O docetaxel, um derivado semi-
sintético do taxol é usado primariamente no tratamento de cancer de mama (PRAKASH et al.,
2013).

Os produtos naturais podem agir como radiomoduladores, atuando como
radioprotetores, protegendo as células normais ao redor das células normais, e
radiosensibilizadores, tornando as células tumorais mais sensiveis a radiacdo ou a
quimioterapia (quimiosensibilizagdo). Portanto, 0 uso destes compostos em conjunto com as
terapias usuais pode aumentar a poténcia destas e consequentemente diminuir os efeitos
colaterais provenientes desses tratamentos, pois a dose da radiacdo ou quimioterapia pode ser
menor em associagdo com o0s produtos naturais, tendo o mesmo efeito final, ou até mesmo
melhor (NAMBIAR; RAJAMANI; SINGH, 2011).

Compostos fendlicos sdo originados a partir de umas das maiores classes de
metabdlitos secundarios das plantas. Um desses metabolitos € o resveratrol (RSVT), um dos
produtos naturais mais conhecidos e descritos na literatura. Este composto faz parte do grupo
dos estilbenos e é um polifenol natural isolado da helebore branca, uvas e amendoim. O
RSVT ¢é conhecido por suprimir proliferagdo e invasdo celular e induzir apoptose em
diferentes linhagens tumorais. Seu alto poder inibitério contra a progressao tumoral sugere ser
um importante agente quimiopreventivo contra o cancer (WENG; YEN, 2012).

O RSVT é considerado um fitoestrogeno e sua estrutura € muito semelhante ao
hormdnio estrogeno. Apesar do RVST possuir uma menor especificidade ao receptor nuclear
de estrogeno, foi demonstrado que esta molécula de liga a integrina avB3 e sua atuagdo &
independente do receptor de estrogeno (ER), pois age em linhagens celulares ER+ e ER- (LIN
et al., 2006). O trans-RSVT possui maior atividade antitumoral comparado a sua isoforma cis-
RSVT, inibindo a proliferacdo celular de celulas endoteliais e a formacéo de vasos in vivo
(BELLERI et al., 2008). Outros estudos mostraram um efeito inibitério do RSVT na migracéo
celular de células MDA-MB-231 (células tumorais de mama humana) e 4T1 (células tumorais
de mama de camundongo), além disso, foi capaz de inibir a expressao de MMP-9 pelas

células 4T1 e sua colonizacdo nos pulmdes em camundongos Balb/c (SOOK; HA; KIM,
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2012), mostrando ser um importante produto natural para a prevencao e tratamento de cancer
de mama.

O gengibre pertence a familia tropical e subtropical Zingiberaceae, originada do sul e
leste da Asia, entretanto foi introduzido em diversas partes do mundo e é cultivado hé
milhares de anos como especiaria e com propositos medicinais. O extrato do gengibre foi
descrito por possuir um efeito antiemético em pacientes tratados com quimioterapia
diminuindo nausea e vomitos (HANIADKA et al., 2012). O gengibre é constituido por 6leos
volateis que contribuem para o aroma e sabor do gengibre e por compostos pungentes ndo
volateis que constituem 0s compostos ativos, tais como gingerois, shogadis, paradois e
zingeronas, 0s quais sao responsaveis pela sensacdo de calor na boca quando consumidos. Os
gingerdis representam uma série de produtos quimicos que diferem pelo numero de cadeias
alquil e sdo os compostos mais ativos desta raiz (SHUKLA; SINGH, 2007).

Foram descritos a existéncia do: [6]-, [8]-, [10]-gingerol, que diferem entre si, pelo
tamanho da cadeia de alquil, apresentando 10, 12 e 14 carbonos, respectivamente (SILVA et
al., 2012). O [6]-gingerol é o composto mais estudado e encontrado em maior abundancia no
gengibre, seguido pelo [8]- e [10]-gingerol. O [6]-gingerol inibe a migracdo, invasdo e a
atividade da MMP-2/9 em células tumorais humanas de mama MDA-MB-231 in vitro (LEE
et al., 2008), e ainda é capaz de inibir a proliferacdo de células endoteliais HUVEC (Human
Umbilical Vein Endothelial Cells) induzidas por VEGF (KIM et al., 2005). Recentemente,
pesquisadores demonstraram que o [6]-gingerol induz a apoptose em células HeLa (cancer
cervical) através da fragmentacdo do DNA, perda do potencial de membrana mitocondrial,
além de aumentar a expressao de Caspase-3 (CHAKRABORTY et al., 2012).

Em um trabalho desenvolvido por nosso grupo demonstrou o [10]-gingerol é o que
possui menor ICso entre os gingerois; [6], [8] e [10], em linhagem tumoral de cancer de
mama, MDA-MB-231. Além disso, usando-se a mesma concentracdo em todos o gingerdis, o
[10]-gingerol foi o que mais inibiu a proliferacdo da linhagem tumoral de mama MDA-MB-
231 sem afetar a proliferacdo de uma linhagem normal, fibroblastos humanos (SILVA et al.,
2012), sugerindo-se uma atividade seletiva por células tumorais. Um trabalho recente de
Ibrahim e colaboradores (2014), demonstrou que o [6]-gingerol possui atividade antitumoral
superior ao CDF (5-Fluorouracil), um agente quimioterapico ja usado clinicamente, com um
ICso de 30,4uM. Ainda, modificagdes semissintéticas mostraram que a presenca de um grupo
hidroxil na cadeia lateral é essencial para sua atividade antitumoral, assim como, a perda do

anel aromético. ReducBes no comprimento da cadeia lateral e a metilagdo no grupo fendlico
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reduziram sua atividade anticancerigena, enfatizando a importancia da estrutura dessas
moléculas (IBRAHIM et al., 2014).

Um recente trabalho publicado por Ryu & Chung, demonstrou que em células de
cancer de colo humano o [10]-gingerol possui uma atividade antitumoral maior que o [6]-
gingerol. E que o [10]-gingerol possui uma atividade antiapoptética, com aumento da
expressdo da caspase-9, -3, PARP, Bax, fosforilacdo de INK, ERK e MAPK; além da reducao
de Bcl-2; ressaltando seu papel antitumoral (RYU; CHUNG, 2014). Contudo, pouco se sabe
sobre a atividade antitumoral e mecanismos de acao do [8]- e principalmente do [10]-gingerol

in vitro e in vivo no cancer de mama.

1.6 Modelos de metastase in vivo

Para estudar a atividade desses produtos naturais, alguns modelos animais podem ser
utilizados para mimetizar o que ocorre em uma mulher com cancer de mama. Foram descritos
dois modelos animais utilizados na literatura: 0 modelo de metastase experimental e 0 modelo
de metastase espontaneo (ECKHARDT et al., 2012; PEARSON; POULIOT, 2012). O modelo
espontaneo é caracterizado pela formagdo do tumor primario com consequente entrada das
células tumorais na corrente sanguinea para formar metastases em 6rgaos distantes. Neste
modelo podemos estudar drogas que atuem no tumor primario e também na inibicdo da
metastase ja que ha a formacao do tumor e as células sdo capazes de se estabelecer em outros
orgaos. Uma modificacdo desse modelo pode ser realizada pela remog¢édo do tumor primario, e
se o tratamento for iniciado apds a cirurgia, avaliar é possivel avaliar se realmente o
medicamento testado atua somente na inibicdo da metéstase. No modelo experimental, por
sua vez ndo ha a formacdo do tumor priméario e as células sdo injetadas diretamente na
corrente sanguinea, onde irdo migrar para seus sitios metastaticos. Portanto, este modelo tem
maior utilidade para estudo da inibicdo de metastases comparado com o crescimento tumoral
primério (ECKHARDT et al., 2012).

O modelo singénico é aquele em que as células tumorais usadas sdo da mesma espécie
do animal, e xenograficos, em que as células usadas sdo de uma espécie diferente do animal
(ex.: uso de células ou tecidos humanos em camundongos). Ainda, os modelos ortotopicos
utilizam células da mesma origem aonde serdo injetados (ex.: células de mama injetadas na
mama do animal) e os ectotdpicos, utilizam linhagens de origens diferentes (ex.: células
tumorais de mama injetadas no cora¢do) (PEARSON; POULIOT, 2012). Os modelos de

metastase podem ser melhor visualizados na figura abaixo:
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Figura 11 — Modelos de metastase in vivo.
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Nesta imagem estdo apresentados os modelos de metastase espontaneo divido em transgénico, quando se usa
animais modificados geneticamente com ativagdo de oncogenes, e 0 modelo ortotopico, quando células tumorais
sdo injetadas no seu tecido de mesma origem. A direita, estdo os modelos de metastase experimental, que nao
possuem a formagao do tumor primario em que as células podem ser injetadas diretamente na corrente sanguinea
(colonizacdo) migrando para seus sitios metastaticos ou serem injetadas diretamente nos 6rgdos metastaticos
(tropismo). Imagem Modificada de Eckhardt et al. (ECKHARDT et al., 2012).

Esses modelos podem variar ainda mais dependendo da linhagem celular utilizada,
pois cada linhagem possui caracteristicas diferentes que as permitem migrar para diferentes
orgdos. Isto pode ser visualizado na figura a seguir, onde as linhagens estdo indicadas e os

circulos indicam os 6rgdos que estas células tendem a migrar (PEARSON; POULIOT, 2012).

Figura 12 — Esquema das linhagens celulares de cancer de mama com diferentes potenciais
metastaticos.

4T1.13ch5T1 @ ®
4T1.2neo-cherry5 @

4T1BM2ch

4T1ch9

4T1chs O

67NRch1

A esquerda esto indicados os nomes das linhagens tumorais de cancer de mama e a direita os possiveis 6rgdos
gue estas células podem metastatizar. Na ordem: linfonodos, pulmdo, coracdo, cavidade torécica, figado, rins,
coluna espinal e fémur. Quanto mais forte a cor nos circulos, maior o poder da linhagem metastatizar para aquele
orgdo. Imagem gentilmente cedida por Richard Redvers, Laboratério de Metastase — Peter MacCallum —
Melbourne - Austrélia.
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Os modelos utilizados nesse trabalho foram o espontdneo com injecdo das células
tumorais de mama murino (ortotopico e singénico) no tecido adiposo da quarta mama de
camundongas (IMFP- Intra-mamary Fat Pad) Balb/c, com e sem cirurgia do tumor primario e
tratamento com o produto natural, e o experimental com injecdo das células tumorais no
ventriculo esquerdo dos animais que em seguida foram tratados com o PN. A linhagem
tumoral de mama utilizada foi a 4T1Br4 que tende a ter, além das metéastases usuais, como
fémur, coluna espinhal e pulméo, maior indice de metéstases cerebrais. Esta linhagem foi
isolada a partir da 4T1, uma linhagem usualmente usada em modelos in vivo de cancer de
mama, a partir de uma metastase cerebral encontrada nos camundongos. O isolamento desta
linhagem est& explicado na figura abaixo. O modelo de IMFP foi baseado no trabalho de
Sloan e colaboradores (SLOAN et al., 2006).

Figura 13 — Selecdo da linhagem de células de tumor de mama murino 4T1Br4.

Linhagem celular sem metastases cerebrais: Linhagem celular metastatica para o cérebro:
4T1 4T1Br4
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Para isolar a linhagem 4T1Br4, a linhagem 4T1 foi injetada na IMFP. A metéstase cerebral foi isolada em
cultura e depois selecionada via citometria de fluxo (FACS), pois as células tumorais sdo marcadas com a
fluorescéncia mCherry, e novamente injetadas na IMFP. Este processo foi repetido 4 vezes até se obter a
linhagem 4T1Br4 com uma incidéncia sete vezes maior de metastase cerebral. Imagem gentilmente cedida por
Soo Kim, Laboratério de Metéstase — Peter MacCallum — Melbourne — Austrélia.
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2 JUSTIFICATIVAS

Como dito anteriormente, a maior causa de morte pelo cancer é a metastase (BROOKS
et al., 2010; GEIGER; PEEPER, 2009; PERRET; CREPIN, 2008). Atualmente a maior parte
dos tratamentos para o cancer de mama e de suas metastases apresentam grandes efeitos
colaterais, portanto, pesquisas que proporcionem o0 surgimento de possiveis novos
medicamentos, incluindo os provenientes de produtos naturais, sdo de grande importancia
(SAFARZADEH; SHOTORBANI; BARADARAN, 2014).

O resveratrol € um composto bem estudado e ja se sabe muitas informacGes sobre sua
atividade preventiva e antitumoral in vitro e in vivo (LIN et al., 2006; SOOK; HA; KIM,
2012). Entretanto, pouco se sabe sobre tais atividades com relacdo aos gingerdis,
principalmente o [10]-gingerol, encontrado em menores quantidades no gengibre.

No laboratério LABEN-UFSCar (Laboratorio de Biologia do Envelhecimento) vem
sendo estudados diferentes produtos naturais e suas atividades em células tumorais e normais,
dentre eles, [6]-, [8]- e [10]-gingerol. Recentemente, este grupo publicou um trabalho
comparativo da atividade destes compostos demostrando que dentre eles o [10]-gingerol
possui maior poténcia em células tumorais de cancer de mama (MDA-MB-231) e pouca
toxicicidade em células normais (fibroblastos humanos) (SILVA et al., 2012). Em
colaboracdo com o LABEN e o Laboratério de Metastases do Instituto Peter MacCallum
iniciamos um novo projeto para estudar a atividade do [10]-gingerol em ensaios in vitro e in
vivo em comparagdo ao RSVT.

Além disso, esse estudo teve como objetivo estudar uma linhagem celular de cancer de
mama TN que forma metéstases cerebrais (4T1Br4). J& que este tipo de cancer apresenta
maior resisténcia aos tratamentos usuais, ha poucos medicamentos e intervengdes possiveis.
Alguns produtos naturais sdo capazes de cruzar a barreira hematoencefalica devido seu
tamanho e estrutura quimica. O RSVT e o [10]-gingerol apresentam estruturas e
caracteristicas quimicas similares que nos permite predizer que estes sdo capazes de
atravessar a barreira cerebral, sendo ainda mais interessante o estudo destes compostos.

Portanto, estudos que visam entender os processos envolvidos na progressao tumoral e
o0 estudo de novas moléculas com potencial antitumoral sdo de grande importancia para o
desenvolvimento de novos farmacos e justificam o estudo de compostos alternativos que

apresentem maior eficacia e menores efeitos colaterais (DORAI; AGGARWAL, 2004).
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Com isso, a hipotese desse trabalho é que o [10]-gingerol possui uma atividade
antiproliferativa, induz a apoptose e atua na parada do ciclo celular. Além disso, o [10]-

gingerol pode inibir o crescimento tumoral e a formacao de metastases in vivo.
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3 OBJETIVOS

OBJETIVO GERAL: Verificar o papel do [10]-gingerol, um produto natural
proveniente do gengibre, na progressdo tumoral do cancer de mama in vitro e em modelo

murino.

OBJETIVOS ESPECIFICOS:

1. Verificar a poténcia do [10]-gingerol como molécula antitumoral em diferentes
linhagens de cancer de mama e seu efeito protetor em linhagens de células normais;

2. Comparar o seu efeito com o resveratrol

3. Determinar a especificidade de receptores celulares pelo [10]-gingerol em uma
linhagem de cancer de mama espontaneamente metastatica para o cérebro, através de
ensaios de adesdo e migracéo celular;

4. Determinar as vias de sinalizacdo que o [10]-gingerol atua em ensaios de apoptose e
ciclo celular;

5. Verificar se [10]-gingerol € capaz de inibir o crescimento do tumor primario e a
formacdo de metéstases em modelos de metastase de cancer de mama espontaneo e

experimental in vivo.
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4 MATERIAIS E METODOS

4.1 Produtos Naturais: Resveratrol e [10]-gingerol

O [10]-gingerol foi extraido, isolado e fornecido pelo Laboratério de Produtos
Naturais da Universidade Federal de Sdo Carlos, no Departamento de Quimica, liderado pelos
Professores Drs. Jodo Batista Fernandes e Paulo Cezar Vieira. O Resveratrol (RSVT) foi
adquirido comercialmente pela empresa Sigma-Aldrich para efeito de comparagdo. O RSVT
usado foi o trans-resveratrol que apresentou a melhor atividade contra células tumorais em
ensaios in vitro e in vivo, segundo a literatura revisada (BELLERI et al., 2008). Ambos 0s
produtos naturais foram diluidos em DMSO (Dimetil sulféxido) e nos ensaios foram
adicionados ao meio de cultura apropriado aos mesmos.

As estruturas quimicas dos produtos naturais podem ser observadas na Figura 14.

Figura 14 — Estrutura quimica dos produtos naturais utilizados neste estudo: [10]-gingerol (A)
e Trans-resveratrol, RSVT (B).
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4.2 Linhagens e cultivos celulares

Durante o desenvolvimento deste estudo foram utilizadas diversas linhagens de cancer
de mama e de células normais presentes no laboratorio de Bioquimica e Biologia Molecular
da UFSCar. Parte destas linhagens foram gentilmente cedidas pelo Dr. Normand Pouliot do
laboratdrio de Metastase do Hospital Peter MacCallum, Melbourne — Australia.

Dentre as linhagens utilizadas estdo: 4T1BM2, 4T1BM2 shRNA B3, 4T1Br4, bEnd.3,
MDA-MB-231 BrM e MDA-MB-231. As linhagens 4T1BM2, 4T1BM2sh RNAB3 e 4T1Br4
sdo derivadas da linhagem 4T1, que foi isolada de um tumor formado espontaneamente em
um camundongo Balb/c (ASLAKSON; MILLER, 1992; BLAZAR et al., 1978; HEPPNERY
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et al.,, 1978; MILLER; CARE, 2000). Estas linhagens foram modificadas geneticamente e
foram inseridas em seu DNA gendmico uma marcacdo com a fluorescéncia “mCherry”
(CARTER et al., 2015), além disso, possuem diferentes potenciais metastaticos como descrito
a sequir.

A as linhagens 4T1BM2 e 4T1BM2 shRNAB3 (CARTER et al., 2015) tem um maior
potencial em formar metéstases em o0ssos (fémur e coluna espinhal, BM-Bone Marrow), além
dos outros sitios comuns de metéstase da 4T1, como pulmao, figado e ovarios. Estas diferem
na expressdao da subunidade da integrina B3, em que a linhagem 4T1BM2 expressa altos
niveis desse receptor e 4T1BM2 shRNAP3 ndo expressa 0 mesmo.

A linhagem 4T1Br4 forma metéstases nos sitios comuns como descrito acima, além
disso, apresenta um alto indice de metastases cerebrais (Br-Brain).

Para comparamos as atividades dos PNs com células normais foi utilizado a linhagem
bENnd.3, que sdo células endoteliais da microvasculatura cerebral.

Neste trabalho, as linhagens MDA-MB-231 e MDA-MB-231 BrM foram utilizadas
para comparamos as atividades dos PNs em ceélulas humanas. Estas diferem em seus
potenciais metastaticos, em que a linhagem MDA-MB-231 BrM (Brain Metastasis) tem
maior potencial metastatico para o cérebro. Estas duas linhagens foram gentilmente cedidas
ao Laboratorio de Metéastase (Peter MacCallum) pelo pesquisador Dr Joan Massagué.

As linhagens celulares foram cultivadas segundo orientacbes do ATCC (American
Type Culture Collection) ou segundo recomendacdes do laboratorio procedente e mantidas em
estufa com 5% de CO> a 37°C.Para as linhagens 4T1BM2, 4T1BM2 shRNA B3 e 4T1Br4 foi
utilizado meio Alpha MEM (contendo 5% de soro bovino fetal (FBS), 1% de penicilina e
estreptomicina, 2,2g NaHCOs, 4g de NaCl, pH 7,2 para 1L). Para as linhagens MDA-MB-
231, MDA-MB-231 BrM e bEnd.3 foi utilizado meio DMEM (contendo 10% FBS, 1%
penicilina e estreptomicina, pH. 7,4).

4.3 Determinacdo e Calculo da ICsp

Para calcular o ICso (concentracdo do composto que inibe o crescimento das linhagens
celulares em 50%) foi utilizado o ensaio de proliferacdo celular. Para isso, 1x10% células
foram plaqueadas em placas de 96 pogos (linhagens: 4T1BM2, 4T1BM2 shRNA B3, 4T1Br4,
bEnd.3, MDA-MB-231 BrM e MDA-MB-231) e incubadas em estufa de 6 a 8h para que as
células aderissem aos pocos. Decorrido o tempo de incubacao os produtos naturais (RSVT e o
[10]-gingerol) foram adicionados utilizando-se uma diluicdo seriada, em meio de cultura
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apropriado para cada linhagem, de 200uM até 0O, e entdo as placas foram incubadas por 72h.
Depois de trés dias de incubagio as células foram fixadas com TCA (Acido Tricloroacético)
overnight a 4°C. Apo0s uma série de lavagens as placas foram secas e coradas com o corante
SRB (0,4% Sulforodamine B) por 30min. Decorrido o tempo, as placas foram lavadas e secas
para a leitura com Tris 10mM (pH.10,5) no comprimento de onda de 564nm (Versa Max
Microplate Reader). A determinacéo do ICso de cada composto foi realizada a partir de uma

curva de concentracdo utilizando o software GraphPadPrism 5.0 (SILVA et al., 2012).

4.4 Inibicdo da adesdo celular

Para o ensaio de inibicdo da adesdo, no dia anterior ao experimento, componentes da
matriz extracelular como colageno (10ug por poco de colageno tipo 1V diluido em PBS -
Phosphate-Buffered Saline) ou vitronectina (5ug/ml) ou laminina 511 foram utilizados como
coating em placas de 96 pocos, overnight a 4°C. No dia seguinte os pogos foram blogueados
com BSA 1% em PBS, por 2 horas a 37°C. As células tumorais da linhagem 4T1Br4 e MDA-
MB-231 BrM foram marcadas com 5pul de calceina/ml células (1x10° células/ml, calceina
1mg/ml em DMSO — Molecular Probes) incubadas a 37°C por 30min. O excesso do corante
foi removido por lavagem com meio sem soro. As células marcadas (1x10° células/poco)
foram entdo incubadas com diferentes concentra¢Ges dos compostos (10, 50, 100 e 500uM)
em meio de cultura sem soro, por 30min no gelo. Decorrido o tempo as células foram
depositadas sobre os pocos da placa contendo os diferentes compostos da matriz extracelular
citados acima e incubadas a 37°C por 30min. Apds uma série de lavagens para remocao das
células ndo aderidas, as células restantes foram lisadas pela adicdo de SDS a 1% (Sodium
Dodecyl Sulphate). Em paralelo, uma curva padrdo foi preparada na mesma placa utilizando-
se concentracdes conhecidas de células marcadas para quantificacdo do ensaio. A leitura foi
realizada em leitor de placa (Molecular Imager FX — BioRad) em um comprimento de onda
de 530nm (semelhante ao FITC — Fluorescein Isothiocyanate) (CARTER et al., 2015).

4.5 Citotoxicidade e Morfologia Celular

Um ensaio de toxicidade é uma forma simples para verificar se 0s produtos naturais
estdo atuando nas células de forma toxica ou n&o. Para isso, 5x10* células (4T1Br4 e MDA-
MB231 BrM) foram plaqueadas e incubadas overnight. No dia seguinte, as células foram

incubadas com os dois produtos naturais separadamente por diferentes tempos em meio sem
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soro (40min, 4h, 8h, 24h). Decorrido o tempo de incubacédo, as células foram fixadas com
tampdo formalina 10% e posteriormente, fotos foram obtidas em microscdpio invertido
(Axiovert - Zeiss) para avaliar a morfologia das células incubadas com os diferentes produtos

naturais.

4.6 Ensaios de Migracao Celular

4.6.1 Migracdo Quimiotatica

Neste ensaio é verificada a capacidade do produto natural em inibir a migracdo de
forma dependente de um quimioatraente, no caso, o soro fetal bovino (FBS). O FBS foi
descrito por ser rico em vitronectina, portanto, este ensaio é capaz de avaliar se 0 PN poderia
inibir a migracdo através deste componente da MEC (HAYMAN et al., 1985). Para este
ensaio, 2x10° células da linhagem 4T1Br4 foram incubadas com diferentes concentragdes dos
compostos por 30min no gelo (3, 10, 25, 50 e 100uM). Decorrido o tempo, as células foram
plaqueadas sobre os insertos de 8um (Transwells- BD) em meio sem soro. Meio contendo
10% soro bovino fetal foi adicionado nos pocos inferiores para atuar como quimioatraente das
celulas tumorais.

Depois de 4h de incubacdo em estufa, as células que ndo migraram foram removidas
com o auxilio de uma haste de algodao e as células que migraram foram fixadas com tampéao
10% de formalina; posteriormente seus nucleos foram marcados com DAPI - 4',6-Diamidino-
2-Phenylindole, Dihydrochloride (0,5ug/10mL). Os insertos foram retirados e uma lamina foi
montada com o auxilio de DPX (para montagem de histologia composto de: Distireno, um
Plastificante e Xileno - Sigma-Aldrich) entre o inserto e a lamina/laminula. Em seguida, as
laminas foram fotografadas em trés campos por inserto para quantificar as células que
migraram (SLOAN et al., 2006).

4.6.2 Migracdo Haptotatica

Para verificar a especificidades dos compostos por diferentes receptores foi realizado
um ensaio de migracdo celular utilizando componentes da matriz extracelular para verificar
quais 0s possiveis receptores estes compostos poderiam estar se ligando. Para isso, insertos de
8um foram recobertos com componentes da matriz overnight 4°C nas mesmas concentracoes
utilizadas para o ensaio de inibicdo da adesdo, descrito acima. No dia seguinte, 2x10° células

da linhagem 4T1Br4 foram incubadas com diferentes concentragdes dos compostos naturais
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por 30min no gelo. Decorrido o tempo de incubagdo as células foram plaqueadas sobre os
insertos contendo o coating da MEC e foram incubadas em estufa por 3h. Os insertos foram
processados e analisados como descrito acima para 0 ensaio de migracdo quimiotatica
(SLOAN et al., 2006).

4.7 Ensaio de proliferacdo — 5 dias

Para verificar as concentracfes que o [10]-gingerol atua na inibicdo da proliferacao,
foi realizado um ensaio de proliferacdo de 5 dias com uma alta e uma baixa concentracdo de
[10]-gingerol, 10 e 50uM, respectivamente Neste ensaio, 500 células da linhagem 4T1Br4 e
2000 células da linhagem MDA-MB-231 BrM, foram plaqueadas por po¢o em placas de 96
pocos overnight em estufa a 37°C. No dia seguinte, as células foram tratadas com o [10]-
gingerol nas concentracfes de 10 e 50uM por 5 dias. Ap6s 24, 48, 72, 96 e 120h 0s pocos
foram lavados com PBS para retirada do produto natural e adicionado uma solucdo de MTT
(3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide, 1mg/mL) por 4h. Decorrido o
tempo de incubacdo, foram adicionados aos pogos 150l de isopropanol e as placas foram
incubadas em estufa para dissolver os cristais de formazan. Em seguida, foi realizada a leitura
em leitor de placa Dynex (Dynex Revelation 4.02 — software) no comprimento de onda de
540nm.

4.8 Ensaio clonogénico com/ sem radio-sensibilizacao

Os produtos naturais possuem potentes efeitos citostaticos e citotdxicos, além disso
foram descritos como radio-sensitivos em células tumorais. Para comprovar sua eficacia na
proliferacdo/toxicidade e radiosensibilizacdo foi realizado um ensaio clonogénico. Para isso,
células em uma baixa densidade da linhagem 4T1Br4 (100 células por pogo, em placa de 6
pocgos) foram plaqueadas e depois de 6h estas foram incubadas com concentragdes similares
ao encontrado no ensaio de ICso. No dia seguinte, as placas foram irradiadas com diferentes
graus de radiacdo (2, 4 e 6 Gy, radiacdo por césio) e incubadas por 7 dias em estufa.
Posteriormente, as colonias formadas foram coradas com cristal violeta por 30min sobre
agitacdo e as placas secas para posterior anélise. As coldnias foram contadas manualmente e

seus tamanhos analisados com o auxilio do software ImageJ (YANG et al., 2012b).
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4.9 Ensaio de Condensacao nuclear

Para verificar se o [10]-gingerol é capaz de induzir a condensacdo nuclear, processo
que ocorre durante a apoptose celular, 1x10° células/poco da linhagem 4T1Br4 foram
plaqueadas sobre laminulas redondas estéreis em placas de 12 pocos por 24h. No dia seguinte,
as celulas foram tratadas com diferentes concentracGes de [10]-gingerol (1uM - 100uM)
também por 24h. Decorrido o tempo de incubacéo as células foram fixadas com metanol por
5min e coradas com uma solucdo de DAPI (5mg/mL diluido em meio sem soro, Invitrogen)
por 10min. Em seguida os pogos foram lavados com PBS e as laminas foram montadas para
analise qualitativa em microscopio de epifluorescéncia Olympus Bx50, com os filtros
apropriados. O software utilizado para adquirir as imagens foi o CoolSNAP-pro, Image Pro

Plus versao 4.1.

410 TUNEL

No ensaio conhecido como TUNEL (Terminal deoxynucleotidyl transferase dUTP
nick end labeling, The DeadEnd Colorimetric TUNEL, Promega) é possivel analisar células
apoptdticas in situ pela coloracio do DNA fragmentado destas células. Para isso, 1x10°
células da linhagem 4T1Br4 foram plaqueadas sobre laminas contendo poli-L-Lysina, e
posteriormente tratadas com [10]-gingerol por 18h nas concentracdes de 10 e 50uM.
Decorrido o tempo de incubacdo, as células foram fixadas em tampdo formalina 10% por
25min em temperatura ambiente. Em seguida, as laminas foram lavadas com PBS por 5min e
permeabilizadas com 0,2% Triton X-100 em PBS também por 5min. Logo apo6s, as laminas
foram lavadas com PBS. As laminas foram coradas conforme protocolo descrito pelo
fabricante. Resumidamente, as ldminas foram incubadas com tampé&o de equilibrio por 10min;
em seguida foi adicionado uma mistura de nucleotideos biotinilados na reagdo com a enzima
recombinante rTdT (Terminal Deoxynucleotidyl Transferase) por 1h, a reacdo foi cessada
através da adicdo do tampédo SSC (contendo NaCl e citrato de sédio) do kit por 15min. Em
seguida as laminas foram lavadas com PBS e a peroxidases enddgenas foram bloqueadas pela
incubacdo das laminas com 0,3% perdxido de hidrogénio e lavadas novamente com PBS.
Uma solugdo de HRP-estreptavidina (Horseradish peroxidase-marcada com estreptavidina)
foi diluida em PBS (1:500) e adicionada a cada lamina por 30min a temperatura ambiente.
Seu substrato DAB (laminobenzidina) foi adicionado apds o tempo de incubacéo até que as

laminas apresentassem um fundo marrom (por volta de 10min).
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Por fim, as laminas foram lavadas véarias vezes em &gua destilada. Entdo, as lIaminas
foram preparadas com 6leo de imersédo (100% glicerol) para analise qualitativa da atividade
dos produtos naturais sobre a apoptose das células tumorais. As imagens foram capturadas
com auxilio do software Motic e de uma camera (Moticam 1000 — 1,3MP Live Resolution)

acoplada ao microscopio (Oleman (N-120)).

4.11 Andlise do Ciclo celular

Para analisar a atividade do produto natural no ciclo celular, células tumorais da
linhagem 4T1Br4 foram plaqueadas em placas de 6cm (5x10°células/placa) por 24h. Em
seguida, as células foram incubadas com o [10]-gingerol nas concentracdes de 10 e 50uM por
8 e 24h. Depois do periodo de incubacdo, as células foram lavadas com PBS duas vezes,
desaderidas e fixadas com etanol 70% gelado por pelo menos 24h. Posteriormente, as células
foram lavadas com PBS e incubadas com uma solu¢do de RNAse (0,2mg/mL) por 30min a
37°C. Em seguida, as células foram coradas com uma solucdo de PI (lodeto de propidio,
1ug/mL) por 10min, lavadas com PBS e a leitura foi realizada em citométro de fluxo (BD
Accuri C6). O resultado foi analisado através da quantificacdo das fases do ciclo celular,
conforme indicagdo do fabricante do citdmetro de fluxo (LIN; LIN; TSAY, 2012).

4.12 Atividade das caspases-3 e -7

Para analisar se o [10]-gingerol é capaz de induzir a atividade de caspases, e portanto,
da apoptose, células da linhagem 4T1Br4 foram plaqueadas em placas de 6 pocos overnight
(5.10° células/pogo). No dia seguinte, as células foram tratadas com as concentra¢des de 10,
25 e 50uM de [10]-gingerol por 8 e 18h de incubacéo. As células foram lisadas com tampéo
de lise contendo inibidor de proteases (0,2% de Triton X-100 em 0,2M de Tris-HCI, pH 7.4,
inibidor de protease Sigma S2711) e quantificadas com kit de deteccdo colorimétrica BCA
(BCA Protein Assay, Pierce). Para quantificar a atividade das caspases foi utilizado os
substratos das caspases-3, -7, (AnaSpec, ANAS 60303). No dia da leitura, foram utilizados
20pl de amostra com 90pul de substrato (contendo 10mM HEPES, 20mM, pH 7,35, contendo
NaCl 150mM, KCI 5mM, MgSO4 1mM e MnCI2 1mM; 10% Sacarose; 10mM DTT,
Ditiotreitol; e substrato AnaSpec 2ul/mL). As amostras foram plaqueadas em triplicata em
placa de 96 pocos e incubadas por 30min a temperatura ambiente. A leitura foi realizada em

leitor de placa (Hidex Chamaleon™ V) a cada 5min por 2h, nos comprimentos de onda de
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460nm de emissdo e 365nm de excitacdo. Para o célculo da atividade das caspases foi

utilizada a seguinte formula:

slope = A/tempo

Atividade d =
tvidade ge caspases [proteina] x Volume da Amostra (ul)

Este experimento foi baseado e modificado dos trabalhos de Gukovskaya et al.,
Murthy et al. e Yusuf et al. (GUKOVSKAYA et al., 2002; MURTHY et al., 2010; YUSUF et
al., 2002).

4.13 Expressao génica

4.13.1Tratamento das células e extracdo do RNA

A expressdo de alguns genes relacionados a apoptose foram analisados com relagéo a
atividade do [10]-gingerol. Para isso, 5x10° células da linhagem 4T1Br4 foram plaqueadas em
placas de 6cm por 48h. Apos este periodo, as células foram incubadas com o [10]-gingerol
por 6 e 18h. Em seguida, as células foram lavadas duas vezes com PBS estéril e lisadas com
reagente Trizol®. O lisado foi armazenado em freezer a -80°C para posterior extracdo do
RNA.

A extracdo do RNA foi realizada conforme instrucfes do fabricante. Resumidamente,
aos lisados foram adicionados 200pl de cloroférmio e a mistura foi incubada por 15min a
temperatura ambiente e em seguida, centrifugada por 15min 12000rpm a 4°C. Apoés a
centrifugagéo, o sobrenadante foi transferido para um novo tubo ao qual foram adicionados
450ul de isopropanol. Estes tubos foram invertidos 10 vezes para homogeneizar a solugéo e
incubados por 10min a temperatura ambiente. Em seguida, os tubos foram centrifugados
10min a 12000rpm por 10min para formacdo do pellet do RNA. O sobrenadante foi
descartado e lavado com 1mL de etanol 70% e centrifugado a 7500rpm a 4°C por 5min. Este
processo foi repetido novamente e o pellet formado e seco foi ressuspendido em 20l de dgua
ultra pura. Antes da sintese de cDNA, o RNA foi quantificado e avaliado sua pureza por

nanodrop (Thermo Scientific Nano 2000).

4.13.2 Sintese cDNA

Para a sintese do cDNA foram utilizados 1,5ug de RNA num volume final de 8pl. Em

seguida, foi adicionada a mistura de dNTPs (concentracdo final de 10mM), 1ul de oligo dT
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(0,5pg/pl) seguido de incubagéo por 10min a 70°C. Percorrido o tempo, foi adicionado 2ul do
tampdo 10x da enzima, 1pl da enzima M-MLV Reverse Trasncriptase (Sigma M1302)
contendo 200 unidades/pl, 1ul de inibidor de RNAse (20 unidades/ul) e 6ul de agua
ultrapura. Em seguida, a solucéo foi incubada por 50min a 37°C em banho seco para a sintese
do cDNA. Logo apdés, a reacdo foi sujeita a uma temperatura de 94°C por 10min para

desnaturacdo da enzima, conforme instrugdes do fabricante.

4.13.3Reacado de PCR em tempo real e analise

Para andlise da expressdo génica de genes associados a apoptose foi utilizado primers
pré-desenhados e validados da Sigma (KiCqStart®SYBR® Green Primers) com excecéo do
gene constitutivo RPS27a. Os genes analisados foram: Caspase-3, Caspase-7, Caspase-8,

Caspase-9, Bax e Bcl-2 e suas sequéncias podem ser verificadas na tabela abaixo:

Tabela 1 —Sequéncias dos primers utilizados e suas concentracdes na reagdo final da PCR em
tempo real.

Concentracéo final do

Nome do gene Sequéncia (5°-3°) primer na reacao de

PCR

Foward Mouse Caspase-3 CATAAGAGCACTGGAATGTC 200nM
Reverse Mouse Caspase-3 GCTCCTTTTGCTATGATCTTC 200nM
Foward Mouse Caspase-7 GTAATGGACTGTGTTGGTTG 200nM
Reverse Mouse Caspase-7 CATCTGGTAACATAAGAAGC 200nM
Foward Mouse Caspase-8 = CAAGAGAACAAGACAGTGAG 200nM
Reverse Mouse Caspase-8 ACTCAGAGCCTCTTTATCAC 200nM
Foward Mouse Caspase-9 GACCCTTACGGGGAAAACCAT 200nM
Reverse Mouse Caspase-9  AGACAAAGTCCGGCCATCTTC 200nM
Foward Mouse Bax CCTTTTTGCTACAGGGTTTC 200nM
Reverse Mouse Bax ATATTGCTGTCCAGTTCATC 200nM
Foward Mouse Bcl-2 ATGACTGAGTACCTGAACC 50nM
Reverse Mouse Bcl-2 ATATAGTTCCACAAAGGCATC 50nM
Foward Mouse RPS27a GACCCTTACGGGGAAAACCAT 200nM
Reverse Mouse RPS27a AGACAAAGTCCGGCCATCTTC 200nM

Para a reacdo de PCR foi utilizado o Sybr Green da Sigma (SYBR®Green
JumpStart™Taq ReadyMix) e 0s componentes da reacdo estdo descritos na tabela abaixo,

assim como a reagéo na Figura 15.
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Tabela 2 — Componentes da PCR.

Reacao de PCR em tempo real

Sybr Green 5ul

Primers (Foward + Reverse) 1ul
Agua 2,7ul
cDNA (10ng) 1,3ul

Figura 15 — Ciclo da Reacdo de PCR em tempo real.

Curva de Melt

Desnaturagdo
95°C 95°C
15s Extensdo
Anelamento 72°C
30s 65°C
60°C 60°C 30s
30s 30s
40 ciclos

Para as reagOes foi utilizado termociclador da BioRad (CFX96 BioRad) conforme
reacdo descrito acima, através da analise do Ct das amostras (“Cycle Threshold”). Nesta
andlise, foi realizado o ACt (Ct do gene alvo menos o Ct gene constitutivo). Em seguida, foi
realizado o célculo do AACt (ACt das amostras menos a média do ACt das amostras controles,
nesse caso foi utilizado as amostras sem tratamento do [10]-gingerol). Os dados foram entéo
analisados utilizando a seguinte formula: 2"22¢T, representando em unidades arbitrarias a
expressao génica dos genes alvos com relacdo a expressdo do gene constitutivo (RPS27a)
(LIVAK; SCHMITTGEN, 2001).

4.14 Modelos in vivo de metastase

Ensaios in vivo utilizando modelos de formacdo de metastase espontanea e
experimental foram realizados em colaboragdo com o Dr. Normand Pouliot do Laboratério de
Metéstase situado no Hospital PeterMacCallum Cancer Centre, Melbourne, Australia. Além
disso, 0 modelo também foi desenvolvido no laboratorio de Bioquimica e Biologia Molecular
(Departamento de Ciéncias Fisioldégicas — UFSCar) em colaboragdo com a Dra Rebeka

Tomasin do laboratorio de Nutricdo e Céancer dirigido pela Profa Dra Maria Cristina Cintra
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Gomes Marcondes (UNICAMP) e com o laboratério de Neuroendocrinologia dirigido pela
Profa Dra Keico Okino Nonaka.

Os animais utilizados foram camundongos fémeas Balb/c com idade de 6 a 8 semanas.
Estes animais foram adquiridos no Hospital Peter MacCallum e no Biotério da Universidade
Estadual de Campinas (UNICAMP), sob autorizacdo do comité de ética de nimero (E507,
CEUA 3224-1, respectivamente). Os animais foram mantidos em biotério com temperatura

controlada de 22°C+2, 4gua e racdo ad libtum.

4.14.1 Modelo de formacdo de metastase espontanea IMFEP (Intramammary

Fat Pad) sem cirurgia do tumor primario

O primeiro modelo utilizado foi o modelo de metastase espontanea singénico
ortotopico sem cirurgia, para avaliar as propriedades do [10]-gingerol no crescimento do
tumor primario e consequentemente, nas possiveis metastases formadas. Este experimento foi
desenvolvido no Laboratorio de Metastase, Peter MacCallum — Melbourne/Austrélia. Neste
modelo 1x10° células/20pL/camundongo da linhagem 4T1Br4 foram injetadas no tecido
adiposo da quarta mama de camundongos fémeas Balb/c (6-8 semanas). A injecdo foi
realizada com auxilio de uma seringa Hamilton de 50ul em animais anestesiados com
isoflurano. Assim que o tumor se tornou palpavel (9 dias) os camundongos foram tratados
diariamente com [10]-gingerol (5mg/kg diluido em salina), através de injecdes intra-
peritoniais (IP), invertendo os lados das injecOes para evitar lesbes devido ao tratamento
diério. O grupo controle foi injetado diariamente com 0 mesmo volume de salina.

Apds vinte e sete dias da injecdo das células tumorais foi realizada a eutanasia dos
animais, o protocolo estd esquematizado na Figura 16. Durante todo o periodo do experimento
os camundongos foram monitorados através do peso corporal e seu tumor primario foi
mensurado com o uso de um paquimetro digital. Os tumores foram medidos quanto a sua
altura e comprimento e estas medidas foram usadas para calcular o volume do tumor e
consequentemente, inferir seu peso (volume mm?3= comprimento x comprimento x altura). No
dia da eutanasia foram avaliadas as metastases visiveis e foram coletados os fémures, coluna
espinhal e pulmdes para analise da RTB (Relative Tumor Burden) através de analise do DNA
genémico (DNAg). Os 6rgaos coletados para RTB foram congelados em nitrogénio liquido
para posterior extracdo de DNAg. Os tumores primarios, baco, figado também foram pesados

para avaliar de forma indireta indicios de metastases.

Martin, ACBM




Materiais e Métodos 53

Figura 16 - Modelo ortotdpico singénico de metéstase espontanea sem cirurgia do tumor
primario com tratamento diario com [10]-gingerol.
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As células tumorais da linhagem4T1Br4 foram injetadas no tecido adiposo da quarta mama de camundongos
Balb/c (6-8 semanas) e assim que os tumores se tornaram palpaveis foi realizado o tratamento intraperitoneal
diario com 5mg/kg de [10]-gingerol até a eutanasia dos animais. Em seguida, as metastases visiveis foram

analisadas e os 6rgdos (pulméo, fémur e coluna espinhal) foram usados para analise da Relative Tumor Burden
(RTB) através de PCR em tempo real.

N
> Dia 27: Eutanasia
V

A RTB foi avaliada ap6s a extracdo de DNAg utilizando-se a técnica de PCR
quantitativo Tagman (Tagman® Fast Universal PCR Master Mix 2x — Applied Biosystens,
Life Technologies).

Para a extracdo do DNAg os 6rgdos foram homogeneizados em tampéo de lise sem
SDS (50mM Tris-HCI, 100mM NaCl, 100mM EDTA, pH 7,5) em homogeneizador
FastPrep®-24 em tubos (MP tubes) contendo beads de aco inox e/ou ceramica (1 bead grande
e duas pequenas para 0ssos, e 3 beads pequenas para tecidos moles). Foram realizados 3
ciclos de homogeneizacdo de 1min com intervalo de 5min (ciclo 6m/s). Parte do
homogeneizado foi digerido em tampédo de lise contendo SDS, Proteinase K e RNAse A
(50mM Tris-HCI, 100mM NaCl, 100mM EDTA, 1% SDS pH7,5; 2ul/mL de proteinase K e
de RNAse A, estoque a 10mg/mL) a 55°C overnight. No dia seguinte, foram adicionados
350ul de uma solucéo super-saturada de NaCl (>5M), os tubos foram agitados e incubados no
gelo por 30min. Em seguida, os tubos foram centrifugados por 10min a 4°C e 16000rpm. O
sobrenadante foi transferido para um novo tubo ao qual foi adicionado etanol 100% até a
precipitacdo do DNA. Este DNAg formado foi transferido para um tubo contendo etanol 70%
e centrifugado por 5min a 13000rpm. O pellet formado foi lavado novamente com 500l de
etanol 70%, em seguida, o sobrenadante foi colhido por inversédo do tubo e o restante de

etanol foi retirado com auxilio de uma pipeta. O DNA foi seco em fluxo de ar e em seguida
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ressuspendido em 200l de tampdo TE (10mM Tris-HCI, ImM EDTA, pH 8,0). O DNAg foi
quantificado em Nanodrop e 40ng foram utilizados na reacdo de PCR em tempo real.

A RTB para cada animal foi calculada através de PCR em tempo real multiplex
usando Tagman®. O DNAg foi sujeito ao PCR multiplex para detectar o Ct (cycle
Threshold), definido logo acima da linha de base dos niveis de fluorescéncia para vimentina
(presente em todos os tecidos dos animais) e mCherry (presente somente nas células
tumorais). Através da comparacdo dos valores de Ct da vimentina e do mCherry em cada
amostra, o ACt foi calculado pela subtracdo do Ct mCherry menos o Ct da Vimentina, em
seguida, o valor de ACt foi usado na seguinte formula RTB = 10.000/22¢, Usando-se essa
férmula os tecidos com valores zero sdo considerados sem tumor, enquanto que um tecido
com valor de 10.000 é composto totalmente por tumor. Estes dados foram analisados

conforme descrito por Sloan e colaboradores (SLOAN et al., 2006) para analise da RTB.

Os primers e as probes utilizadas foram:

Tabela 3 — Primers e probes utilizados no experimento de PCR em tempo real para
determinacédo do Relative Tumor Burden (RTB).

Probe mVim: VIC-CCT TCATGT TTT GGA TCT CAT CCT GCA GG - TAMRA
Primer mVim Foward: 5> AGC TGC TAA CTA CCA GGA CACTATTG ¥
Primer mVim Reverse: 5’CGA AGG TGA CGA GCC ATCTC ¥

Probe mCherry: 6FAM-CAG CTG CCC GGC GCC TAC A-TAMRA

Primer mCherry Foward: 5 GAC CAC CTA CAA GGC CAAGAAG 3

Primer mCherry Reverse: 5° AGG TGA TGT CCAACT TGATGT TGA 3

A reacdo multiplex do PCR foi realizada conforme protocolo ja definido no
Laboratério de Metastase (Tabela 4) e foram usadas com um protocolo padrdo do
termociclador (Applied Biosystems, ciclo Fast).
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Tabela 4 — Componentes da PCR em tempo real Tagman para 0s ensaios in vivo.

Reacdo de PCR Tagman

Reagentes (concentracao final) Volume
Master Mix 2x Sul
Primers Foward + Reverse Vimentina (1uM) 0,5ul
Probe Vimentina (1uM) 0,5ul
Primers Foward + Reverse Cherry (1uM) 0,5ul
Probe Cherry (1uM) 0,5ul
Agua 1pl
DNAg (40ng)* 2ul

*Para os cérebros foi utilizado 100ng de DNAg.

4.14.2Modelo de formacdo de metastase espontanea IMFP (Intramammary

Fat Pad) com cirurgia

O segundo modelo utilizado foi o modelo de metéastase espontdnea singénico
ortotépico com cirurgia, para avaliar as propriedades do [10]-gingerol na inibicdo da
formacdo de metéstase, j& que o tratamento foi iniciado somente ap6s a cirurgia. Este
protocolo tenta mimetizar uma situacdo normal em mulheres, quando o tumor é detectado e
entdo € realizada a cirurgia para remoc¢do do tumor priméario e, em seguida, o tratamento,
como a quimioterapia, € iniciado.

Este experimento foi desenvolvido no Laboratério de Bioquimica e
Biologia Molecular - Departamento de Ciéncias Fisiologicas/UFSCar. Neste modelo 1x10°
células/20uL/camundongo da linhagem 4T1Br4 foram injetadas no tecido adiposo da quarta
mama de camundongos fémeas Balb/c (6-8 semanas) como descrito no item acima. O
tamanho do tumor foi medido com auxilio de um paquimetro digital até que os tumores
atingissem o tamanho de +0,5g. Quando os tumores atingiram o tamanho esperado, foi
relizada uma cirurgia para remocéao total do tumor primario. Para isso, os camundongos foram
anestesiados com ketamina e xilasina (100mg/kg e 16mg/kg, respectivamente), em seguida,
foi realizada uma pequena incisdo no local e para retirada do tumor primério visivel. Os
animais foram mantidos aquecidos até que voltassem da anestesia e separados em dois
grupos: grupo controle (CTRL, salina) e grupo gingerol (10mg/kg de [10]-gingerol). Na

Figura 17 pode-se visualizar o protocolo utilizado.
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Figura 17 — Figura representativa do modelo in vivo de metastase espontanea com cirurgia do
tumor primario.
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Cerca de 1x10° células/20ul/camundongo foram injetadas no tecido adiposo da quarta mama de camundongos
Balb/c. Assim que os tumores alcancaram o tamanho de +0,5g, o tumor foi retirado. No dia seguinte, o
tratamento com 10mg/kg de [10]-gingerol foi iniciado. No dia 31 apds a injecdo das células tumorais foi
realizada a eutandsia dos animais, as metastases visiveis foram mensuradas e os seguintes 6rgdos foram
coletados para andlise da Relative Tumor Burden (RTB): fémures, coluna espinhal, pulméo e cérebro.

No dia seguinte da cirurgia, foi inicado o tratamento com o [10]-gingerol na
concentracdo de 10mg/kg intraperitonealmente. O tratamento foi diario até o dia da eutanasia,
ap6s 31 dias da cirurgia e totalizando 14 dias de tratamento. Durante o periodo de
experimento apos a cirurgia, o peso dos animais foi mensurado para monitorar qualquer tipo
de toxicidade e sofrimento dos animais, além de qualquer alteracdo de comportamento. Apds
a eutanasia, foram avaliadas as metastases visiveis e 0s seguintes 6rgaos foram coletados para
analise da RTB: fémures, coluna espinhal, pulmao e cérebro. Os cérebros foram mantidos em
PBS em gelo para analise de metastases pelo aparelho VIS Spectrum, no Departamento de
Biologia Celular e Molecular e Bioagentes Patogénicos — Laboratorio de Biologia Celular e
Molecular do Cancer, dirigido pela Profa Dra Enilza Maria Espreafico. As células 4T1Br4
foram marcadas com Cherry, portanto, possuiam fluorescéncia. Logo ap6s as imagens terem
sido adquiridas os cérebros foram congelados em nitrogénio liquido para extracdo do DNAg,
como para 0S outros 6rgdos e posteriormente analise da RTB, conforme descrito

anteriormente.
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4.14.3Modelo de formacdo de metastase experimental por injecdo

intracardiaca (I1C) e tratamento do [10]-gingerol pds injecao

Um terceiro modelo utilizado foi o de metastase experimental. Neste modelo, o efeito
do [10]-gingerol foi analisado somente na inibicdo da metastase, pois ndo ha formacao do
tumor primario ja que as células tumorais séo injetadas diretamente na corrente sanguinea,
através do ventriculo esquerdo dos animais. Este experimento foi desenvolvido em
colaboracdo com o Laboratério de Metéstase, Peter MacCallum — Melbourne/Australia.

Para isso, 1x10° células/100pl/camundongo da linhagem 4T1Br4 foram injetadas no
ventriculo esquerdo (injecdo intracardiaca, 1C) com auxilio de uma seringa descartavel de
ImL, nos animais j& anestesiados com isoflurano. No mesmo dia da injecdo foi iniciado o
tratamento com o [10]-gingerol (10mg/kg) de forma intraperitoneal diariamente até o dia da
eutanasia dos animais, os animais controle foram injetados com o mesmo volume de salina,

como indicado na Figura 18.

Figura 18- Protocolo do modelo de metéstase experimental.
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Neste modelo, 1x10° células/100ul/ camundongo foram injetadas no ventriculo esquerdo do coracdo dos
animais. No mesmo dia foi iniciado o tratamento com o [10]-gingerol (10mg]kg) diariamente no peritdnio dos
animais até o dia da eutanasia, onde foram coletados: fémures, coluna espinal, pulmao e cérebros para analise da
Relative Tumor Burden (RTB).
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Apobs 12 dias da injecdo IC os animais sofreram eutanasia e os fémures, coluna
espinhal, pulmédo e cérebro foram coletados para andlise da RTB conforme descrito

anteriormente.

4.14.4Modelo de formacdo de metastase experimental com injecao

Intracardiaca (1C) com pré-tratamento do [10]-gingerol

O mesmo ensaio de injecdo intracardiaca foi realizado, porém o tratamento com o
[10]-gingerol foi iniciado anteriormente a injecdo das células tumorais, para verificar se o
produto natural possui caracteristicas preventivas contra a formacdo de metastase. Este
experimento foi desenvolvido em colaboragdo com o Laboratério de Metéstase, Peter
MacCallum — Melbourne/Australia.

Para isso, 3 dias antes da injegdo das células tumorais os animais do grupo gingerol
foram tratados com 10mg/kg de [10]-gingerol (IP) e o grupo controle com 0 mesmo volume
de salina. No dia da injecdo 1x10° células/100ul/camundongo da linhagem 4T1Br4 foram
injetadas no ventriculo esquerdo do coracdo dos animais. O tratamento com o produto natural
foi continuo desde 3 dias antes da injecdo, diariamente, até o dia da eutanasia, como indicado
na Figura 19.

Figura 19 - Protocolo do modelo de metastase experimental com pré-tratamento com [10]-
gingerol.
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Neste modelo, o tratamento com o produto natural (10mg/kg, IP) foi iniciado 3 dias antes da injecdo IC, para
injecdo: 1x10° células/100ul/ camundongo foram injetadas no ventriculo esquerdo do coragdo dos animais, o
tratamento foi continuado até o dia da eutandsia onde foram coletados os seguintes érgdos: fémures, coluna
espinal e cérebros para anélise da Relative Tumor Burden (RTB).
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A eutanésia foi realizada 12 dias ap6s a injecdo IC e os 6rgdos coletados para RTB
foram: fémures, coluna espinhal, cérebro. Os bacos dos animais foram pesados para verificar

indicios de metastases.

4.15 Determinacao da concentracao protéica

A concentracdo protéica das amostras foi determinada com auxilio do kit BCA Protein

Assay (Pierce) utilizando a proteina BSA como padrdo conforme protocolo do fabricante.

4.16 Analise estatistica

Os experimentos in vitro foram realizados trés vezes em ftriplicata. Para a analise
estatistica foi obtida a média e o erro padrdo para cada grupo em todos 0s experimentos. A
comparacdo entre os grupos foi realizada utilizando analise de variancia (ONE WAY ou
TWO WAY ANOVA), seguido do teste de Tukey, com auxilio do programa GraphPad Prism
5. Para 0s ensaios in vivo o test t de Student foi aplicado.
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5 RESULTADOS

5.1 Determinacao do ICso

O grafico na Figura 20 mostra a curva utilizada para o célculo do ICso do [10]-gingerol

nas diferentes linhagens e seus valores estdo indicados na tabela da mesma figura.

Figura 20 — Calculo do ICsp nas diferentes linhagens celulares do [10]-gingerol.
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As linhagens 4T1Br4, 4T1BM2, 4T1BM2 (3shRNA, MDA-MB-231, MDA-MB-231 BrM e bEnd.3 foram
incubadas com uma diluigdo seriada do [10]-gingerol de 200 a OuM por 72h, decorrido o tempo as células foram
fixadas com TCA e coradas com corante SRB, em seguida a leitura foi realizada em leitor de placa no
comprimento de onda de 530nm. O Calculo do ICsp foi realizado com auxilio do software GraphPad Prism.

As linhagens humanas apresentam valores de 1Cso superiores (MDA-MB-231, MDA-
MB231 BrM, respectivamente, 62 e 65uM) que os das linhagens de camundongo (4T1Br4,
4T1BM2, 4T1BM2 B3shRNA, respectivamente, 40/29/30uM) para o produto natural [10]-
gingerol. Além disso, através do emprego da linhagem ndo tumoral bEnd.3 (linhagem
endotelial de cérebro de camundongo), como controle para acessar a citotoxicidade em células
normais, e verificamos que o [10]-gingerol apresenta um ICso ligeiramente maior para as
células normais em relagédo as células tumorais de camundongo, sugerindo uma seletividade
por células tumorais (Figura 20).

O resveratrol (RSVT) apresentou valores de ICso menores que os do [10]-gingerol e
exibiu a mesma caracteristica verificada no [10]-gingerol, onde as células tumorais humanas
apresentaram valores de ICso maiores (MDA-MB-231, MDA-MB231 BrM, respectivamente,
21 e 28uM) que os das linhagens de camundongo, indicando uma resisténcia maior para as
células humanas (4T1Br4, 4T1BM2, 4T1BM2 B3shRNA, respectivamente, 2/5/4uM). Além

disso, este produto apresentou uma alta seletividade por células tumorais ja que para as
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células normais o ICso chegou a ser cerca de 4 vezes maior do que para as células tumorais de

camundongo, como indicado na Figura 21.

Figura 21 - Célculo do ICso nas diferentes linhagens celulares do resveratrol.
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As linhagens 4T1Br4, 4T1BM2, 4T1BM2 B3shRNA, MDA-MB-231, MDA-MB-231 BrM e bEnd.3 foram
incubadas com uma dilui¢do seriada do RSVT de 200 a OuM por 72h, decorrido o tempo as células foram
fixadas com TCA e coradas com corante SRB, em seguida a leitura foi realizada em leitor de placa no
comprimento de onda de 530nm. O Calculo do ICs foi realizado com auxilio do software GraphPad Prism.

5.2 Inibicdo da adesado celular a diferentes componentes da MEC

Células da linhagem 4T1Br4 quando pré-incubadas com [10]-gingerol nas
concentracdes de 100 e 500uM ndo foram capazes de se ligar a vitronectina (VN), portanto, o
[10]-gingerol inibe a adesdo desta linhagem celular a VN. O [10]-gingerol também inibiu a
adesdo desta linhagem celular a laminina-511 (LMN-511) nas concentracdes de 50, 100 e
500uM. Para o colageno 1V, outro componente da MEC, o [10]-gingerol foi efetivo na
inibicdo da adesdo em todas as concentracdes testadas (Figura 22 - painéis A, C e E). Estes
resultados indicam que ndo houve seletividade deste composto a nenhum dos componentes da
MEC testados. Além disso, os efeitos de inibicdo da adesdo sé foram observados em doses
acima do ICso, isto pode indicar toxicidade do [10]-gingerol, 0 mesmo estd matando as células
e ndo simplesmente inibindo a adesdo das mesmas.

O RSVT inibiu a adesdo das células da linhagem 4T1Br4 a VN de forma dependente
de concentracdo. Entretanto, ndo inibiu a adesdo a LMN-511 em nenhuma das concentragdes
testadas. Além disso, apesar do RSVT ter inibido a adesdo desta linhagem ao colageno 1V,

esta inibigdo somente ocorreu nas concentragdes de 50 e 100uM, sugerindo uma seletividade
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pela vitronectina, e portanto, de seus receptores como a integrina ovp3 (Figura 22 - painéis B,

DeF).

Figura 22 - Ensaio de inibicdo da adesdo na linhagem 4T1Br4 pelo [10]-gingerol e RSVT.
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O [10]-gingerol inibiu a adesdo das células tumorais a vitronectina, laminina-511 e coladgeno V. O RSVT inibiu
a adesdo das células tumorais a VN e colageno IV. As células foram marcadas com calceina e incubadas com as
diferentes concentragcdes dos produtos naturais. Em seguida, foram plaqueadas sobre os diferentes componentes
da MEC por 30min. As células ndo aderidas foram lavadas e as células remanescentes foram lidas em

comprimento de onda 530nm. ****p<0,0001.
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Com relagdo a linhagem celular humana MDA-MB-231 o [10]-gingerol inibiu a
adesdo a VN nas concentragdes de 50, 100 e 500uM. Esta inibicdo da adesdo também ocorreu
nas concentracfes de 100 e 500uM a LMN-511 e somente na maior concentracdo de 500uM
ao colageno V. Estes resultados indicam uma possivel seletividade do [10]-gingerol para a
VN e podem ser visualizados na Figura 23 painéis A, C e E. O RSVT somente inibiu a adesdo
da linhagem MDA-MB-231 BrM a VN na concentracdo de 100uM (Figura 23, painel B, D e
F), confirmando sua seletividade por receptores a VN.

Neste mesmo ensaio verificamos que o [10]-gingerol, apesar de inibir a adesdo das
diferentes linhagens celulares testadas aos componentes da MEC, nas concentragdes mais
elevadas (100 e 500uM), promoveu um alto indice de morte celular, o que poderia influenciar
os resultados da inibicdo da adesdo propriamente dita. Visando minimizar este Vviés
experimental, realizamos um ensaio de toxicidade celular para verificar quais concentracdes
0s PNs seriam toxicos nas condicGes de experimentos futuros. Este fato ndo ocorreu para o
RSVT, o que sugere que este produto natural possui uma interagdo com receptores da adeséo

celular de forma receptor seletiva.
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Figura 23 - Ensaio de inibigdo da adesdo na linhagem MDA-MB-231 BrM pelo [10]-gingerol
e RSVT.
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O [10]-gingerol inibiu a adesdo das células tumorais a vitronectina, laminina-511 e colageno V. O RSVT inibiu
a adesdo das células tumorais & VN. As células foram marcadas com calceina e incubadas com as diferentes
concentragdes dos produtos naturais. Em seguida, foram plaqueadas sobre os diferentes componentes da MEC
por 30min. As células ndo aderidas foram lavadas e as células remanescentes foram lidas em comprimento de

onda 530nm. ****p<0,0001.
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5.3 Toxicidade celular e Morfologia

Este ensaio foi realizado para verificar como e se 0s produtos naturais, [10]-gingerol e
RSVT, estariam atuando sobre as células tumorais e quais as concentraces e tempos esses
efeitos ocorreriam.

Tanto para a linhagem 4T1Br4, quanto para a linhagem MDA-MB-231 BrM as
concentracdes de 100 e 500uM do [10]-gingerol foram capazes de induzir a morte celular nos
tempos de 40min e 4h, caracterizado pela reducdo do ndmero de células, pela alteracdo da
morfologia celular, com o surgimento de células arredondadas em processo de desadesdo e
formagdo de vesiculas nas celulas remanescentes na placa (Figura 24 e Figura 25).

Embora as células tratadas com RVST ndo tenham apresentado indicios de morte
celular nas diferentes concentracdes e tempos testados para as referidas linhagens, este
produto natural atuou na morfologia das células, sobretudo na linhagem MDA-MB-231 BrM,
onde fica mais evidente as formacgdes de protrusdes celulares, nas concentracdes de 50 e
100uM, nos tempos de 8 e 14h, o que reforca a hipOtese de que o RSVT interage com
receptores celulares (Figura 26 e Figura 27). E interessante notar a diferenca da morfologia
celular, especialmente na linhagem 4T1Br4, quando incubadas com [10]-gingerol e RSVT.
Enquanto as primeiras assumem uma morfologia circular e parecem desaderir da placa nas
maiores concentragcfes e tempos de incubacdo, as células tratadas com RSVT ndo apresentam
alteracdes tdo marcantes da morfologia celular, o que pode indicar diferentes mecanismos de

acao para os produtos naturais testados.
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Figura 24 - Toxicidade e Morfologia de células da linhagem 4T1Br4 quando incubadas com o [10]-gingerol.
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As células foram plaqueadas em placas de 96 pgose incubadas overight. No dia seguinte, foram incubadas com diferentes concentracdes e tempos de incubacdo com o PN.
Quando decorrido o tempo de incubacéo as células foram fixadas com formalina 10% e fotos foram obtidas para analise da morfologia.
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Figura 25 - Toxicidade e Morfologia de células da linhagem MDA-MB-231 BrM quando incubadas com o [10]-gingerol.
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As células foram plaqueadas em placas de 96 pogose incubadas overnight. No dia seguinte,

foram incubadas com diferentes concentragdes e tempos de incubago com o PN.
Quando decorrido o tempo de incubacéo as células foram fixadas com formalina 10% e fotos foram obtidas para analise da morfologia.
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Figura 26 - Toxicidade e Morfologia de células da linhagem 4T1Br4 quando incubadas com o0 RSVT.
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As células foram plagueadas em placas de 96 pocose incubadas overnight. No dia seguinte, foram incubadas com diferentes concentragGes e tempos de incubagdo com o PN.
Quando decorrido o tempo de incubacédo as células foram fixadas com formalina 10% e fotos foram obtidas para analise da morfologia.
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Figura 27 - Toxicidade e Morfologia de células da linhagem MDA-MB-231 BrM quando incubadas com 0 RSVT.
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As células foram plagqueadas em placas de 96 pogose incubadas overnight. No dia seguinte, foram incubadas com diferentes concentragdes e tempos de incubagdo com o PN.
Quando decorrido o tempo de incubacédo as células foram fixadas com formalina 10% e fotos foram obtidas para analise da morfologia.
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5.4 Migracao celular

Sabendo-se as concentracdes e tempos de incubacdo toxicos do [10]-gingerol através
do ensaio de citotoxicidade, foi utilizado somente as suas concentracdes que nao causaram
morte celular no tempo de 4h (25 e 50uM) para verificar se 0 mesmo seria capaz de inibir a
migracdo celular, via receptores de adesdo. Assim, verificamos que o [10]-gingerol néo inibiu
a migracdo celular da linhagem 4T1Br4 nas concentracbes de 25 e 50uM através da
vitronectina, laminina-511 e na migracdo quimiotatica utilizando-se soro fetal bovino como
quimioatraente (Figura 28 - painéis A, C e E). O soro contém uma alta concentracdo de
vitronectina (HAYMAN et al., 1985), confirmando o ensaio de migracdo haptotética a

vitronectina.

Figura 28 — Ensaio de migracdo celular hapoptatica e quimiotatica na linhagem 4T1Br4 na
presenca de [10]-gingerol e RSVT.
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O [10]-gingerol ndo inibiu a migragdo a vitronectina, a laminina-511 e ao FBS. O RSVT inibiu a migracdo a VN
e a laminina-511(***p<0,0001).

O RSVT inibiu a migracdo das células 4T1Br4 através da VN nas concentragdes de 50

e 100uM, além disso também inibiu a migracdo através da LMN-511 na maior concentrac&o,
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indicando uma possivel seletividade do RSVT pela VN (Figura 28— painéis B, D e F). Apesar
do mesmo néo ter ocorrido na migracdo quimiotatica, em que o soro presente no poco inferior
é rico em vitronectina, isto pode ser devido as concentrac@es utilizadas do RSVT terem sido

menores, 3 e 10uM.

5.5 Ensaio de proliferacado celular- 5 dias

A fim de padronizar futuros experimentos, um ensaio de proliferagéo celular de cinco
dias foi realizado, empregando-se as concentragdes de 10 e 50uM de [10]-gingerol.

Com isso, foi verificado que na linhagem 4T1Br4, embora a concentracdo de 10uM
ndo tenha afetado a proliferacdo celular mesmo pos cinco dias de incubagédo, a concentracao
de 50uM, por sua vez, inibiu a proliferacdo celular a partir do terceiro dia de incubacdo
(Figura 29— painel A). Portanto, o [10]-gingerol atua de maneira dependente da concentragao
e do tempo: em baixas concentrac@es ndo altera a proliferacdo mesmo quando incubado por
longos periodos; porém, em maiores concentracBes (50uM) pode inibir a proliferacdo, até
mesmo em tempos menores.

Na linhagem humana, MDA-MB-231 BrM, o [10]-gingerol n&o inibiu a proliferagéo,
mesmo apos cinco dias de incubacéo nas concentracdes mais elevadas, possivelmente por essa
concentra¢do de 50uM ser menor que o valor do ICso (65,2 £5,135uM) para esta linhagem

com este produto natural (Figura 29— painel B).

Figura 29 — Ensaio de proliferacdo de 5 dias na linhagem 4T1Br4 e MDA-MB-231 BrM.
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O [10]-gingerol inibiu a proliferacdo celular na concentragdo de 50uM na linhagem 4T1Br4 e ndo inibiu a
proliferacdo na linhagem MDA-MB-231 BrM em nenhuma das concentracBes testadas (**p<0,01,
***p<0,0001).
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5.6 Ensaio clonogénico

No ensaio clonogénico com o qual foi verificado se o tratamento possui uma atividade
citotoxica e/ou citostatica sobre as células tumorais o [10]-gingerol reduziu o tamanho das
colbnias nas concentracdes de 10 e 20uM, entretanto ndo inibiu o nimero de col6nias nas
mesmas concentracdes, sendo assim, o [10]-gingerol apresentou um efeito citostatico (Figura
30, painel A e B). O RSVT, por sua vez, reduziu o tamanho e o nimero das coldnias na
concentracdo de 1,5uM, possuindo um efeito citostatico e citotoxico (Figura 30,

painel C e D).

Figura 30 — Ensaio clonogénico sem radiacao.
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Células da linhagem 4T1Br4 (100 células/pogo, placa de 6 pogos) foram incubadas com o [10]-gingerol nas
concentragdes de 10 e 20uM e com o RSVT na concentragdo de 1,5uM.(A e B) - o [10]-gingerol reduziu o
tamanho das col6nias mas nao alterou o nimero das colénias. (Ce D) - 0 RSVT reduziu o tamanho e 0 nimero
das coldnias (*p<0,05, ***p<0,0001).
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Ainda através do ensaio clonogénico foi examinado a atividade do produto natural
quando combinado a radiacdo. Os produtos naturais sdo conhecidos por possuirem uma
atividade de radio-sensibilizacdo, ou seja, potencializam o efeito da radiacdo contra células
tumorais. De fato, verificamos que o [10]-gingerol aumentou os efeitos do tratamento por
radiagdo, com um fator de aumento de 1,2 na concentracdo de 10uM e de 1,4 na concentracdo
de 20uM, evidenciado pela reducdo do nimero e do tamanho das coldnias na radia¢do de grau
2,4 e 6 (Figura 31, painel A e B).

O RSVT teve um fator de aumento da radiacdo de 1,2 na concentracdo de 1,5uM
reduzindo o nimero e o tamanho das colbnias nas radiacGes de 2, 4 e 6 (Figura 31,
painel C e D).

Figura 31 - Ensaio clonogénico com radiacéo.

Tamanho das Colénias
[10]-gingerol

Numero de Coldnias
A [10]-gingerol B
-e- Sem tratamento
~# 20uM [10]-gingerol
10uM [10]-gingerol

Tamanho das Colénias (cm)

Tamanho das Colénias

RSVT
Cc Numero de Colonias D
RSVT 0.25+
T -~ Sem tratamento
o
oo -e- Sem tratamento “» 0.204 -& 1,5uM RSVT
e -= 1,5.MRSVT 2
s 9 0.154
1‘) 8 Jedede Fededke
3 @
o S 0.104
-l
2 2
g £ 0.054
T 1
0 2 4 6
Gy

Células da linhagem 4T1Br4 (100 células/pogo, placa de 6 pogos) foram incubadas com o [10]-gingerol nas
concentragdes de 10 e 20uM e com 0 RSVT na concentragdo de 1,5uM e foram sujeitas a diferentes niveis de
radiacdo (2, 4 e 6 Gy). O [10]-gingerol reduziu o tamanho e nimero das colnias nas concentragfes testadas
quando sujeitas a todos os graus de radiacdo. O RSVT reduziu o tamanho e o nimero das coldnias na
concentragdo testada e nos diferentes niveis de radiacdo (2, 4 e 6 Gy) (*p<0,05; **p<0,01, ***p<0,0001).

Podemos verificar o efeito citostatico do [10]-gingerol na Figura 32 quando a radiagao

ndo foi aplicada. Na mesma figura podemos observar o efeito da radiacdo somado ao produto
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natural com aumento do efeito do [10]-gingerol, ocorrendo uma inibicdo na proliferacdo e

aumento da morte celular.

Figura 32 — Ensaio clonogénico associado a radiacao.

[10]-gingerol

Células da linhagem 4T1Br4 (100 células/poco) foram incubadas nas concentracGes de 10 e 20uM do [10]-
gingerol e submetidas a diferentes graus de radiacéo (2, 4, e 6 Gy). O [10]-gingerol possui um efeito citostatico
guando ndo sujeito a radiagdo. Em associacdo com a radiagdo o [10]-gingerol apresenta efeito citostatico e

citotoxico.
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Pode-se verificar Na Figura 33 o efeito citostatico e citotdxico do RSVT na linhagem
4T1Br4 com e sem aplicagéo de radiacao.

Figura 33 - Ensaio clonogénico associado a radiagéo.
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Células da linhagem 4T1Br4 (100 células/pogo) foram incubadas na concentragdo de 1,5uM do RSVT e

submetidas a diferentes graus de radiacdo (2, 4, e 6 Gy). O RSVT possui um efeito citostatico e citotdxico na
presenca e auséncia de radiacao.
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5.7 Ensaio de Condensacao nuclear

A condensacdo nuclear é uma caracteristica tipica de células apoptoéticas. Celulas da
linhagem 4T1Br4 tratadas com o [10]-gingerol sofreram um aumento da condensacéo nuclear
proporcionalmente dependente ao aumento da concentracdo do produto natural. Além disso,
verificamos uma reducdo na confluéncia das células na concentracdo de 100uM. As setas na

Figura 34 indicam células com aumento da condensag&o nuclear.
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Figura 34 - Ensaio de condensacédo nuclear.
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Células da Iinhage 4T1Br4 foram incubadas or 24h com o [10]-gingerol e em seguida coradas com DAPI. O

[10]-gingerol induziu a condensagdo nuclear nas concentracoes de 1, 10, 25, 50 e 100puM como indicado nas
setas brancas.
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5.8 TUNEL

O ensaio de TUNEL é um método simples de deteccdo de apoptose a nivel celular via
deteccdo colorimétrica de fragmentos degradados de DNA. As células da linhagem 4T1Br4
incubadas por 18h com o [10]-gingerol sofreram apoptose quando expostas as concentracoes
de 10 e 50uM, estes resultados podem ser observados nas setas da Figura 35

Figura 35 - Ensaio colorimétrico de TUNEL.
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Células da linhagem 4T1Br4 foram incubadas por 18h com o [10]-gingerol nas concentragdes de 10 e 50uM. O
produto natural induziu a apoptose nas duas concentragdes testadas. As setas indicam células em apoptose.

[10]-gingerol
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5.9 Analise do Ciclo celular

Células da linhagem 4T1Br4, tratadas por 8h com 50uM do [10]-gingerol, sofreram
uma parada no ciclo celular na fase G1, fato evidenciado pelo aumento dessa subpopulacéo
em relacdo ao controle (Figura 36 — painel A). Considerando-se o periodo de 24h de
incubacéo, o tratamento com 50uM de [10]-gingerol induziu uma parada no ciclo celular na
fase subG1, com o aumento desta subpopulacéo, fase anterior a GO/G1, como observado com
8h de incubacgéo (Figura 36 — painel B). O tratamento com o [10]-gingerol, na concentracao

de 10uM, ndo alterou nenhuma das fases do ciclo celular nos tempos testados.

Figura 36 — Ensaio de ciclo celular.
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O [10]-gingerol induziu a parada do ciclo celular na fase GO/G1 no tempo de 8h de incubagdo na concentra¢do

de 50uM. Entretanto, no tempo de 24h o [10]-gingerol ha mesma concentracdo induziu a parada da fase sub GO
aumentando esta subpopulagdo (*p<0,05).

5.10 Atividade de caspases

O ensaio de atividade de caspases verifica a clivagem do peptideo AMC (7-amino-4-
methylcoumarin) pelas caspases, esta clivagem gera uma fluorescéncia captada no
comprimento de onda de emissdo de 440-460nm e excitagdo de 340-350nm. O [10]-gingerol
inibiu a atividade das caspases-3 e -7 quando as células de 4T1Br4 foram incubadas por 8h de
forma dependente de concentracdo (10, 25 e 50pM), como observado na Figura 37, painel A.
Entretanto, quando as células foram incubadas por 18h com o produto natural houve um

aumento da atividade das caspases (Figura 37— painel B).

Martin, ACBM




Resultados 79

Figura 37 — Atividade de caspases.
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[10]-gingerol reduziu a atividade das caspases-3 e -7 no tempo de 8h de incubacdo e aumentou a atividade das
caspases-3 e -7 no tempo de 18h (***p<0,0001).

5.11 Expressao Génica

Células da linhagem 4T1Br4 incubadas por 6h com o [10]-gingerol apresentaram um
aumento da expressdo da caspase-9 na concentracdo de 100uM e reducdo na expressao de
Bcl-2 nas concentragdes de 25, 50 e 100uM. A expressdao das caspases-3, -7, -8 e Bax nédo
sofreu alteracBes nas concentracfes testadas no tempo de 6h (Figura 38). Considerando-se 0
tempo de 18h de incubagdo, houve reducdo da expressdo das caspases-3 e -7 nas
concentracdes de 50 e 100uM, bem como reducdo da expressdo génica da caspase-8 na
concentracdo de 50uM e da caspase-9 na concentracdo de 100uM. O produto natural
aumentou a expressdo génica de Bax (pré-apoptotico) nas concentragdes de 50 e 100uM e
reduziu a expressao do gene Bcl-2 (anti-apoptético) em todas as concentragdes testadas (1-
100uM) como apresentado na Figura 39.
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Figura 38 — Expressdo de genes
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O [10]-gingerol induziu a expressdo da caspase-9 e reduziu a expressdo de Bcl-2 no tempo de 6h de incubacéo

(*p<0,05;***p<0,0001).
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Figura 39 - Expressédo de genes relacionados a apoptose em células 4T1Br4 tratadas com [10]-

gingerol por 18h.
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O [10]-gingerol reduziu a expressdo das caspases-3/7/8/9 e Bax e reduziu a expressdo de Bcl-2 no tempo de 18h

de incubagdo (*p<0,05; **p<0,001; ***p<0,0001).
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5.12 Modelo de formacdo de metastase espontdanea IMFP (Intramammary

Fat Pad) sem cirurgia do tumor primario

Neste modelo in vivo, as células tumorais da linhagem 4T1Br4 foram injetadas no
tecido adiposo da quarta mama de camundongos fémeas (IMFP) e quando os tumores se
tornaram palpéaveis o tratamento com [10]-gingerol foi iniciado. Neste experimento ndo houve
alteracdo na massa corporal dos animais tratados quando comparados ao grupo controle
(Figura 40— painel A), contudo, o tratamento foi efetivo na reducdo do tamanho dos tumores
primarios entre os dias 23 e 25 apds a injecdo (Figura 40 - painel B). Nao houve diferenca
entre 0s grupos experimentais com relacdo ao figado, indicador de toxicidade, (Figura 40—
painel C), em contrapartida, verificamos que o peso do bago, indicador da carga tumoral
geral, foi menor no grupo tratado em relagdo ao controle ndo tratado (Figura 40— painel D).

Figura 40 — Modelo de formacdo de metastase espontanea IMFP (Intramammary Fat Pad):
impactos do tratamento com o [10]-gingerol sobre parametros morfométricos.
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O tratamento com [10]-gingerol reduziu o tamanho dos tumores primarios entre os dias 23 e 25 ap06s a inje¢do e

0 peso dos bacos. Ndo houve alteracdo na massa corporal durante o experimento entre 0s grupos e no peso dos
figados dos animais.

A fim de se verificar a carga tumoral relativa — RTB (RTB — Relative Tumor Burden),

indicador de metéastases, 6rgaos como pulmdes, coluna vertebral e fémures dos animais foram
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coletados e submetidos a extracdo de DNAg para a deteccdo da presenca do gene mCherry
(exclusivo das células tumorais) e mVimentina (presente em todas as células) nesses 6rgédos
através de PCR multiplex em tempo real.

Através dessa tecnica, verificamos que houve reducdo significativa da RTB nos
pulmdes (Figura 41 - A) sem alteracdo da RTB na coluna vertebral, fémures e 0ssos
(somatdria dos valores de RTB da coluna vertebral e fémures) como indicado na Figura 41,
painéis B, C e D.

Figura 41 — Analise da Relative Tumor Burden (RTB) no modelo de formacdo de metastase
espontanea IMFP (Intramammary Fat Pad) com tratamento do PN.
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O tratamento com [10]-gingerol reduziu a RTB nos pulmdes dos animais tratados e ndo houve alteracdo da RTB
na coluna vertebral, fémures e 0ss0s.

As diferenciais mencionadas com relagao a carga tumoral, bem como ao peso relativo
do bago puderam ser observadas mesmo através de andlise visual. Na Figura 42-A podemos
observar as metéstases pulmonares do grupo controle e proeminente reducdo destas no grupo
tratado com o [10]-gingerol. Na mesma figura, painel B, fica evidente a diferenca de tamanho,

e consequentemente, do peso dos bagos dos animais controle e dos tratados com o produto
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natural, evidenciando menor circulagdo na corrente sanguinea de células tumorais no grupo
tratado Figura 42- B.

Neste modelo foi utilizada uma dose de 5mg/kg, e 0s animais ndo apresentaram
nenhum indicio de toxicidade, analisado pelo peso dos figados, alimentacdo e movimentacéo
normal dos animais. Portanto, para o proximo modelo foi utilizado uma dose maior de
10mg/kg.

Figura 42 — Imagem representativa das metastases pulmonares e do tamanho dos bacos.

A

Controle _[10]-gingerol G
(A) Pulmdes do grupo controle e grupo tratado com [10]-gingerol, respectivamente.
(B) Imagem do bac¢o dos animais do grupo controle e do grupo [10]-gingerol.

5.13 Modelo de formacdo de metastase espontanea IMFP (Intramammary

Fat Pad) com cirgugia

Este modelo, onde os tumores primarios dos animais foram removidos completamente
para que entdo fosse iniciado o tratamento com o [10]-gingerol, visa mimetizar a situacdo na
qual uma mulher, ap6s o diagnostico do cancer de mama, é submetida primeiramente a
mastectomia e em seguida, a outros tratamentos, tais como a quimioterapia.

Neste experimento, verificou-se que o grupo controle apresentou no decorrer do
periodo experimental, perda de massa corporal, fato ndo observado no grupo tratado com o
[10]-gingerol (10mg/kg), sugerindo uma melhora nas condi¢fes gerais dos camundongos
tratados com o produto natural (Figura 43A). Também foi verificado que ndo houve alteragdo
no peso dos bacos nos grupos tratados e controle, indicativo de células tumorais circulantes
(Figura 43B).
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Figura 43 - Modelo de formacdo de metastase espontanea IMFP (Intramammary Fat Pad)
seguido de cirurgia: impactos do tratamento com o [10]-gingerol sobre parametros
morfométricos.
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O tratamento com [10]-gingerol inibiu a perda de massa corporal quando comparado ao grupo controle e ndo
houve diferenga entre 0s grupos no peso dos bagos dos animais.

Com relacdo a andlise da RTB, o [10]-gingerol reduziu a RTB dos pulmdes, fémures e
ossos (Figura 44 A, C e D). N& houve alteracdo da mesma na coluna vertebral e

cérebros (B e E).

Figura 44 - Anélise da RTB (Relative Tumor Burden) no modelo de formacdo de metastase
espontanea IMFP (Intramammary Fat Pad) com tratamento do PN ap6s cirurgia do tumor
primario.
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O tratamento com [10]-gingerol reduziu a RTB nos pulmdes, fémures e 0ssos dos animais tratados e ndo houve
alteracdo da RTB na coluna vertebral e cérebro.
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Embora ndo tenha sido possivel detectar alteragdes na RTB entre os cérebros dos dois
grupos experimentais, atraves da andlise de imagens dos cérebros sob luz fluorescente,
verificamos que no grupo controle sete dentre quinze animais apresentaram metastases
cerebrais (Figura 45). Os animais #2 e #5 foram analisados separadamente pois apresentaram
uma fluorescéncia menor, portanto, quando retirados os cérebros com alta fluorescéncia foi
possivel verificar as metastases cerebrais nestes animais, indicado na mesma figura a direita.
Ja no grupo tratado com [10]-gingerol, apenas um dentre quinze animais apresentou noédulos
metastaticos no cérebro.(Figura 46). Sendo assim, enquanto a incidéncia de metastases
cerebrais no grupo controle foi de 50%, este valor caiu drasticamente no grupo que recebeu o
tratamento com [10]-gingerol, atingindo a marca de apenas 6% (Figura 47).

Figura 45 - Imagens fluorescentes dos cérebros do grupo controle.
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No grupo controle, ndo tratado com o PN, foram detectadas metastases cerebrais em sete de um total de quatorze
animais. As setas apontam os nddulos metastaticos (vermelho), enquanto o tecido normal é apresentado em azul.
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Figura 46 - Imagens dos cérebros do grupo tratado com [10]-gingerol.
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No grupo tratado com o PN foi detectada uma metéstase cerebral em um do total de quinze animais. As setas
apontam os nddulos metastaticos (vermelhos), enquanto o tecido normal é apresentado em azul. No canto
inferior direito: controle positivo.

Figura 47 —Incidéncia de metastases cerebrais no modelo de metastase espontanea.
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O grupo controle apresentou uma incidéncia de 50% e o grupo [10]-gingerol apresentou uma incidéncia de 6%
de metastases cerebrais.
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5.14 Modelo de formacdo de metastase experimental, injecao intracardiaca

(1C) com tratamento do [10]-gingerol pos injecdo

O modelo de injecdo IC é utilizado para o estudo das fases mais tardias do processo
metastatico, uma vez que simula a presenca das células tumorais na circulacdo sanguinea
diretamente, sem a formacao do tumor primario. Esta abordagem permite assim verificar se o
tratamento usado realmente inibe o estabelecimento de metéastases clinicamente detectaveis.
Os resultados demonstraram que neste modelo o [10]-gingerol reduziu a RTB nos fémures e
nos 0ssos. Ndo houve alteracdo na massa corpérea, RTB da coluna espinhal, pulmdes e

cérebro (Figura 48).

Figura 48 — Modelo de metastase experimental com tratamento do [10]-gingerol apds a
injecdo intracardiaca (IC).
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O tratamento com [10]-gingerol reduziu a RTB (Relative Tumor Burden) dos fémures e 0sso0s.

5.15 Modelo de formacdo de metastase experimental com injecdo

Intracardiaca (1C) com pré-tratamento do [10]-gingerol

Os produtos naturais s@o conhecidos por prevenirem a formacdo de tumores e de
metastases. Sendo assim, realizamos um pré-tratamento de 3 dias nos animais com o [10]-

gingerol antes da injecdo IC, seguindo-se o tratamento também apods a injecdo IC. Neste
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modelo ndo houve alteracdo da massa corpérea, assim como, ndo houve reducdo da RTB em

nenhum dos 6rgdos coletados, como podemos verificar na Figura 49.

Figura 49 - Modelo de metéstase experimental com tratamento do [10]-gingerol antes e apds a

injecéo IC.
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O tratamento com [10]-gingerol ndo alterou a massa corporal e ndo reduziu a RTB (Relative Tumor Burden) dos

orgdos analisados.
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6 DISCUSSAO

Atualmente os tratamentos para 0 cancer e metastases como a radioterapia e a
quimioterapia ainda apresentam diversos efeitos colaterais. Portanto, torna-se importante o
estudo de novos medicamentos, principalmente provenientes da flora e fauna, sabendo-se que
grande parte dos medicamentos utilizados sdo produzidos a partir de elementos naturais
(SAFARZADEH; SHOTORBANI; BARADARAN, 2014). Este trabalho demonstrou os
efeitos indutores do [10]-gingerol in vitro nas vias de apoptose, ciclo celular,
radiosensibilizacdo, e uma provavel forma de acdo de inibicdo de metastase em modelos in
vivo de cancer de mama em metastase 6ssea, pulmonar e cerebral.

Nos experimentos in vitro, para efeito de comparacdo, foi utilizado o resveratrol
(RSVT), um produto natural cujo uso para a prevencao e tratamento do cancer ja esta
extremamente descrito e melhor estabelecido na literatura. Neste estudo, foi empregado o
trans-resveratrol, pois foi demonstrado por Belleri e colaboradores (BELLERI et al., 2008),
que este isoméro apresenta atividade inibitdéria em ensaios de proliferacdo, adesdo e
angiogénese, diferente da isoforma cis muito menos ativa.

O trans-resveratrol foi descrito como um ligante da integrina B3 (BELLERI et al.,
2008; LIN et al., 2006), portanto, foram utilizadas duas linhagens: 4T1BM2, que expressa
altos niveis da integrina avp3 e a 4T1BM2 shRNA3, que foi silenciada para a subunidade
B3. Estas duas linhagens foram utilizadas para compararmos as atividades dos dois produtos
naturais (PNS) na proliferacdo celular e sua possivel ligacdo a este receptor. Verificou-se que
ndo houve diferenga nos ICso nas duas linhagens para ambos os PNs, indicando que para
desempenhar os efeitos sobre a proliferacdo celular ndo ha diferencga na ligacéo desta integrina
com estes PNs.

Neste trabalho foi verificado que o [10]-gingerol inibiu a proliferacdo celular de todas
as linhagens de cancer de mama estudadas, com diferentes ICso. Este produto apresentou
valores de ICso maiores nas linhagens humanas do que nas linhagens de camundongo, 0
mesmo padrdo de ICso foi observado quando utilizamos o produto natural resveratrol no
ensaio de proliferacdo. Ainda no ensaio de proliferagéo celular aonde foi determinado o 1Cso,
foi observado uma certa seletividade dos PNs por células tumorais em relacdo a linhagem
normal utilizada, a bEnd.3, célula endotelial da microvasculatura cerebral de camundongos.
Esta seletividade foi ainda mais visivel quando as células tumorais foram incubadas com o
RSVT. Ja foi descrito que o resveratrol € um agente seletivo. Podhorecka e colaboradores
descreveram que o RSVT induziu a apoptose na populacdo de células tumorais de leucemia
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cronica linfoide mas ndo teve o mesmo efeito em células normais, células sanguineas
periféricas e medula dssea, demonstrando a seletividade deste PN por células tumorais
(PODHORECKA et al., 2011). Por sua vez, anteriormente nosso grupo demonstrou que o
[10]-gingerol possui um ICsg de 12,1 £0,3uM na linhagem tumoral MDA-MB-231 e n&o foi 0
possivel o célculo do ICso na linhagem normal (fibroblastos humanos) ja que a concentracdo
inicial que estas células comecaram a ter algum efeito de morte foi em 500uM (SILVA et al.,
2012).

No presente trabalho, verificou-se que o [10]-gingerol inibiu a adesdo aos diferentes
compontes da MEC somente nas maiores concentragdes, indicando que ndo houve uma
seletividade deste produto natural por nenhum dos compostos da MEC testados.
Curiosamente, os efeitos inibitorios do [10]-gingerol ocorreram somente em concentracfes
mais altas quando comparadas ao trabalho de Lee e colaboradores (LEE et al., 2008) no qual,
para a linhagem MDA-MB-231, o [6]-gingerol inibiu a adesdo em 16% com relagdo ao
controle na concentracdo de 10uM. As discrepancias entre os resultados por nés obtidos para
0 [10]-gingerol, em relacdo aos resultados descritos pela literatura para o [6]-gingerol podem
ser devidas ao fato de que durante o ensaio de adesao celular, possivelmente, ndo houve real
inibicdo da adeséo pelo produto natural em si, mas sim, indugdo da morte celular; além disso,
as linhagens foram adquiridas de diferentes fontes pode influenciar os resultados dos testes.

Quanto ao outro produto natural testado, 0 RSVT, foi descrito na literatura por inibir a
adesdo de ceélulas endoteliais GM7373 a vitronectina sem afetar a adesdo a fibronectina e a
laminina (BELLERI et al., 2008), sugerindo seletividade por receptores de vitronectina, tais
como a integrina avp3. Contrariamente, Lee e colaboradores (2012) (SOOK; HA; KIM, 2012)
descreveram que o RSVT inibiu a adesdo a fibronectina na linhagem tumoral de mama 4T1.
Considerando o resultado do presente trabalho, foi observado que o RSVT apresentou
seletividade para vitronectina nas linhagens tumorais de mama analisadas, indicando
novamente que ha uma diferenca de interacdo destes produtos naturais com os diferentes
componentes da MEC, ou seja, hd um comportamento linhagem-dependente.

Devido aos resultados obtidos nos ensaios de adesdo, onde as células entravam em
processo de morte celular prejudicando a interpretagdo dos dados, foi realizado um ensaio de
citotoxicidade e avaliacdo morfoldgica nas condi¢cbes dos ensaios in vitro, para assim
estabelecer as concentragdes que poderiam ter alguma atividade nos ensaios sem induzir
alguma morte celular. Neste ensaio de toxicidade, foi verificado que o [10]-gingerol induziu
caracteristicas apoptoticas nas duas linhagens testadas, murina e humana, como desadesao,

encolhimento celular e formacdo de vesiculas nas concentracbes de 100 e 500uM
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prontamente em 40min de incubacdo. Este efeito foi mais evidente nas células de
camundongo j& que seu ICso tem um valor duas vezes menor que para a linhagem tumoral
humana. Para o0 RSVT, verificou-se que este possui um efeito na morte celular somente na
maior concentracdo testada em 24h, evidenciando pelo menor nimero de células na placa. Em
intervalos de tempos mais curtos, 0 RSVT provocou mais mudangas morfoldgicas, tais como
0 aumento das protrusdes celulares nas duas linhagens tumorais, sobretudo na linhagem
humana, MDA-MB-213 BrM. Chakraborty e colaboradores, observaram que o [6]-gingerol
induziu mudangas morfologicas caracteristicas da apoptose na concentracdo de 400uM
conforme o aumento do tempo de incubacdo (1 a 8h) na linhagem HelLa, carcinoma cervical
humano (CHAKRABORTY et al., 2012). Radhakrishnan e colaboradores demonstraram que
na linhagem SW-480 de cancer de co6lon o [6]-gingerol também induziu alteracbes
morfoldgicas, como formacdo de vesiculas, nas concentraces de 50, 100 e 200uM com um
tempo de incubacéo de 72h (RADHAKRISHNAN et al., 2014). Assim, os resultados obtidos
nesse trabalho e na literatura indicam que estes produtos naturais, principalmente os gingerois
atuam nas células tumorais via inducdo da morte celular.

Para o restante dos experimentos decidiu-se usar somente a linhagem 4T1Br4 para
posterior uso em experimentos in vivo. O ensaio de migragdo haptotatica com o [10]-gingerol
e 0 RSVT foi realizado para verificar se estes PNs possuem algum tipo de especificidade a
receptores de adesdo usando concentragfes ndo toxicas as células. Com isso, foi verificado
que o [10]-gingerol ndo inibiu a migracdo a vitronectina e a laminina-511 em nenhuma das
concentracdes testadas. Em contrapartida, o0 RSVT apresentou novamente uma seletividade
para vitronectina, e portanto, para seu receptor classico a integrina avp3. O [10]-gingerol
também ndo foi capaz de inibir a migracdo quimiotéatica ao FBS. Esperava-se que 0 RVST
inibiria a migracdo ao FBS, porém, isso ndo ocorreu, provavelmente devido as concentracdes
utilizadas serem menores do que as usadas anteriormente nos ensaios de adesdo celular e até
mesmo no ensaio de migracdo haptotatica. O [6]-gingerol foi descrito por inibir a migracdo
das células MDA-MB-231 ao FBS nas concentragdes de 2,5-10uM e inibir a migracdo através
do ensaio de wound healing nas mesmas concentragdes (LEE et al., 2008). Entretanto, outros
autores relataram que ndo obtiveram inibigdo da migracdo pelo [6]-gingerol em células
endoteliais HUVEC (KIM et al., 2005) e em células células hepatocarcinoma (WENG et al.,
2010).

Os produtos naturais sdo conhecidos radiosensibilizadores por aumentarem o efeito da
radiacdo quando células tumorais sdo tratadas em conjunto com radiacdo (NAMBIAR;

RAJAMANI; SINGH, 2011). Neste trabalho foi verificado que o [10]-gingerol reduziu o
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tamanho das coldnias formadas no ensaio clonogénico, mas nao alterou o nimero de colénias,
0 que caracteriza um efeito citostatico e ndo citotdxico. Entretanto, quando as células foram
tratadas com radiacao, deram origem a col6nias menores e em menor numero, tendo ocorrido
entdo um efeito citostatico e citotoxico nestas condicdes, evidenciando a acdo radio-
sensibilizadora do [10]-gingerol. Liu e colaboradores mostraram que o extrato do gengibre
com a radiacdo aumentou o efeito antiproliferativo em células de cancer endometrial (LIU et
al., 2012). Entretanto, em células HepG2 quando prétratadas com [6]-gingerol por apenas 1h
(5uM) e depois sujeitas a radiacdo, o PN promoveu uma protecdo as células, aumentando a
porcentagem de células vidveis, sugerindo um efeito protetor contra toxicidade por radiacdo
(CHUNG; UDDIN; KIM, 2013). Estes resultados indicam que esse efeito é tempo-
dependente para o [10]-gingerol. Neste trabalho, 0 RSVT reduziu o tamanho e nimero de
colbnias tanto na presenca quanto na auséncia da radiacdo, comprovando seu efeito radio-
sensibilizador, citotdxico e citostatico. O RSVT foi descrito por Fang e colaboradores por
potencializar o efeito da radiacdo em células de cancer de prostata, PC3, reduzindo o nimero
de col6nias de forma concentragcdo-dependente (FANG; DEMARCO; NICHOLL, 2012).

A partir dos resultados acima e da literatura relacionada ao [10]-gingerol iniciaram-se
experimentos para avaliar a atuacdo desta molécula na morte celular, e por quais vias seria
efetuado seu mecanismo de acao (paradas no ciclo celular, inducéo apoptose etc). Para tanto,
um primeiro experimento realizado visou avaliar a condensacdo nuclear através da marcacao
dos nucleos com DAPI. Neste experimento foi verificado que houve um aumento da
condensacdo da cromatina de forma concentracdo-dependente quando as células 4T1Br4
foram tratadas com [10]-gingerol. Corroborando com estes resultados, dados da literatura
demonstraram que 0 mesmo ocorreu quando células HepG2 foram tratadas com [6]-gingerol
nas concentracdes de 50 a 200uM, por 24h (YANG et al., 2012a). Ainda, um trabalho recente
demonstrou que o [10]-gingerol induziu a formacdo de corpos apoptoticos, encolhimento
celular e condensacéo na cromatina de celulas de cancer de célon HCT116 (RYU; CHUNG,
2014).

A fim de confirmar a hipotese de que o [10]-gingerol atua predominantemente via
mecanismo de morte celular foi realizado um ensaio TUNEL, que verifica a fragmentacéo de
DNA, e portanto, apoptose. Neste experimento o [10]-gingerol induziu a morte celular nas
concentracdes de 10 e 50uM apds 18h de incubacdo. No trabalho de Chakraborty, o [6]-
gingerol induziu apoptose pelo ensaio de TUNEL nas células HeLa de forma dependente de
concentracdo (CHAKRABORTY et al., 2012). O mesmo foi encontrado em células HepG2,
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nas quais o [6]-gingerol promoveu a apoptose nas concentragdes de 50, 100 e 200uM (YANG
et al., 2012a). Estes estudos corroboram com os dados deste trabalho.

Diversos produtos naturais foram descritos como indutores de paradas no ciclo celular
de células tumorais, principalmente por interferir na formacéo de microtabulos, degradacéo de
DNA, alterar a expressdo das ciclinas, entre outros (CRAGG; NEWMAN, 2005). O [10]-
gingerol induziu a parada do ciclo nas células 4T1Br4 na fase GO/G1 no tempo de 8h e
posteriormente induziu a parada na fase sub GO apds 24h de incubacdo. O surgimento do pico
sub GO é um indicador de apoptose (SHUKLA et al., 2007). Um trabalho recente também
demostrou que o [10]-gingerol nas concentragdes de 10-50pM aumentou a populacéo sub G1
de células HCT116 de céncer de colon ap6s 24h de incubacdo, caracteristico de células que
estdo sofrendo apoptose (RYU; CHUNG, 2014).

Para a confirmacdo da inducéo da apoptose pelo [10]-gingerol verificou-se a atividade
das caspases-3 e -7. Neste ensaio foi observado que o [10]-gingerol reduz atividade destas
caspases no tempo de 8h, porém, no tempo de 18h h& um aumento da atividade das mesmas,
sugerindo que em tempos menores o [10]-gingerol ndo seria capaz de induzir a morte celular
pela via dependente de caspases e que esta resposta ¢ dependente de tempo. No trabalho de
Ishiguro e colaboradores, o [6]-gingerol (50ug/mL) sO ativou as caspases-3 € -7 nas células
HGC (células gastricas tumorais) quando induzidas com TRAIL no tempo de 6h (ISHIGURO
et al., 2007). Ja em células de carcinoma colorretal (COLO 205), o 6-shogaol ativou as
caspases-3, -8 e -9 de forma concentracdo-dependente ap6s 12h de tratamento, ativando as
vias intrinsecas e extrinsecas da apoptose (PAN et al., 2008).

A apoptose pode ser desencadeada por duas diferentes vias, a intrinseca e a extrinseca
(FULDA, 2014a, 2014b). Para verificar qual a via ativada pelo [10]-gingerol, foi realizada a
analise da expressdo de genes associados a apoptose. Os resultados obtidos sugerem que o
[10]-gingerol atua na apoptose via intrinseca pelo aumento da caspase-9, reducdo de Bcl-2 e
aumento de Bax. N&o foi encontrado na literatura trabalhos que demonstram os efeitos do
[10]-gingerol na expressdo de genes relacionados a apoptose e poucos trabalhos demostraram
a alteracdo da expressdo génica pelo [6]-gingerol através do uso da técnica de PCR. Somente
o trabalho de Chakraborty e colaboradores, utilizou a técnica de RT-PCR (Reverse
transcription-PCR) e observou que o [6]-gingerol aumentou a expressdo génica de Bax e
citocromo ¢, e diminuiu a expressao de Bcl-2, comprovando suas propriedades apoptdticas
(CHAKRABORTY et al.,, 2012). Utilizando a mesma técnica, Nigam e colaboradores

verificaram que 48h de tratamento com o [6]-gingerol, diminuiu a expressdo de Bcl-2 e
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aumentou a expressdo de Bax, caspase-3 e 9, enfatizando o provavel efeito desses gingerois
na via apoptotica intrinseca (NIGAM et al., 2009).

Sabendo-se da atividade antitumoral do [10]-gingerol in vitro via apoptose, inibicdo da
proliferacdo celular e parada no ciclo celular da linhagem 4T1Br4, neste trabalho foi
verificado o resultado da combinacdo destes efeitos in vivo em modelos espontaneos e
experimentais metastaticos de cancer de mama. Inicialmente, foi observado o efeito deste
produto natural no modelo espontdneo de metastase e no crescimento do tumor primario.
Neste modelo, foi verificado que o [10]-gingerol (5mg/kg) inibiu o crescimento do tumor
primario, reduziu o tamanho dos bacos (indicativo de células tumorais circulantes) e inibiu a
formacdo de metastases pulmonares de forma significativa. Em um modelo semelhante, mas
com resseccdo do tumor primario, o qual visava analisar se 0 PN teria uma atividade
antimetastatica, sem atuar no tumor primario, foi verificado que o [10]-gingerol (10mg/kg)
inibiu a formagdo de metéstases pulmonares, dsseas e até mesmo de metastases cerebrais.
Além disso, este PN mostrou ter baixa toxicidade pois 0s animais tratados mantiveram
condicdo fisica geral igual ou superior aos animais ndo tratados, tanto em relacdo ao
comportamento, quanto a massa corpérea. Este trabalho é inédito ao utilizar o [10]-gingerol
em modelos de formacdo de metéstase in vivo, porém mais analises devem ser realizadas para
confirmar seus efeitos antitumorais e sua baixa toxicidade. Singh e colaboradores, utilizaram
0 mesmo modelo com células da linhagem 4T1 no tecido adiposo da quarta mama e
posteriormente trataram 0s animais com a curcumina. Neste experimento, 0s autores
observaram que o tratamento oral com curcumina (50mg/animal +0,48mg 6leo de pimenta
preta) inibiu o crescimento do tumor primario e também do ndmero de metéstases nos
animais, resultando portanto, em efeitos similares ao [10]-gingerol utilizado neste trabalho
(SINGH et al., 2013).

Estes resultados indicam a atividade do [10]-gingerol na inibicdo do crescimento do
tumor primario, nas fases inicias do processo metastatico, que vdo desde a degradacdo da
matriz extracelular ao intravasamento, bem como os processos mais tardios necessarios para o
estabelecimento e formacgdo de metéstases clinicamente detectveis a partir de células
tumorais que atingiram a circulagéo sanguinea.

A fim de confirmar e esclarecer o papel do [10]-gingerol na inibicdo de metastases, foi
realizado um modelo de metastase experimental em que as células 4T1Br4 foram injetadas no
ventriculo esquerdo do coragdo dos animais. Neste experimento o tratamento com o [10]-
gingerol inibiu a formacdo de metastases 0sseas, reafirmando seu potencial uso como agente

antimetastatico. E interessante salientar que o tipo de abordagem dos modelos de metastase
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experimental avaliam apenas 0s processos mais tardios da cascata metastatica, e sendo assim,
através da combinacdo dos resultados obtidos nos experimentos de modelo de metastase
espontanea e modelo de metastase experimental, pode-se sugerir que o [10]-gingerol atua
tanto inibindo o crescimento do tumor primario, bem como ao longo de todo 0 processo
metastatico.

Estudos verificaram que o [6]-gingerol possui atividade antimetastatica. No trabalho
de Kim e colaboradores, células da linhagem B16F10 foram injetadas na veia caudal de
camundongos C57BL/6, que foram posteriormente tratados com [6]-gingerol a cada dois dias
(5mg/Kg - IP), resultando em inibicéo significativa na formacéo de col6nias metastaticas no
pulmao desses animais (KIM et al., 2005). Em um modelo semelhante, células da linhagem
4T1 foram injetadas na veia caudal de camundongos Balb/c que foram tratados oralmente
com 200mg/kg de resveratrol (diariamente) diluido em etanol, os autores verificaram que o
tratamento com o RSVT reduziu significativamente o nimero de coldnias nos pulmdes
(SOOK; HA; KIM, 2012). A somatoria destes resultados indica o grande potencial do uso de
produtos naturais como agentes antitumorais e antimetastaticos no combate ao cancer.

Por outro lado, neste trabalho foi observado que o pré-tratamento de animais com o
[10]-gingerol que foram posteriormente injetados com células tumorais no modelo
experimental de metastase com injecdo intracardiaca, prosseguindo o tratamento com o PN,
ndo promoveu a inibicdo da formacao de metastases pulmonares, 6ssea e cerebrais.

Diante dos resultados obtidos neste trabalho pode-se concluir que os produtos naturais
analisados, sejam provenientes do gengibre e de outras fontes naturais, como a uva, podem ter
grande utilidade na busca por moléculas com potencial antimetastatico e com baixos efeitos
colaterais ao hospedeiro. Deve-se enfatizar que estes compostos sao utilizados ha milhares de
anos e com grande efetividade na cultura popular. Isto € um indicio de que determinados
produtos naturais tém potencial medicinal, o que é confirmado pelo fato de que, dentre 0s
medicamentos no mercado entre os anos de 1981 e 2008, 63% s&o relacionados a produtos
naturais (MARTIN-CORDERO et al., 2012b). Mais estudos para a compreensdo de como 0
[10]-gingerol atua a nivel molecular na inibi¢cdo de metastases devem ser realizados para uma
futura aplicagdo clinica. ModificagcBes na estrutura das moléculas estudadas bem como a
combinacdo com nanoparticulas também séo estratégias que merecem ser avaliadas de forma

a vislumbrar futuras aplicagdes na clinica.
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7 CONCLUSOES

Neste projeto, verificamos que:

v" 0 [10]-gingerol e 0 RSVT possuem efeitos antiproliferativos sobre diferentes

linhagens tumorais de mama;

v" 0 [10]-gingerol induz a apoptose;

v 0 [10]-gingerol e 0 RSVT apresentam efeitos de radiosensibilizacéo;

v 0 [10]-gingerol inibe o crescimento do tumor primario e de suas metastases em

modelos de metastase espontaneos e experimentais.

Portanto, o [10]-gingerol apresenta-se como um promissor agente terapéutico para o
cancer de mama. Faz-se necessario a realizacdo de outros estudos para verificar quais vias e
mecanismos de acdo estdo envolvidos na atuacdo do [10]-gingerol como um agente
antitumoral e antimetastatico, além de verificar a baixa toxicidade do mesmo. O resumo

desses efeitos estd apresentado na figura a seguir:
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Figura 50 — Resumo da atuacgéo do [10]-gingerol in vitro e in vivo.
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O [10]-gingerol induziu a expressdo génica de Bax, caspases-9/3/7, reduziu a expressdo de Bcl-2, induziu a
apoptose via diferentes ensaios in vitro, induziu a parada do ciclo celular nas fases G0/G1 e sub G1. Além disso,
0 PN inibiu o crescimento do tumor primario e a formacdo de metastases dsseas, pulmonares e cerebrais em

modelos de metastase experimentais e espontaneos in vivo.
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8 PERSPECTIVAS FUTURAS

Em vista dos resultados obtidos neste projeto, outras anélises podem ser realizadas
para um melhor entendimento dos mecanismos de acdo do [10]-gingerol na inibicdo tumoral e
metastatica. Como:
e Expressdo de proteinas relacionadas a apoptose como a survivina, citocromo c,
PARP, caspases-3/6/7/8/9, ciclinas, Bcl-2, Bad, Bax para definitivamente
comprovar a atuagdo do [10]-gingerol através da via intrinseca da apoptose;

e Fragmentacdo de DNA, apoptose (por citometria de fluxo com uso de anexina V e

PI) e expressdo de MMPs;

e Experimentos in vivo, com uso oral do [10]-gingerol em modelos singénicos
ortotépicos e também em modelos xenograficos, para uma observacdo mais ampla

de sua atuacdo em modelos distintos;
e Alteracédo da estrutura molecular do [10]-gingerol, por exemplo, formulagcdo com

nanoparticulas ou inser¢do de ligantes que possam aumentar sua captacdo pelas

células tumorais;
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Recombinant disintegrin domain of human
ADAMO inhibits migration and invasion of DU145
prostate tumor cells
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One of the most important features of malignant cells is their capacity to invade adjacent tissues and metastasize to
distant organs. This process involves the creation, by tumor and stroma cells, of a specific microenvironment, suitable
for proliferation, migration and invasion of tumor cells. The ADAM family of proteins has been involved in these
processes. This work aimed to investigate the role of the recombinant disintegrin domain of the human ADAM9
(rADAMO9D) on the adhesive and mobility properties of DU145 prostate tumor cells. rADAM9D was able to support
DU145 cell adhesion, inhibit the migration of DU145 cells, as well as the invasion of this cell line through matrigel
in vitro. Overall this work demonstrates that rADAM9D induces specific cellular migratory properties when compared
with different constructs having additional domains, specially those of metalloproteinase and cysteine-rich domains.
Furthermore, we showed that rADAM9D was able to inhibit cell adhesion, migration and invasion mainly through
interacting with a6B1 in DU145 tumor cell line. These results may contribute to the development of new therapeutic

strategies for prostate cancer.

Introduction

Prostate cancer is the second leading cause of death by cancer in
men. It has become the most common cancer in men in the Western
world, with approximately 40,000 new cases yearly in the UK. In
Europe and North America, more than 500,000 cases are diagnosed
per year. The disease incidence varies worldwide, being more com-
mon in Western countries compared to East Asian and developing
countries. The disease incidence has increased in the past 2 decades,
probably due the improvements in early detection and/or treatment,
and also an increased public awareness.'" Because of the high pros-
tate cancer incidence, the development of new therapeutic tools
should be created to combat this disease.

The ADAM (A Disintegrin And Metalloproteinase) family of
proteins comprises a group of multifunctional proteins that play
important roles in many biological processes, such as cell fusion,
cell adhesion, proteolysis, and in some diseases as well, including
cancer.”” These type I transmembrane proteins are characterized
by the presence of a prodomain, an N-terminal metallopeptidase
domain, a disintegrin domain, a cysteine-rich domain, an EGF-
like domain, a transmembrane region, and a cytoplasmic tail
with signaling properties.”

Among the 30 described members of the ADAM family,
ADAMO or Meltrin-y, is a widely expressed, non-RGD-containing

*Correspondence to: Marcia Regina Cominetti; Email: mcominetti@ufscar.br
Submitted: 09/02/2014; Revised: 10/24/2014; Accepted: 11/24/2014
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protein that has been shown to bind to the a6p1 integrin on fibro-
blasts,” avB5 on myeloma cells® as well as osteoblasts.” Further-
more, the disintegrin domain of ADAM9 was demonstrated to
bind directly to «6B4 and o231 integrins on the surface of colon
carcinoma cells.® After binding to these integrins, the disintegrin
domain of ADAMY is able to promote different cell signaling
responses, such as an increase in IL-6 production via the
p38MAPK and cPLA2 pathways.” Recombinant disintegrin
domain of ADAM9 (rADAMI9D) was demonstrated to bind to
MDA-MB-231 tumor breast cells through B1, a3, avB3, avB5
and a2 integrins and also to inhibit the adhesion of this cell line
and platelets to collagen type I under dynamic flow conditions.’

The adhesive properties of the different ADAMs domains are
still a matter of controversy. Whereas some works attribute adhe-
sive properties to the disintegrin domain,”” others indicate the
cysteine-rich domain as having adhesive functions.'® "' Recent
data from different model systems suggest that ADAMO is
involved in tumor formation/progression. In many types of
human cancers ADAMDY, as well as other specific ADAMs, are
up-regulated.'*"®

In the present work we demonstrated the pro- and anti-adhe-
sive properties of the rADAMID on DUI145 prostate cancer
cells. rADAMOID was able to promote adhesion of DU145 cells,

therefore acting as an adhesion molecule, similarly to other

Cell Adhesion & Migration 1
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molecules such as collagens, laminin and fibronectin. Further-
more, rADAMOID inhibited the adhesion of DU145 cells to lam-
inin-coated wells, but not to collagen type I. The adhesion of
rADAMID to DU145 cells can occur through B1, a6, avB5
and avP3, since the incubation with anti-integrin blocker anti-
bodies directed against these integrins, inhibited cell adhesion to
rADAMID. rADAMI9D was also able to inhibit DU145 cell
migration and invasion through matrigel. Overall, this study may
contribute to the development of new therapeutic strategies for
prostate cancer.

Results

rADAMYD promotes DU145 cell adhesion

rtADAMOID was able to promote adhesion of DU145 cell line,
similarly to different extracellular matrix proteins (collagen type I
and IV, laminin and fibronectin), therefore supporting cell adhe-
sion as an extracellular matrix protein, probably by interacting
with DU145 integrins. There was no difference among quantities
(5, 10 or 50 pg) of rADAMY plated on the wells to promote the
adhesion of DU145 cells (Fig. 1).

ADAMID interacts with DU145 prostate tumor cells
through B1, 6, avB5 and av3

Since rADAMID supported DU145 cell adhesion we verified
which integrins in this prostate cancer cell line would be specific
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Figure 1. rADAM9D promotes DU145 cell adhesion. Collagen type |
(Col.l), collagen type IV (Col.IV), laminin, fibronectin (10 p.g) (positive con-
trols) or different quantities of ADAM9D (5, 10 and 50.g) were immobi-
lized in the wells of a 96-well plate in adhesion buffer at 4°C. After
blocking with 1% BSA (negative control), CMFDA-labeled DU145 cells (1
x 10° cells/well) were seeded in the wells. The plates were incubated at
37 °C for 30 min, washed, lysed and read for the release of fluorescence.
BSA was used as negative control for cell adhesion. The results were
obtained from 3 independent experiments in triplicate. The means that
are significantly different from those of cells growing on collagen using
ANOVA followed by post hoc Dunnett’s test were shown by *(P < 0.001).
The results were normalized by the collagen type | values in each experi-
ment. The error bars show the SE of three samples with less deviation
from the mean.
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for this disintegrin. For that, we incubated DU145 cells with dif-
ferent anti-integrin blocking antibodies before plate on an
rADAMID (10 ng) coating. The antibodies against B1, a6,
avP5 and avP3, inhibited DU145 cell adhesion to rADAM9D
(Fig. 2A), confirming that this recombinant protein could bind
to these integrins on the surface of DU145 cells. On the other
hand, antibodies against a2 and o4 integrins chains did not
inhibit the adhesion of DU145 cells to rADAMID (Fig. 2A). To
confirm this result, ”ADAMOID (1 wM) was previously incubated
with DU145 cells and the mixture was then incubated with anti-
integrin antibodies. Subsequently, cells were analyzed by flow
cytometry (Fig. 2B) and the results obtained confirmed that
rADAMOD inhibits the binding of anti-B1, anti-a6, anti-av35
and anti-avP3 antibodies to DU145 cells, probably because
rADAMOID binds to these integrins on these cell line, preventing
previous binding of cited antibodies. The inhibition of anti-a6
antibody promoted by tADAMI9D was lower compared to the
other antibodies using cytometry analysis (Fig. 2B). rADAM9D
did not promote inhibition of the binding of anti-a2 and o-4
antibodies to DU145 cells. Integrin profile in DU145 cell line
was measured by flow cytometry, using the antibodies mentioned
above. This cell line presented higher levels of a2 and 1, moder-
ate levels of a6, avP3 and avB5, and low levels of a4 integrin
subunit (Fig. 2C).

rADAMOID inhibits the adhesion of DU145 cells to laminin
but not to collagen type I

Since rADAMID seemed to bind specifically a6B1 integrin
on DUI145 prostate cancer cell line, we further investigate
whether this rADAM9 domain would inhibit tumor cell adhe-
sion to laminin, a known a6B1 integrin ligand. Therefore, we
tested the capacity of rADAMID to inhibit the adhesion of
DU145 cells to laminin and collagen type I, which has no speci-
ficity for a6P1 integrin. For that, DU145 cells were previously
incubated with different rADAM9D concentrations and then
plated on laminin or collagen type I-coated wells. Results indicate
that incubation of rADAM9D with DU145 cells inhibited their
adhesion to laminin (Fig. 3A) but not to collagen type I-coated
wells (Fig. 3B). In other words, the blocking of receptors on
DU145 cells promoted by rADAMID was specific to inhibit the
adhesion of this cell line to laminin but not to collagen type 1.
rADAMOID at concentrations of 2000nM were also tested for the
inhibition of DU145 cells to collagen type I, but there was no
inhibition (data not shown).

rADAMID inhibits invasion and migration of DU145 cells

rADAMOID was tested to its ability to inhibit DU145 cell
invasion and migration. rADAMO9D, at concentrations ranging
from 100 to 1000 nM, was able to significantly inhibit DU145
cell invasion (Fig. 4). In a wound healing migration assay,
rADAMOID significantly inhibited DU145 cell migration at 100,
500, 1000 and 2000nM (Fig. 5A and B). The effects were more
striking after 24 hours of wound repopulation.
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of integrin B1, along with al, a2,

a3, a5 and a6 integrin subunits.***’
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In this work, we have demonstrated
that DU145 tumor cell line contains
high amounts of «2B1, moderate
amounts of avB5 and a6 and low
quantities of av33 and a4 integrins.

Additionally, we showed that the
recombinant disintegrin domain of
ADAM9 (rADAM9D) was able to
inhibit the adhesion of DU145 pros-
tate cancer cells to laminin, mainly
by binding to a6B1 integrin receptor,
therefore rADAM9D may act at the
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beginning of metastatic cascade, dis-
rupting the binding of prostate cells
to the ECM laminin component.
Furthermore, rADAM9D was able to
inhibit DU145 cell invasion and
migration of this tumor cell line.

It was demonstrated in the litera-
ture that ADAM9 transcripts are

alternatively spliced to express a

transmembrane protein (ADAM9-L)

Figure 2. rADAMOD binds to DU145 through B1, a6, avB5 and av@3 integrins as demonstrated by an
antibody competition assay (A) and by flow cytometry analysis (B). The integrin content of DU145
cell line was assessed by flow cytometry (C). (A) For antibody competition assay CMFDA-labeled cells
were incubated with different anti-integrin antibodies (81, a6, avB5, avB3, a2 and a4, at 10 pg/ml)
and IgG control (10 pg/ml) before being plated on rADAM9D-coated (10 pg) wells. DU145 directly
plated on rADAM9D or IgG-coated wells, without previous incubation with any antibody was used
as positive control and BSA was used as negative control. (B) The integrin content of DU145 cells
was determined by flow cytometry. Cells (1 x 10°) were incubated for 40 min at 4°C with the spe-
cific antibodies cited earlier or control IgG. Cells were washed and incubated with secondary anti-
body labeled with FITC, at same conditions described before, washed and fixed with FACs buffer
contaning 1% phormaldehyde overnight at 4°C. C. To verify the interaction with integrins, rADAM9D
(1 M) was previously incubated (30 min at room temperature) with DU145 cells, before the addition
of antibodies. Cells were analyzed in FACSCanto. The results were obtained from 3 independent
experiments in triplicate. The error bars show the SE of three samples with less deviation from the
mean. The means that are significantly different from rADAM9D and IgG-coated wells using ANOVA

and a secreted variant (ADAM9-S)
with opposite functions in breast
cancer cells and that the balance
between these isoforms is an impor-
tant determinant in manifestation of
aggressive migratory phenotypes asso-
ciated with breast cancer progression.
According to the authors, ADAM9-S
is an enhancer, whereas ADAMO9-L is
a suppressor of cell migration.”
Mazzocca and colleagues® have dem-
onstrated the presence of these alter-

followed of post hoc Dunnett’s test were shown by *(P < 0.001).

natively spliced variants of ADAMY.

Discussion

The progression of malignant tumors results from invasion of
the primary tumor to a secondary site, causing metastasis in a
multi-step process. These steps can be summarized as follows:
cell detachment from the primary tumor, migration and invasion
into the ECM, intravasation into a blood or lymphatic vessel,
survival within the vasculature, adherence of these tumor cells in
the endothelium, extravasation, and formation of secondary
tumors.'”?! Therefore, metastasis necessitates disruption of cel-
lular interactions with the tumor microenvironment, increased
migratory and invasion capacity and the ability to overcome the
pro-apoptotic signals provided by diminished intercellular and
cell-ECM interactions mainly through integrin receptors.”

Several members of the integrin family, including a1f1,
a2B1, a3B1, a6B1, a7B1 and a6PB4 heterodimers serve as lami-
nin receptors on a variety of normal and tumor cell types23 and
DU145 prostate cell line was reported to have abundant content
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In hepatic stellate cells, it was dem-
onstrated that ADAM9-S induced a highly invasive phenotype
and promotes tumor cell invasion. Moreover, they demonstrated
that ADAMO-S binds directly to a6B4 and a2f1 integrins on
the surface of colon carcinoma cells through the disintegrin
domain.® Our results are not in accordance with these data since
we have demonstrated that rADAMID is an inhibitor of inva-
sion and migration in prostate tumor cells. ADAMY-S is a con-
struct composed by a signal sequence, a prodomain, a
metalloproteinase domain and by disintegrin and cysteine-rich
domains. In our work, however, only the disintegrin domain of
ADAMY9 was recombinantly produced in a bacterial system and
this difference in protein structure may explain the differential
biological activities of both molecules. Additionally, it is impor-
tant to point out that the adhesion properties of the isolated
rADAMOID domain are not sufficient to explain the molecular
interactions and functional significance of the entire protein in a
cellular and in vivo system. Moreover, the native disintegrin
domain of ADAMY9 has a N-glycosylation site,”” which
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A B undoubtedly influences its adhesion
properties. In this work, however,
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Figure 3. rADAMOD inhibits the adhesion of DU145 to laminin but not to collagen type I. Ninety six-well
plates were coated with laminin (A) or collagen type | (B) (10 n.g/well) in adhesion buffer or 0.1% acetic
acid, respectively, overnight at 4°C. After blocking with 1% BSA, CMFDA-labeled cells (1 x 10° cells/well)
were incubated with different concentrations (100, 500, 1000nM) of rADAM9D and seeded in the wells.
The plates were incubated at 37°C for additional 30 min. After washing, remaining cells were lysed, and
the plate was read for the release of fluorescence. The results were obtained from 3 independent experi-
ments and in triplicate. The results for rADAM9D were normalized by the collagen or laminin values in
each experiment. The error bars show the SE of three samples with less deviation from the mean. The
means for all rADAM9 concentrations were significantly different from the laminin using ANOVA fol-

lowed by post hoc Dunnett’s test: *(P < 0.05), **(P < 0.01) and ***(P < 0.001).

binding and a Hyper-Variable Region
(HVR) of the cysteine-rich domain
may instead be involved in substrate
interaction. Therefore, alone the dis-
integrin domain may only contribute,
when in native conformation, but
not mediate cell adhesion in physio-
logical conditions.

On the other hand, Zigrino and
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Figure 4. rADAM9D inhibits the invasion of DU145 cells through
matrigel. DU145 cells (1.25 x 10° cells/ml) were seeded on the inserts
(12 well-plate) of the invasion chamber in the presence or absence of
rADAMOD (1 uM). Complete medium was used as a chemoattractant
at the lower chamber. Plates were incubated for 22 h at 37°C and 5%
CO,. Non-invading cells were removed with a cotton swab from the
upper surface of the membrane and invading cells were fixed and 10
random fields from microscope slides were photographed and cells
were counted using Image J software. Positive control (+ control)
was made in the presence of chemoattractant (10% FBS) at the lower
chamber and negative control (— control) was FBS free medium at
the lower chamber. The results were obtained from 3 independent
experiments in triplicate. The error bars show the SE of three samples
with less deviation from the mean. The means that are significantly
different from the positive control using ANOVA followed by post hoc
Dunnett’s test: *(P < 0.001).
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coworkers'® prepared a construct

only with disintegrin and cysteine-
rich domains of ADAMY and reported that this protein functions
as a cell adhesion molecule. These authors also demonstrated that
the recombinant ADAM?9 disintegrin-cysteine-rich domains spe-
cifically interact with the B1 integrin subunit on keratinocytes.
However, engagement of integrin receptors by the ADAMY dis-
integrin-cysteine-rich domains resulted in ERK phosphorylation
and increased MMP9 synthesis. Additionally, keratinocytes
adhering to the immobilized disintegrin and cysteine-rich
domains showed increased motility, which was partially due to
the induction of MMP9 secretion in this cell line.'® In our work,
instead, rADAMOID inhibited DU145 cell migration and inva-
sion, again demonstrating the influence of different protein con-
structs on its functional activity.

This is the first time that the effects of a recombinant domain
of an human ADAM are demonstrated on adhesion, migration
and invasion of prostate tumor cells. Taken together, our results
demonstrate that recombinant ADAMID has specific migratory
properties when compared with different constructs having addi-
tional domains, specially those of metalloproteinase and cyste-
ine-rich domains. Furthermore, we showed that rADAMID was
able to inhibit cell adhesion, migration and invasion mainly
through interacting with o681 in DU145 tumor cell line.

Conclusion

The potential of the rADAMOID as an anti-adhesive molecule
can be explored as tool to combat metastasis and cancer progres-
sion and for the design of selective inhibitors against the adhesion
and extravasation of cancer cells. Other studies, using animal
models, should be conducted to confirm this hypothesis.
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For flow cytometry and compe-
tition assays the monoclonal
blockers antibodies used against
human o2 (MAB 1233), o6
(MAB13501), Bl (MAB17781)
and avB5 (MAB2528) integrins,
were obtained from R&D Systems
(R&D Systems Inc.., Minneapolis,
MN, USA). Antbodies against
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Figure 5. rADAM9D inhibits the migration of DU145 cells in a wound healing assay. (A) Cells (1 x 10°
cells/ml) were plated in 24-wells plates and incubated properly until the culture reached 100% of con-
fluence. Afterwards, a straight scratch was made with a pipette tip and cells were washed with culture
medium to remove unbound cells and debris. Cells were incubated with ADAM9D (100, 500, 1000 and
2000 nM) for 24 h and 48 h. Only pictures from rADAMD9 500 and 2000 nM are represented. Central
field was photographed at Oh, 24 h and 48 h (when cells close the scratch completely). (B) Closure
area of migrating cells was measure using ImageJ software, and it was calculated the percentage of
wound closure, comparing time zero and 24 hour. Results are expressed as percent of wound closure
relative to control (untreated) cells. The results were obtained from 3 independent experiments in trip-
licate. The error bars show the SE of three samples with less deviation from the mean. The means that
are significantly different from the control using ANOVA followed by post hoc Dunnett's test: *(P <

the a4 integrin subunit (I6528)
were from Sigma-Aldrich. Control
IgG was from Dako. Secondary
antibody goat anti-mouse IgG-
FITC (Fluorescein isothiocyanate,
sc-2010), used for flow cytometry,
were purchased from Santa Cruz
Biotechnology.

Cell line and culture

Material and Methods

Recombinant ADAMY disintegrin domain (rADAM9D)

Expression and purification of the recombinant disintegrin
domain of ADAMY9 (rADAMYD) was performed as previously
described.” Briefly, total RNA from a VMM]12 human mela-
noma cell line was reverse transcribed and resulting cDNA was
used for amplification of the disintegrin domain of human
ADAMY9 (ADAMID) (GenBank accession no. NM003816).
For ADAMID expression it was used the pGEX-4T-1 vector
which is classically used to produce GST fusion proteins. After
the transformation of Escherichia coli DH5-a cells, the ampicil-
lin-resistant recombinant plasmids were selected for restriction
analysis. The confirmed recombinant plasmids (pADAMID)
were used to transform the E. coli AD494(DE3) expression
strain. Cultures of E. coli AD494(DE3)pADAMID were
induced for expression by addition of 0.5 mM isopropyl thio-
B-D-galactopyranoside (IPTG). Four hours after induction,
cells were harvested by centrifugation (7000 rpm, 15 min,
4°C) and cell pellet was suspended in PBS buffer (140 mM
NaCl, 2.7 mM KCI, 10 mM Na,HPOy,, 1.8 mM KH,POy,
pH 7.3) and lysed by sonication (5 times, 4°C, 1 min interval).
ADAMOID was released from the fusion protein (GST) by
thrombin cleavage. Thrombin was eliminated from samples
containing ADAMID by purification in a Benzamidine-
Sepharose 4B column (GE Healthcare). Fractions were ana-
lyzed by SDS-PAGE with Coomassie brilliant blue staining and
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DU145 human prostate tumor

cell line was obtained from ATCC

and maintained at 37°C in 5%

CO; in RPMI culture medium (Cultilab) containing 10% FBS,

penicillin (100 Ul/ml), streptomycin (100 pg/ml) and L-gluta-

mine (2mM). Cell cultures and experiments were conducted in a
humidified environment with 5% CQO, at 37°C.

Cell adhesion and antibody competition

Cell adhesion and inhibition of cell adhesion were performed
as described before.” Briefly, collagen type I, collagen type IV,
laminin, fibronectin (10 pg), rADAMID (5, 10 and 50 pg) or
1% BSA were immobilized overnight at 4°C in 96 well plate.
Wells were blocked with 1% BSA in adhesion buffer (HEPES
20mM, pH 7,35; containing NaCl 150 mM, KCl 5 mM,
MgSO4 1 mM and MnCl, 1 mM) for 2 h. DU145 cells were
labeled with 12.5 uM CMFDA (37°C for 30 min) and then
1 x 10° cells/well were plated and maintained for 30min at
37°C. Wells were washed and the remaining cells were lysed
using 0.5% Triton X-100. Fluorescence was read in a fluorimeter
Spectra-Max Gemini XS (Molecular Devices, Sunnyvale, CA,
USA) with 485nm excitation and 530nm emission filters. For
inhibition of adhesion assay, cells were labeled and measured as
described above, except that the cells were pre-incubated with
rADAMOID in different concentrations (100, 500, 1000 nM)
and then plated on 10 pg of collagen type I (Sigma-Aldrich) in
acetic acid (0.1%) or on 10 ug of laminin (Sigma-Aldrich) in
adhesion buffer. For antibody competition assays CMFDA-
labeled cells were incubated with different anti-integrin
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antibodies (avP3, avB5, B1, a2, a4, a6 at 10 pg/ml) and IgG
control (10 pg/ml) before being plated on rADAMI9D-coated
wells.

Flow cytometry analysis

DU145 cells were submitted to flow cytometry analysis to ver-
ify their integrin cell profile. Cells (1 x 10°cells/ml) were incu-
bated for 40 min at 4°C with specific antibodies against av3,
avB5, Bl, a2, a4, a6 and control IgG. Cells were washed and
incubated with secondary antibody labeled with FITC, at same
conditions described before, washed and fixed with FACs buffer
contaning 1% phormaldehyde overnight at 4°C. To verify the
interaction with integrins, rADAMID (1 wM) was previously
incubated
(30 min at room temperature) with DU145 cells, before the
addition of antibodies. Cells were analyzed in FACSCanto (BD
Biosciences).

Invasion

Invasion assays were performed with DU145 prostate cancer
cells incubated with rADAMID using the BioCoat Matrigel
Invasion Chambers (BD Biosciences). Briefly, DU145 cells (1.25
x 10° cells/ml) were seeded on the inserts (12 well-plate) of the
invasion chamber in the presence or absence of rADAMI9D
(1 wM). Complete medium was used as a chemoattractant at the
lower chamber. Plates were incubated for 22 h at 37°C and 5%
CO,. Non-invading cells were removed with a cotton swab from
the upper surface of the membrane and invading cells were fixed
using 100% methanol and stained with 1% toluidine blue in 1%
borax. Ten random fields from microscope slides were photo-
graphed and cells were counted using Image ] software. Positive
control was made in the presence of chemoattractant (10% FBS)
at the lower chamber and negative control was FBS free medium
at the lower chamber.

Wound healing

Cells (1 x 10° cells/ml) were plated in 24-wells plates and
incubated properly until the culture reached 100% of confluence.
Afterwards, a straight scratch was made with a pipette tip and
cells were washed with culture medium to remove unbound cells
and debris. Cells were incubated with rADAM9D (100, 500,
1000 and 2000 nM) for 24 h and 48 h. Central field was photo-
graphed at 0 h, 24 h and 48 h (when cells close the scratch
completely). Closure area of migrating cells was measure using
Image] software, and it was calculated the percentage of wound
closure, comparing time zero and 24 hours later, using a formula
from Yue et al.,? showing the difference between 0 h and 24 h:

(Ai=on —Ar=an)

Uy 100

% of wound closure =

Statistical analysis

All experiments were repeated 3 times in triplicate and the
mean and standard deviation were calculated. Comparisons were
made using one-way analysis (ANOVA) and when samples pre-
sented significance, Dunnet’s post hoc analysis was applied to
verify difference between groups.
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ABSTRACT

ADAMS is a member of the ADAM family whose expres-
sion positively correlates with tumor progression. Besides
the metalloprotease activity, ADAMOD interacts with
different integrins, modulating cell-adhesion events. Pre-
vious studies pointed to an important role for neutrophils in
tumor development, as the inhibition of neutrophil migra-
tion or depletion of this immune cell impairs tumor growth.
However, our understanding of the molecular mecha-
nisms involved in this process, as well as the main key
players acting on neutrophils, is very limited. Here, we
investigated the possible modulatory effects of ADAM9D
on human neutrophil functions. Our results show that
ADAM9OD promotes neutrophil activation and chemotaxis
in a process that depends on the engagement of «, 83 and
agfy integrins and on the activation of PIBK/Akt and MAPK
signaling pathway. ADAMS9D impairs migration of neutro-
phils toward fMLP, LTB,, and IL-8 as classic chemo-
attractants. This effect is blocked by PTX, a G(i)PCR
inhibitor. Furthermore, CXCR2 antagonists RPTX and
SB225002 also impaired neutrophil chemotaxis in re-
sponse to ADAM9D, suggesting a hierarchical cross-talk
of integrins with CXCR2. Our results indicate that ADAM9D
activates neutrophil functions and may be implicated in
the inflammatory events associated with cancer and other
disorders. J. Leukoc. Biol. 97: 951-962; 2015.

Introduction

During inflammation, neutrophils are the first cells to leave the
circulation and infiltrate the inflamed tissue. Within tissues,

Abbreviations: ADAMO = a disintegrin and metalloproteinase 9, ADAMOD =
disintegrin domain of human a disintegrin and metalloproteinase 9, BCA =
bicinchoninic acid, BLT = leukotriene B4R, G()PCR = G(j)-protein-coupled
receptor, GPCR = G-protein-coupled receptor, LDH = lactate dehydroge-
nase, LTB, = leukotriene By, NET = neutrophil extracellular trap, p =
phosphorylation, Pl = propidium iodide, PTX = pertussis toxin, PVDF =
polyvinylidene difluoride, RGD = Arg-Gly-Asp, ROS = reactive oxygen
species, RPTX = repertaxin, VSMC = vascular smooth cell
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neutrophils are activated, contributing to pathogen clearance
[1], although they may also contribute to aggravating tissue
injury [2]. Therefore, the infiltration and activation of these
immune cells within tissues must be tightly regulated to optimize
defense and minimize collateral damage. Neutrophil migration
to the inflamed tissue is a process highly dependent on cell-cell
and cell-matrix adhesion events [3, 4]. Integrins are key
adhesion receptors in neutrophils, able to modulate their
functions and survival [5].

It is well established that integrins recognize multiple
endogenous ligands, such as extracellular matrix proteins [6, 7]
and adhesion receptors [5, 8]. Furthermore, several ADAMs have
been reported to interact with integrins that are expressed by
different cell types [9-12]

ADAM is a family of proteins involved in various physiologic
and pathologic processes. ADAM family members have a well-
conserved structure with 8 domains, among which are a protease
and an integrin-binding (disintegrin) domain [13]. The ADAM
metalloprotease domain acts as a sheddase and has been
reported to modulate a series of biologic processes by cleaving
transmembrane proteins, which then can act as soluble ligands
and regulate cellular signaling [14-16]. In inflammatory events,
for example, ADAM17 can cleave TNF-a to limit its proinflam-
matory effects [15]. Moreover, ADAM family members can bind
to specific integrins through the disintegrin domain and regulate
many aspects of cell-cell and cell-matrix interactions [9-12]. In
accordance, it was recently demonstrated that ADAM10
expressed on leukocytes is essential for their migration to
inflamed tissues [17].

ADAMSY is a member of the ADAM family whose expression has
been detected in different cells types, including fibroblast [18],
activated VSMCs [12], monocytes [19], activated macrophages
[20], and many tumor cells [21-25]. In addition, Roychaudhuri
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et al. [26] reported that besides expressing ADAMY on the
membrane surface, activated neutrophils can also express soluble
ADAMY in a manner similar to that observed in tumor cells [25].
However, the potential involvement of ADAMY in physiologic

and pathologic processes remains poorly known. Most of what we
currently know about ADAMSY is related to tumor development

and progression. Indeed, increased ADAM9 expression corre-
lates positively with tumor malignancy and metastatic potential
[21-25]. Additionally, ADAMY and its secreted soluble isoform
seem to be crucial for cancer cells to disseminate [25, 27].
Through its metalloprotease activity, ADAM9 participates in the
degradation of matrix components, allowing the migration of
tumor cells [21-26].

Besides the metalloprotease activity, ADAM9 has a disintegrin
domain, which is highly homologous to many snake-venom
disintegrins [28]. This domain allows the interaction between
ADAMS9 and integrins, granting the ability to ADAM9 to
modulate, positively or negatively, cell adhesion events [18, 29,
30]. In accordance, ADAM9D has been shown to interact with
agB [10], agBs [27], ayB5 [29], and aoB; [30] integrins,
depending on the cell type.

Previous studies have shown that when neutrophils are
depleted, or their migration is blocked, tumor growth is impaired
[31, 32], indicating an important role for these cells in tumor
development [31-33]. However, our understanding of the
molecular mechanisms involved in this process, as well as the
main key players acting on the neutrophils, is limited. Therefore,
we investigated whether ADAMY, a molecule that is overex-
pressed in many types of cancers, would be able to modulate
neutrophil chemotactic response and activation. Our results offer
new insights on the dynamic of interaction between tumor cells
and neutrophils and indicate that ADAM9 has an important
participation in this interaction.

MATERIALS AND METHODS
Reagents

Percoll was from GE Healthcare (Buckinghamshire, United Kingdom),
RPMI culture medium was from Gibco (Carlsbad, CA, USA), and
polycarbonate chemotaxis membranes with 5 um pores were from Neuro
Probe (Gaithersburg, MD, USA). All antibodies used were purchased from
Santa Cruz Biotechnology (Santa Cruz, CA, USA). Selective inhibitors for
PI3K (wortmannin and LY294002) and p38 (SB203580) and the CXCR2
selective antagonist (SB225002) were obtained from Calbiochem (Darm-
stadt, Germany). DAPI ProLong was obtained from Invitrogen (Carlsbad,
CA, USA). RPTX and PTX were kindly provided by Drs. Erik Svensjoand
and Claudio Canetti (Instituto de Biofisica Carlos Chagas Filho/
Universidade Federal do Rio de Janeiro). PVDF membranes and analytical-
grade Western blot reagents were purchased from GE Healthcare. The ECL
development kit was obtained from Pierce Biotechnology (Rockford,

IL, USA).

ADAMID cloning, expression, and isolation

ADAM9D was cloned and purified as described previously [30]. A sequence of
ADAMID, corresponding to the nucleotides 1318-1588 (GenBank Accession
No. NM003816), was cloned in a pGEX-4T-1 vector and used to transform the
Escherichia coli AD494(DE3) expression strain. ADAM9ID was purified from cell
extracts, and resulting fractions were analyzed by SDS-PAGE with Coomassie
brilliant blue staining. ADAM9D concentration was determined by BCA
protein assay, and protein yield was determined to be ~2.5 mg/L culture.
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Neutrophil isolation

Blood was collected from healthy human volunteers (Protocol Number UER]
2786,/2010; Ethics Committee, Hospital Pedro Ernesto, Universidade do
Estado do Rio de Janeiro). Blood was transferred immediately to EDTA-
containing tubes. Neutrophils were isolated by use of a 4-step Percoll gradient
as described [34]. Neutrophil purity and viability were always >97%

and >99%, respectively, as accessed by differential counts and trypan

dye exclusion.

Neutrophil treatment

In experiments involving integrin blockade, freshly isolated cells were
preincubated with different neutralizing antibodies at 10 ug/ml for 5 min. In
the set of experiments that use pharmacological inhibitors, the neutrophils
were treated as follows: the PI3K inhibitors, 1Y294002 (10 uM) and
wortmannin (100 nM), the p38 inhibitor SB203580 (10 uM), or the CXCR2
allosteric inhibitor RPTX (1 mM) were all added 15 min before the assays; the
CXCR2 selective inhibitor SB225002 (1 mM) and PTX (100 ng/ml) were
added 30 min before the assays. After all treatments, cells were washed and
resuspended in RPMI medium before use in experiments.

In vitro neutrophil chemotaxis

Neutrophil chemotaxis was evaluated by use of a 48-well Boyden chamber
(Neuro Probe) with 5 um pore-sized polyvinylpyrrolidone-free polycarbon-
ate membranes, as described [34]. In brief, chemoattractants (28 ul)

were placed in the bottom chamber, and 50 ul of the neutrophil suspension
(10ﬁ cells/ml) was added to the top chamber. The chambers were then
incubated for 1 h at 37°C with 5% COs, after which membranes were
removed, fixed, and stained with the Diff-Quik staining kit (Laborclin,
Pinhais, Parana, Brazil). The number of neutrophils that migrated to the
lower side of the filter was counted in at least 5 random fields (1000X
magnification). The results are representative of at least 3 independent
experiments performed in triplicate for each sample and are expressed

as mean * sp of the number of neutrophils/field. Chemoattractants

used were fMLP (100 nM), LTB4 (100 nM), IL-8 (30 nM), or ADAM9D
(0.1-1000 nM). Migration to medium alone (random migration) was used
as a negative control.

Apoptosis detection

Annexin V-FITC binding assay. Apoptosis was evaluated by estimation of
phosphatidylserine membrane exposure by use of Annexin-V binding, as
described [35]. In brief, fresh neutrophils (control group) or neutrophils
incubated or not with ADAM9D (100 nM) for 20 h at 37°C in a 5% CO»
atmosphere were washed with binding buffer (10 mM HEPES, 150 mM NaCl,
5 mM KCl, 1 mM MgCls, and 1.8 mM CaCly, pH 7.4) and resuspended in
100 ul binding buffer containing FITC-conjugated Annexin V (1:500
dilution). After 20 min of incubation at room temperature in the dark, 400 ul
binding buffer was added, and the samples were analyzed immediately in BD
Accuri C6 flow cytometer (BD Biosciences, San Jose, CA, USA).

Morphology. Neutrophils were stimulated or not with ADAM9D (100 nM)
for 20 h at 37°C in a 5% COy incubator. Cells were cytocentrifuged, stained
with Diff-Quik, and counted under high magnification to determine the
proportion of cells showing apoptotic morphology. Cells were considered
apoptotic when displaying pyknotic nuclei and cell volume shrinkage. At least
300 cells were counted/slide.

Caspase activity. Caspase activity was evaluated by use of the NucView 488
Caspase-3 Assay Kit, following the manufacturer’s instructions. In brief,
neutrophils (2 X 10° cells/ml in 200 ul RPMI) were stimulated or not with
ADAMID (100 nM) for 20 h at 37°C in a 5% COs. Cells were then incubated
with 5 uM NucView substrate for 30 min at room temperature and protected
from light. After incubation with substrate, 300 ul RPMI was added to
each group, and the cells were analyzed immediately on a BD Accuri C6
flow cytometer (BD Biosciences). Freshly isolated neutrophils were used
as controls.
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ROS production assay

Neutrophils (10° cells/well in a final volume of 200 ul) were resuspended in
HBSS and placed in a white 96-well plate. Cells were loaded with luminol
(500 uM) and stimulated or not with ADAM9D (100 nM) or PMA (30 nM),
a known NADPH oxidase activator. Nonstimulated cells were used as

controls, and neutrophils stimulated with PMA were used as positive control.
Chemiluminescence was measured in each well for 15 min (luminol assay) by use
of an EnVision Multilabel Plate Reader (PerkinElmer, Waltham, MA, USA).

In vitro NET assay

The cells were allowed to attach to poly--lysine-coated slides at 37°C for
20 min. The attached neutrophils were stimulated with ADAM9D or LPS
(positive control) at 37°C for 60 min. After stimulation, neutrophils were
fixed, permeabilized, and blocked for immunofluorescence staining. Cells
were incubated with goat antineutrophil elastase (1:300; Santa Cruz Bio-
technology), followed by secondary antibody coupled with Alexa Fluor 488
(1:400; Invitrogen). DNA was stained by use of DAPI ProLong (Invitrogen)
and examined under fluorescence microscopy (1000X).

LDH activity

LDH activity was measured by use of a kinetic UV commercial kit (Bioclin,
Minas Gerais, Brazil), according to the manufacturer’s instructions. Super-
natants of neutrophils incubated in the presence or absence of the CXCR2
inhibitor SB225002 were used. Supernatant from neutrophils lysed with 0.1%
Triton X-100 in PBS was used as positive control.

Neutrophil adhesion assay

Neutrophil adhesion assay was carried out as described previously [36]. In
brief, ELISA plates were coated overnight at 4°C with 100 ul/well of

a 10 ug/ml solution of rADAMID in bicarbonate buffer (pH 9.4). Unspecific
binding sites were then blocked with a 1% BSA solution in PBS for 30 min at
37°C. After extensive wash with PBS-0.1% BSA, cells (10* neutrophils/well
in 100 ul PBS-0.1% BSA) were added to wells and incubated for 15 min at
37°C in the presence of blocking antibodies. Wells were then washed with
PBS-0.1% BSA, and adherent neutrophils were quantified by myeloperox-
idase assay. Neutrophil numbers in each well were estimated based on the
readings of a standard curve made with human neutrophils.

Western blotting analysis

Neutrophils (5 X 106 cells), stimulated with ADAM9D (100 nM), were
resuspended in 100 ul lysis buffer (10 mM Hepes, 5 mM EDTA, 250 mM
sucrose, 1 mM orthovanadate, pH 7.4). Lysates were boiled for 3 min,
sonicated, and boiled for another 3 min. Samples of 3 ul were diluted 1:10 and
used for protein quantification by the BCA method. Lysates were mixed with
20 wl sample buffer, boiled for 3 min, and stored at 20°C until use. Protein
samples of 25 ug were separated on 10% SDS-PAGE and transferred to PVDF
membranes. Akt, pAkt, Erk-2, pErk, p38, pp38, and caspase-3 were detected by
use of specific primary antibodies at 1:1,000 dilution, followed by appropriate
HRP-conjugated secondary antibodies (1:10,000). Immunoreactive bands
were visualized by ECL. Images were acquired and then analyzed with
Image] software.

Real-time PCR

Total RNA was isolated by use of RNeasy Mini Kit (Qiagen, Hamburg,
Germany). cDNA was generated by use of a random primer and RT
(Superscript II; Life Technologies), according to the manufacturer’s
instructions. Quantitative real-time PCR was performed in a Rotor-Gene Q by
use of a SYBR-Green fluorescence quantification system (Qiagen) to quantify
amplicons. The standard PCR conditions were 95°C for 5 min and then

35 cycles at 95°C (5 s) and 60°C (10 s), followed by the standard denaturation
curve. IL-8 primers (Hs_IL8_1_SG, QT00000322) were used to amplify human
IL-8. Actin primers (Hs_ACTB_2_SG, QT01680476) were used to validate the
cDNA in each reaction.
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CXCR2 membrane expression

Neutrophils were treated with ADAM9D (100 nM) or IL-8 (30 nM) at the
indicated times and fixed immediately with ice-cold 1% paraformaldehyde in
PBS. After extensive washing in FACS buffer (2% BSA, 5% FCS, 0.1% sodium
azide in PBS), cells were resuspended in 50 ul FACS buffer and incubated with
FITC-labeled mouse IgG1 anti-human CXCR2 (1:50) for 60 min at 4°C. Cells
were then washed in FACS buffer and analyzed by use of a BD Accuri C6 flow
cytometer (BD Biosciences).

Statistical analysis

All results are presented as means * sp, derived from at least 3 independent
experiments. Data were analyzed with help of GraphPad Prism 5.0 for
Windows. Statistical significance was tested by use of ANOVA, followed by
Bonferroni post-test. Differences with P < 0.05 were considered statistically
significant.

RESULTS

ADAMID induces human neutrophil activation

To understand better the role of ADAM9D on human
neutrophils, we investigated the effects of ADAMYD by testing
some classic parameters of neutrophil activation. Firstly, the
ability of neutrophils to migrate in response to increasing doses
of ADAM9D was evaluated. Neutrophil chemotaxis was enhanced
with increasing concentrations of ADAM9D and peaked at

100 nM when it reached similar levels to those obtained with an
optimal concentration of fMLP, a well-known neutrophil

chemotactic. At a higher concentration (1000 nM), a lower
number of cells migrated. This behavior resulted in a bell-shaped
curve, characteristic of classic chemoattractants (Fig. 1A).

We then evaluated the effects of ADAMID on spontaneous
neutrophil apoptosis. Twenty hours after adding ADAMID to the
suspension of neutrophils, 50-60% of cells were Annexin V
negative (viable cells) compared with 20-30% of control cells
(Fig. 1B). Importantly, we did not observe significant changes in
a PI-positive neutrophil population, indicating that ADAM9D
specifically affects spontaneous apoptosis (Fig. 1B). Similar
results were observed by counting the number of neutrophils
presenting morphologic features characteristic of apoptosis (Fig.
1C). Furthermore, we observed that ADAM9D was able to reduce
procaspase-3 cleavage (Fig. 1D) and decrease caspase-3 activity
(Fig. 1E) in neutrophils. Altogether, these results demonstrate an
antiapoptotic effect of ADAM9D on human neutrophils.

The ability of ADAMID to induce ROS production in human
neutrophils was also investigated. In the presence of ADAM9D, as
detected by luminol assay, human neutrophils produced large
amounts of ROS compared with media alone (Fig. 1F). The
dynamics of ROS generation that we observed (slow increase with
delayed peak at 45 min) was similar to the adhesion- and
integrin-dependent, cytochalasin-sensitive response reported
originally by Nathan [37]. An adhesion-like effect, mediated by
the binding of ADAM9D to integrins, was ruled out by disrupting
cytoskeleton with cytochalasin D and observing no effect on ROS
production triggered by ADAM9ID (data not shown), suggesting
that this peptide may act as a direct agonist of ROS generation.

Finally, we evaluated whether ADAM9D could promote NET
formation. As seen in Fig. 1G, the disintegrin domain induced
NET formation similarly to the group of cells treated with LPS,

Volume 97, May 2015 Journal of Leukocyte Biology 953


http://www.jleukbio.org

JLB

>

Figure 1. Effects of ADAM9D on human neutro-
phil activation. (A) Neutrophil chemotaxis in
response to ADAMID (0.1 nM-1 uM) or fMLP
(10_7 M). Data represent the means * sp of the
number of neutrophils/1000X field of view
counted under optical microscopy. *P < 0.05 0-
compared with neutrophils migrating in the

absence of stimulus. Apoptosis of neutrophils
incubated or not with ADAM9D (100 nM) was
evaluated by Annexin V and PI staining (B) or C
by morphologic criteria (C). Cells presenting

pyknotic nuclei and cytoplasm shrinkage were
considered apoptotic.*P < 0.05 relative to 0 h
controls; #P < 0.05 relative to 20 h. (D) Western

blot analysis of procaspase-3 content in freshly

isolated neutrophils (Ctrl 0 h) or neutrophils
incubated for 20 h in the absence (Ctrl 20 h) or
presence of 100 nM ADAMYD. Image is derived

from 1 representative Western blot, and numbers
bellow images represent means * sp of procas-

pase-3 expression relative to 0 h control. *P < 0.05 D
relative to 0 h control; #P < 0.05 relative to 20 h
control in the absence of ADAMID. (E) Caspase-3
activity as evaluated by FACS by use of a caspase-3
activity fluorescent probe. Histogram is 1 repre-
sentative image derived from 3 independent
experiments with similar results. (F) ROS gener-

ation on neutrophils stimulated or not with
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our positive control. To rule out the effect of LPS contamination
on our ADAMYD preparations, we performed the apoptosis
and NET assays in the presence of polymyxin B (25 ug/ml).
No significant differences were observed between polymyxin B
and control groups (Supplemental Fig. 1A and B), suggesting
that the observed effects were attributable to ADAMID.
Together, these data indicate that ADAM9D activates human
neutrophils.

Chemotactic effect of ADAMID is mediated by aqf3,
and a3 integrins

ADAMID has been reported to interact with specific members of
the integrin family that are expressed by human neutrophils [30,
38]. To investigate the engagement of integrin in the chemo-
tactic effect of ADAMID, neutrophils were incubated with
specific antibodies recognizing different B-integrin subunits.
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Blockade of B, or B3 integrin subunits (Fig. 2A and B) impaired
the migration of human neutrophils toward ADAM9D. In-
terestingly, antibody against the B9 subunit did not affect
chemotaxis (Fig. 2C).

Neutrophil activation has been shown for other a,8s-binding
disintegrins [34]. Furthermore, the engagement of agf;, another
putative receptor for ADAMID, has been shown previously to
activate different neutrophil functions [35]. Therefore, we
investigated whether the migratory effect of ADAM9D on human
neutrophils would involve its interaction with those integrins. In
cells preincubated with blocking antibodies to a, and agf;
integrins, neutrophil migration was inhibited in response to
ADAMID (Fig. 2D and E). Importantly, incubation of neutro-
phils with all anti-integrin antibodies used did not interfere with
the chemotactic effect of IL-8, revealing the specificity of
ADAMID. To confirm that the blocking antibodies that we used

www jleukbio.org


http://www.jleukbio.org//lookup/suppl/doi:10.1189/jlb.3A0914-455R/-/DC1
http://www.jleukbio.org

Amendola et al.

>
vy)

404 40
3 rPMI
B anti B, (10 pgimL) -
% 304 B (10 p 3
@ . @
5 201 5 204
o o
: :
i [] i
2 10 2 10
0- 04
RPMI IL-8 ADAM9D RPMI IL-8 ADAMYD

O
o

40 40-
CIRPMI
o Il anti B; (10 pg/mL)
T 30 ? 3 301
B R G
-§_ 20 -E_ 204
g g
-
2 104 § 104
0- 0-
RPMI IL-8 ADAMSD RPMI IL-8 ADAMSD
401
CIRPMI 15+
I anti-o 10 pg/mL] = *
% 30, 9B1 (10 pg/mL) g
2 2
5 , T ]
-E_ 20 5
© o
= E
]
Q
0- (]

RPMI  IL-8 ADAMSD

ADAM9OD activates neutrophils via integrins and CXCR2

I RPMI
Wl anti B, (10 pg/mL)
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(E). Cells were then assayed for chemotaxis in
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optical microscopy. Data are derived from 3
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as negative controls. *P < 0.05 relative to BSA-
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were able to interfere specifically with ADAM9D binding to
neutrophils, we carried out an in vitro adhesion assay. We
evaluated the ability of neutrophils to adhere onto ADAM9D-
coated plates in the presence of o, and a3 integrins
blocking antibodies. As shown in Fig. 2F, both blocking
antibodies significantly inhibited neutrophil adhesion to
ADAMID. Together, the data suggest that ADAMID induces
neutrophil chemotaxis by engaging a9, and .83 integrins.

ADAMOID activates intracellular signaling in
human neutrophils
PI3K/Akt and p38 MAPK are 2 major signaling pathways involved
in neutrophil chemotaxis [39, 40]. Integrin activation has been
shown to trigger PI3K/Akt and MAPK pathways, modulating
neutrophil migration and apoptosis [35, 37-40]. Figure 3A shows
that neutrophils stimulated with ADAMID presented increased
pAKkt, at levels similar to those triggered by IL-8, a known PI3K/
Akt activator in neutrophils.

Stimulation of neutrophils with ADAM9D also increased pErk-
2 (Fig. 3B) at levels comparable with those observed after Erk-2
stimulation with fMLP. On the other hand, differently than the
effect of fMLP, ADAMID did not affect pp38 MAPK in
neutrophils (Fig. 3C).
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To investigate whether PI3K/Akt signaling would be involved
with the chemotactic response of neutrophils, a chemotaxis assay
was performed in the presence of LY294002 (Fig. 3D) or
wortmannin (Fig. 3E), 2 known inhibitors of the PI3K/Akt
pathway. Pharmacological inhibition of PI3K through LY294002
or wortmannin resulted in a complete suppression of a neutro-
phil chemotactic response to ADAM9D.

To rule out a possible role of p38 activation on neutrophil
migration, as induced by ADAM9D, pharmacological inhibition
of p38 MAPK by SB203580, a p38 MAPK inhibitor, did not affect
neutrophil chemotaxis (Fig. 3F), whereas it completely blocked
chemotaxis to fMLP, a known chemoattractant that induces
p38 [40].

PIBK/Akt and Erk signaling pathways have been widely
demonstrated to promote cell survival. Moreover, our group has
shown previously that these signaling pathways contribute to the
increase in neutrophil lifespan triggered by snake-venom
disintegrins [35, 41]. Therefore, we sought to investigate whether
the activation of PI3K/Akt and Erk signaling pathways could
account for the antiapoptotic effect of ADAMID. Indeed,
pretreatment of neutrophils with the PI3K inhibitor LY294002 or
Erk-2 inhibitor PD98059, similarly blocked the antiapoptotic
effect of ADAMID (Fig. 4A and B). Interestingly, we observed
that Erk-2 activation induced by ADAM9ID seems to depend on
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Figure 3. ADAMYD induces neutrophil chemotaxis through PI3K/Akt. Neutrophils were stimulated or not with IL-8 (30 nM), fMLP (1077 M), or
ADAMID (100 nM) for 5 min and lysed. Activation of Akt (A), p38 (B), and Erk-2 (C) was analyzed by Western blot. The graphs show mean * sb from
4 independent experiments. ¥P < 0.05 compared with control. Neutrophils were preincubated with LY294002 (D), wortmannin (E), or SB203580 (F)
and then assayed for chemotaxis toward IL-8 (30 nM), fMLP (1077 M), or ADAMID (100 nM). Data represent mean * sp of the number of neutrophils/
1000X field of view counted under optical microscopy. Data are derived from 4 independent experiments.*P < 0.05 compared with negative control
(cells migrating toward medium alone); #P < 0.05 compared with neutrophils without inhibitors.

PI3BK/Akt, as pretreatment of neutrophils with LY294002
inhibited pErk-2 (data not shown). Taken together, these data
suggest that ADAMID activates PI3K/Akt and Erk signaling
pathways that both contribute to stimulate neutrophil migration
and to promote their survival.

ADAMSID impairs neutrophil migration to

other chemoattractants

To evaluate a possible influence of ADAMID on the chemotactic
effect of known inflammatory mediators able to induce neutrophil
migration, cells were stimulated with ADAM9D (100 nM) for 5 min
and then allowed to migrate toward IL-8 (30 nM), LTB, (100 nM),
fMLP (100 nM), or ADAMID. In the presence of ADAMID, the
response of neutrophils to these chemoattractants and to ADAM9D
itself was inhibited significantly (Fig. 5A-D). It is well recognized
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that LPS is able to blunt neutrophil responses to various chemo-
attractants. To exclude the interference of LPS contamination in
our chemotaxis assays, we performed these experiments in the
presence of polymyxin B. Once more, we did not observe
significant differences between polymyxin B and control groups
(Supplemental Fig. 1C).

Interestingly, when cells were in the presence of chemo-
attractants and stimulated to migrate in response to ADAMID,
migratory response was also inhibited (Fig. 5)E-G). This suggests
that classic chemoattractants could interfere directly with the
neutrophil chemotactic response to ADAMID.

Chemotactic effect of ADAMID on human neutrophils
depends on CXCR2 activation

Neutrophils express different chemoattractant receptors [42, 43]
that can communicate with one another [44]. This cross-talk
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usually involves the activation of G(i)PCR, which triggers
signaling pathways that are essential for cell mobilization and
receptor desensitization [44]. To investigate a possible modula-
tion of the ADAMID chemotactic effect by GPCR, cells were
preincubated with PTX, an inhibitor of the Gi protein. The
inhibition of the Gi protein impaired neutrophil chemotaxis
induced by IL-8 and ADAMID (Fig. 6A). To evaluate the
contribution of known chemotactic GPCRs, neutrophils were
incubated with 2 different antagonists of CXCR2: RPTX and
SB225002. As shown in Figs. 6B and C, both antagonists inhibited
neutrophil chemotaxis toward ADAMID. In contrast, CP105696,
a selective BLT1 inhibitor, did not affect neutrophil chemotaxis
in response to ADAMID (Fig. 6D).
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Consistent with these data, treatment of neutrophils with the
CXCR2 inhibitor SB225002 impaired ADAM9D-induced pAkt
(Fig. 6E), reinforcing the participation of CXCR2 on ADAMI9D
effects on neutrophils. It is important to note that SB225002 was
not toxic to cells, as LDH activity in the supernatant of
neutrophils incubated with this CXCR2 inhibitor was negligible
and similar to those observed for the control group (Fig. 6F).

Finally, with the consideration of the effects of ADAM9D on
neutrophils and its dependence on CXCR2 activation, we
investigated whether ADAM9D could modulate the IL-8 tran-
scription and CXCR2 membrane expression. In fact, the
disintegrin domain was able to increase the levels of IL-8 mRNA
significantly (Fig. 7A). Curiously, we observed that incubation of

Volume 97, May 2015 Journal of Leukocyte Biology 957


http://www.jleukbio.org

40- *
4“.
o
© * & i
© 301 & i
= 7] #
E z
5 201 # g 207
E |
g 3 10-
3 10+ Z
0- 0-
top - - ADAMOD top ADAMSD
bottom - L8 L8 bottom - LTB, LTB,
404
404
* -] E
o 3 301
:.':‘j 304 u._“:’
@ Y =
= # 204 £:3
£ 201 g
o [
= 5
=1 @ -
2 104 =z 10
0 0-
top - - L8 top - - LTB,
bottom - ADAMSD ADAM9ID bottom - ADAMID ADAM9D

50+ * 50+
*
o T 40-
Z 401 s 40
[ =
9 30- : = 301
= R #
S &
2 204 £ 204
= 3
2 @
Z 404 Z 10
0- 0-
top - ADAMSD top - - ADAMID
bottom - fMLP fMLp bottom B ADAMSD ADAMSD
304 *
T
o
E 204
z #
o
[+]
S 104
[+
z
0..
top - . MLP
bottom - ADAMSD ADAMSD

Figure 5. ADAM9ID interferes with neutrophil chemotaxis toward other chemoattractants. Neutrophils were preincubated with ADAM9D (100 nM) and
then assayed for chemotaxis in response to IL-8 (30 nM; A), LTB4 (100 nM; B), fMLP (10_7 M; C), or ADAMID itself (100 nM; D). Inversely, neutrophils
were preincubated with the same chemoattractants at those same concentrations (IL-8, E; LTBy, F; or fMLP, G) and assayed for chemotaxis in response
to ADAMOD. In the graphs, x-axis labels refer to the stimuli used to induce chemotaxis (that were added to the lower of the wells; bottom) and the stimuli
used for preincubation (that were present in the upper part of the wells together with neutrophils; top). Data represent mean * sp of the number of
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neutrophils with ADAM9D did not result in a decrease in CXCR2
membrane expression after 60 or 180 min (Fig. 7B).

DISCUSSION

The present study provides in vitro evidence that ADAMID can
modulate human neutrophil migration by interacting with agf;
and o3 integrins. Moreover, ADAM9D can act as a neutrophil
chemoattractant that functions indirectly through the activation
of CXCR2 and the PI3K signaling pathway.

Neutrophil activation and migration are key events that
depend on cell-cell and cell-matrix interactions occurring
during the inflammatory process [45]. We describe herein that

ADAMID can interact with integrins on human neutrophils,
activating these cells and inducing chemotaxis, ROS production,
NET formation, and delay of neutrophil spontaneous apoptosis.
The capacity of other disintegrins to interact with specific
integrins on neutrophils and modulate different cell functions
has been reported previously by our group [34, 35]. The
chemotactic effect of ADAMID strongly depends on its ability to
interact with a,83 or agf8; integrins, as this chemotactic effect was
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inhibited completely by specific neutralizing antibodies. In
support of this view, isolated snake venom RGD and non-RGD
disintegrins that selectively bind to these integrins were shown to
activate neutrophils, induce chemotaxis, and prolong cell survival
[34, 35, 46]. Additionally, ADAM9D triggers integrin-associated
signaling pathways PI3K/Akt and MAPK, which are canonical
pathways involved in neutrophil migration and survival, a behav-
ior previously observed in other disintegrins [34, 35, 46]. The
contribution of the PISK/Akt pathway for cell migration is well
demonstrated in studies in vivo with p110y-deficient mice,
which leads to reduced neutrophil chemotaxis [39]. In addition,
PI3K is a known prosurvival pathway in neutrophils that can
modulate ROS production through the activation of protein
kinase C [47]. PI3K/Akt activation in neutrophils, which has
already been seen for other disintegrins, can lead to a subsequent
phosphorylation of the Erk pathway [35, 41, 45]. Our group
showed previously that activation of Erkl/2 is involved in the
antiapoptotic effect of agB; ligands on neutrophils [35].
Altogether, these findings suggest that ADAMID is an integrin
ligand able to activate integrin-associated signaling and trigger
neutrophil functions.
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Our results also show that once stimulated with ADAM9D,
neutrophils are unable to migrate in response to other chemo-
attractants or to ADAMID itself. The opposite was also true, as
stimulation with IL-8, LTB,4 or fMLP also impaired neutrophil
migration toward ADAM9ID, indicating a possible heterologous
desensitization [48]. A model for neutrophil migration based on
a hierarchy among chemoattractants was proposed previously
[49]. In this model, the so-called intermediary chemoattractants
(such as IL-8 and LTB,) signal through PI3K, and this signal
would be over-ridden by p38 activation triggered by end
chemoattractants (such as fMLP and Cba) [47]. Here, we show
that neutrophil migration mediated by ADAM9D requires PI3K
activation but not pp38. Based on this hierarchy model,
ADAMID (a molecule that signals through PI3K) would not be
expected to impair neutrophil chemotaxis toward end chemo-
attractants, such as fIMLP. However, we show that the molecule
can also activate other signaling pathways, such as Erk-2, which
has been shown to also be involved with cell migration and
survival [34, 35, 41, 45]. Thus, the ability of ADAMID to impair
neutrophil chemotaxis may be an outcome of Erk-2 activation.
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This hypothesis is corroborated by other data depicting Erk-2
activation as a final stop signal to neutrophil migration [50, 51] and
supports the hierarchy model in light of our results. Moreover, we
show that Erk activation triggered by ADAM9 depends on the
PI3K/Akt pathway signaling, as LY294002 (a PISK/Akt pharmaco-
logical inhibitor) inhibited pErk-2 (data not shown).

An interesting feature of ADAMID effects on human
neutrophils was the engagement of G(i)PCR activation, more
specifically, CXCR2, modulating disintegrin-induced cell che-
motaxis. We show that treatment of neutrophils with PTX (a pan-
inhibitor of the Gi protein) or with CXCR2 inhibitors impaired
chemotactic responses toward ADAMID, indicating that the
disintegrin effect might be modulated through coactivation of
CXCRs. This cross-talk of integrin with a chemotactic receptor
seems to be specific for CXCR2, as treatment with an inhibitor of
BLT1 had no effect on neutrophil migration. Moreover,
inhibition of CXCR2 impairs ADAM9D-induced pAkt, suggesting
that PI3K/Akt pathway activation, which is essential for neutro-
phil chemotaxis, is downstream to the cross-talk of integrin and
CXCR2. Recently, our group showed that the effect triggered by
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LTB, (which exerts its actions through the interactions with
BLT1 and BLT2) on VSMC migration depends on the integrin-
signaling activation [52]. Additionally, Pruessmeyer et al. [17]
show that ADAM10 expressed in human neutrophils and
monocytes is required for migration of these immune cells in
response to chemotactic stimulus. The presence of such trans-
activation mechanisms reinforces our hypothesis of a signaling
pathway, where ADAMO9D activates human neutrophils through
an autocrine circuit involving integrins and CXCR2. On the
other hand, even though we observed that ADAM9D is able to
induce the synthesis of IL-8 mRNA, we did not observe changes
in the expression of CXCR2 on the neutrophil membrane.
However, protein synthesis in eukaryotes is a lengthy process that
may require >1 h to occur, which could explain the inability of
the disintegrin domain to induce receptor internalization in our
model. Our results indicate that the engagement of ADAM9D
with integrins leads to the activation of CXCR2 through an
inside-out signaling axis.

It has been shown that increased expression of ADAM9
positively correlates with tumor development. In accordance,
high levels of ADAMY protein were observed in different tumor
types, such as breast [25], prostate [22], lung [21], kidney [24],
and melanoma [23]. However, whether there is increased
expression of the peptide ADAM9D in tumors remains to be
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evaluated. Moreover, the mechanisms by which this peptide
could be produced inside the tumor microenvironment can only
be speculated and may involve shedding of the membrane-bound
ADAMSY expressed by tumor cells or the proteolytic cleavage of
soluble ADAM9 by proteases secreted by infiltrating leukocytes.
The expression or availability of ADAM9D in tumors and how
this correlates with clinical outcome in cancer patients should be
addressed in future studies.

The ability of tumor cells to produce an immunosuppressive
microenvironment that contributes to their growth has been
demonstrated [53-55]. In this sense, there is emerging evidence
for a role of neutrophils in cancer-associated inflammation [31,
33, 55]. Tumor-infiltrating neutrophils have been reported to
modulate the tumor microenvironment to promote cancer
progression by stimulating cell migration and invasion and by
presenting a proangiogenic activity [31, 33, 55]. Furthermore, it
has been shown that the tumor can predispose neutrophils to
produce NETs [56], which in turn, sequester circulating tumor
cells to new sites, leading to metastasis [57]. Therefore, based on
our results, it is tempting to speculate that tumor cells use
ADAM9 to interact with neutrophils and modulate their activity
to promote tumor development. In this model, ADAMY secreted
by transformed cancer cells would promote neutrophil in-
filtration into tumor mass. Moreover, ADAM9 would inhibit
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neutrophil responses to activating signals, such as IL-8 and
formylated peptides. This blunted response would prevent classic
neutrophil activation and bias their activation toward an
alternative, tumor-promoting phenotype. Future studies should
address this hypothesis more closely and investigate, for example,
whether ADAMY expression positively correlates with neutrophil
infiltration into tumors.

In a recent report, Roychaudhuri and colleagues [26] showed
that neutrophils secrete ADAMY and that this ADAMY is able to
bind to the neutrophil but only when at high concentrations
(2 uM). However, in contrast to our study, they showed that
metalloprotease and ADAMOID are dispensable for in vivo
neutrophil recruitment to the lung [26]. It is important to note
though that neutrophils use different adhesive mechanisms in
different tissues. In the liver, for example, selectin engagement
and rolling do not occur, and the integrins used for adhesion
differ whether neutrophil adhesion is triggered by infection or
sterile injury [58]. Therefore, it is possible that the relative
contribution of ADAMY varies with the adhesive mechanisms
used by neutrophils, being more relevant in some tissues than
others. The adhesive mechanisms used by neutrophils to
infiltrate tumors are not well described, and it may be that
ADAMS9 contributes more significantly to this process than to
neutrophil infiltration in lungs.

To our knowledge, our study is the first to report that
ADAMID binds to neutrophil integrins and signals through
a cross-talk with CXCRs to activate these cells to migrate.
Additionally, ADAM9D can impair neutrophil responses to other
chemoattractants in a process that may have profound clinical
and therapeutic implications.
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Abstract

Although many preclinical studies have implicated B3 integrin receptors (xvp3 and allbf3) in cancer progression,
B3 inhibitors have shown only modest efficacy in patients with advanced solid tumours. The limited efficacy of
B3 inhibitors in patients could arise from our incomplete understanding of the precise function of B3 integrin
and, consequently, inappropriate clinical application. Data from animal studies are conflicting and indicate
heterogeneity with respect to the relative contributions of 3-expressing tumour and stromal cell populations
in different cancers. Here we aimed to clarify the function and relative contributions to metastasis of tumour
versus stromal B3 integrin in clinically relevant models of spontaneous breast cancer metastasis, with particular
emphasis on bone metastasis. We show that stable down-regulation of tumour B3 integrin dramatically impairs
spontaneous (but not experimental) metastasis to bone and lung without affecting primary tumour growth in the
mammary gland. Unexpectedly, and in contrast to subcutaneous tumours, orthotopic tumour vascularity, growth
and spontaneous metastasis were not altered in mice null for $3 integrin. Tumour $3 integrin promoted migration,
protease expression and trans-endothelial migration in vitro and increased vascular dissemination in vivo, but was
not necessary for bone colonization in experimental metastasis assays. We conclude that tumour, rather than
stromal, $3 expression is essential and is required early for efficient spontaneous breast cancer metastasis to bone
and soft tissues. Accordingly, differential gene expression analysis in cohorts of breast cancer patients showed
a strong association between high 3 expression, early metastasis and shorter disease-free survival in patients
with oestrogen receptor-negative tumours. We propose that $3 inhibitors may be more efficacious if used in a
neoadjuvant setting, rather than after metastases are established.

Copyright © 2014 Pathological Society of Great Britain and Ireland. Published by John Wiley & Sons, Ltd.
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survival, migration, invasion through the ECM and
angiogenesis [2]. However, while high B3 integrin
expression is reported in several cancer types [3-8],

Introduction

B3 integrins (avP3 and ollbP3) mediate cellular adhe-

sion to extracellular matrix (ECM) substrates, including
vitronectin, bone sialoprotein, osteopontin and fibrino-
gen, and are attractive therapeutic targets for metastatic
cancers [1]. Studies employing av or P3 inhibitors
demonstrate that avp3 integrin regulates multiple cel-
lular responses required for metastasis, including cell

Copyright © 2014 Pathological Society of Great Britain and Ireland.
Published by John Wiley & Sons, Ltd. www.pathsoc.org.uk

its prognostic significance is still unclear. Tumour
expression of avfp3 integrin correlates inversely with
invasive and metastatic behaviours in some melanoma
and ovarian cancer lines [9,10] and is associated with
better survival in ovarian cancer patients [10]. Enhanced
avp3 levels in bone metastases compared to matched
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primary breast tumours have been reported in some
[4,11], but not all [5], studies.

Preclinical studies evaluating the function of avp3
in breast cancer bone metastasis have been limited by
lack of robust and clinically relevant animal models.
High levels of avp3 in a bone metastatic subline of
human MDA-MB-231 breast tumour cells (BO2) [12],
or exogenous expression of B3 integrin in parental cells
[5], correlate with increased adhesion to cortical bone
and an increased number of osteolytic lesions in mice
compared to parental cells, following tail vein injec-
tion. We showed previously that exogenous expression
of B3 integrin in weakly metastatic 66 cl4 mammary
carcinoma cells, that otherwise do not express avfp3 or
spread to bone from the mammary gland, is sufficient
to promote their spontaneous metastasis to bone with-
out altering orthotopic tumour growth in immunocom-
petent mice [13]. While the above studies employing
B3 over-expression showed that tumour avf3 integrin
can ’contribute’ to bone metastasis, whether expression
of avf3 is ’essential’ for spontaneous bone metastasis
has yet to be demonstrated. Clinically, this distinction
is important, since the effectiveness of therapies target-
ing tumour avp3 and their impact on bone metastasis
and patient survival will be dictated by the dependency
of tumours on avp3 integrin for successful metastasis.
To our knowledge, the efficacy of avp3 integrin antag-
onists specifically against bone metastases has not been
evaluated in patients.

Discrepancies also exist with regard to the pre-
cise contribution of P3 integrin expressed on stromal
lineages to tumour growth and metastasis [14—-20].
MMTV-c-neu transgenic mice null for either 3 or 3
and PS5 integrins show no apparent changes in mam-
mary tumour growth and vascularization compared to
normal MMTV-c-neu mice [20]. This contrasts with
the anti-tumour/anti-angiogenic effects of av or p3
inhibitors against subcutaneous melanoma and breast
tumours [21-23] and with the enhanced growth and
angiogenesis of transplanted melanoma, lung and colon
tumours in P3-null mice [16,19]. Moreover, while
experimental melanoma metastasis to bone is decreased
in p3-null compared to wild-type mice [17], loss of 3
integrin has no impact on the spontaneous metastasis of
mammary tumours to lung in MMTV-c-neu mice null
for B3 [20]. Importantly, since none of these models
metastasize spontaneously to bone, the role of stromal
B3 integrin in spontaneous metastasis to bone remains
unknown. Collectively, these observations, derived
from various animal models of metastasis, indicate
that regulation of tumour growth, vascularization and
metastasis by tumour and stromal B3 integrin is likely to
vary between tumour types and sites of tumour growth.
These differences may account for the limited efficacy
of integrin inhibitors in advanced cancer patients with
solid tumours [2,24-34]. Accordingly, improvement
in the efficacy of (3 integrin inhibitors in patients
with metastatic cancer may require a reappraisal of the
precise contribution of 3-type receptors to the growth
and metastasis of each tumour type.

Copyright © 2014 Pathological Society of Great Britain and Ireland.
Published by John Wiley & Sons, Ltd. www.pathsoc.org.uk
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Here, using clinically relevant mouse models of breast
cancer metastasis to bone [35-37], a combination of
in vitro assays, gene knockdown and p3-null mice, we
demonstrate that B3 integrin in tumour cells, but not in
stromal cells, is essential for spontaneous breast cancer
metastasis and is required early for vascular dissemi-
nation to bone and other tissues. These findings have
important implications for the design of therapies tar-
geting B3 integrin in breast cancer patients.

Materials and methods

Cell culture

66cl4 mammary carcinoma cells stably expressing
B3 integrin (66cl4pBabep3hieh) and control empty
pBabe-puro retroviral vector (66cl4pBabe) were
described previously [13]. Bone-metastatic 4 T1.2 with
hygromycin resistance and 4 TIBM2 with mCherry
expression were derived from 4TIl cells [35-38].
All lines were maintained for up to 4 weeks in
o-minimal essential medium («MEM)/5% fetal calf
serum (FCS)/1% penicillin—streptomycin at 37 °C,
5% CO,. bEnd.3 murine microvascular endothelial
cells, provided by Dr R Hallman (Jubileum Institute,
Sweden), were cultured as described [13].

Knockdown of B3 integrin

Two oligonucleotides targeting f; integrin (NM-
016780: shl, AAGGATGATCTGTCCACGATC; and
sh2, AGCAAACAACCCGCTGTATAA, start position
2387) were inserted into pRetroSuper (shl) or pLMP
(sh2) retroviral vectors, using standard methodology
[35]. A non-targeting sequence (AGTACTGCTTAC-
GATACGG) was used as control. Viral supernatants
from transfection of PT67 packaging cells were used to
infect 4 T1.2 (shl hairpin) and 4 TIBM2 (sh2 hairpin)
cells. Cells expressing low levels of 3 integrin were
isolated by flow cytometry, expanded in culture and
frozen. Changes in integrin receptor expression were
analysed by standard flow cytometry [13,39]. The pri-
mary antibodies used are described in Supplementary
materials and methods (see supplementary material).

In vitro assays

Proliferation, adhesion and migration assays
[13,35,36,39], zymography [40] and immunoblotting
[41] are described in Supplementary materials and meth-
ods (see supplementary material). For trans-endothelial
migration, bEnd.3 cells (1 x 10°) were seeded in tripli-
cate Transwell inserts and incubated at 37 °C for 24 h
to form a monolayer. Adherent cells were washed with
phosphate-buffered saline (PBS) and calcein-labelled
tumour cells (2 X 10°) were added to the insert in 200 pl
serum-free oMEM/glutamine (2 mM)/bovine serum
albumin (BSA; 0.05%)/sodium pyruvate (1 mM) and
antibiotics. Medium containing 10% FCS was added to
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the bottom chambers as a chemoattractant. After 48 h
of incubation at 37 °C, migrated tumour cells on the
underside [green (calcein) cytoplasm and red (propid-
ium iodide) nucleus] (three random X 20 fields) were
photographed on an Olympus BX-61 microscope and
counted using Metamorph (Molecular Devices).

Tumour growth and metastasis

Procedures involving mice were completed in accor-
dance with National Health and Medical Research
Council ethics guidelines and approved by the Peter
MacCallum Animal Ethics Committee. Wild-type
female Balb/c mice were purchased from the Walter and
Eliza Hall Institute (Australia). f3-null mice [42] were
backcrossed to a Balb/c background (10 generations).

For spontaneous metastasis assays, 8—10 week-old
mice were inoculated with 103 cells into the fourth
mammary fat pad. Tumour growth was measured using
electronic calipers [13,35] and the mice were harvested
as a group on day 30, or earlier if showing signs of
distress due to metastatic disease. Analysis of tumour
microvascular density [43] is described in Supplemen-
tary materials and methods (see supplementary mate-
rial). Lungs, femurs and spines were snap-frozen in
liquid nitrogen before processing for relative tumour
burden (RTB) quantitation by real-time qPCR of the
tumour-expressed reporter gene, as described previously
[13,35,40]. For experimental bone metastasis assays,
5% 10* (4T1.2 and 4 TIBM2 cells) or 1 x 107 (66 cl4)
cells/100 pl PBS were injected into the left cardiac ven-
tricle [44]. These mice were harvested as a group on
day 15, or earlier if showing signs of distress. Specific
primers and probes are detailed in Supplementary mate-
rials and methods (see supplementary material). When
comparing metastatic burden from two tumour lines,
RTB values were adjusted for reporter gene copy num-
ber, calculated from the level in genomic DNA in cul-
tured cells.

Statistical analysis

Data were analysed using Prism 5.01 for Windows. For
in vitro assays comparing multiple groups, a one-way
ANOVA Tukey’s multiple comparisons test was com-
pleted. Proliferation assays were evaluated by two-way
ANOVA with Bonferroni post-test. For in vivo assays,
Fisher’s exact test was used for metastatic incidence and
a Mann—Whitney test was completed for metastatic bur-
den analysis. p <0.05 was considered significant.

Results

Knockdown of B3 integrin in bone metastatic
tumour cells
Exogenous expression of B3 in weakly lung-metastatic

66c¢cl4 cells contributes to their spontaneous metasta-
sis from the mammary gland to bone [13]. However,

Copyright © 2014 Pathological Society of Great Britain and Ireland.
Published by John Wiley & Sons, Ltd. www.pathsoc.org.uk

this approach does not reveal an essential require-
ment for bone metastasis, a critical consideration for
anti-metastatic therapy. To address this, B3 integrin
expression was reduced by stable expression of RNA
interference vectors encoding separate hairpins in4 T1.2
(sh1) and 4 TIBM2 (sh2) cells. These models were cho-
sen for their clinical relevance, with both expressing
avp3 integrin and, unlike xenograft models, metasta-
sizing spontaneously to bone, with high incidence from
mammary tumours in immunocompetent mice [36,37].

3 expression was substantially reduced in
4T1BM2-B3lo compared to 4T1BM2-ctrl and
parental 4 TIBM2 cells and accompanied by down-
regulation of av integrin at the cell surface (Figure 1A,
B; see also supplementary material, Figure SI1A).
Suppression of B3 transcript levels in 4 TIBM2-f3lo
cells was confirmed by qRT—PCR (Figure 1C). Despite
reduced surface levels of av integrin, av mRNA expres-
sion was not decreased (Figure 1D). Moreover, western
blot analysis of whole-cell lysates showed that total av
protein levels in 4 TIBM2-ctrl and 4 TIBM2-$3lo cells
were similar to parental cells (87% and 85% of parental
cells, respectively) and not significantly different from
each other when normalized to tubulin (Figure 1E).
Thus, surface localization, rather than expression of
av integrin, is impaired by suppression of 3 integrin.
Sustained, coordinated down-regulation of surface (3
and av integrins was also observed using a different
B3-targeting shRNA in 4T1.2 bone-metastatic cells
(see supplementary material, Figure S1B). The overall
expression pattern of other integrins was comparable
between 4 TIBM2 and 4 T1.2 parental lines (see sup-
plementary material, Figure S2A, B), with the exception
that a2 was expressed at low levels in 4 T1.2 but not in
4 T1BM2 cells. The expression of o2, a3, a5, a6, p1, p4,
5 and B6 integrin subunits was not significantly altered
in 4 TIBM2-B3lo cells compared to 4 TIBM2-ctrl cells,
whereas 4 T1.2 cells showed a small increase in a6 and
4 subunits following f3 down-regulation.

Suppression of B3 integrin inhibits spontaneous
metastasis to bone and soft tissues without altering
primary tumour growth

Adhesion of all lines to uncoated plastic (30 min) was
negligible, irrespective of B3 integrin levels (Figure 2A;
see also supplementary material, Figure S3A). As
expected, adhesion of 4 TIBM2-f3lo and 4 T1.2-f3lo
cells to vitronectin, the classical avp3 integrin ligand,
was decreased (45—60% inhibition) compared to cells
expressing a non-targeting shRNA. Adhesion to laminin
(LM)-511 was unaffected by B3 suppression. Simi-
larly, haptotactic migration towards vitronectin, but not
LM-511, was significantly inhibited by B3 suppression
(Figure 2B; see also supplementary material, Figure
S3B), indicating that reduced adhesion and migration
of cells with low B3 expression are substrate-specific.
Proliferation of 4TIBM2 and 4T1.2 cells was unaf-
fected by B3 integrin down-regulation (Figure 2C; see
also supplementary material, Figure S3C).
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Figure 1. Stable suppression of B3 integrin expression induces
coordinated down-regulation of av integrin subunits at the cell
surface. Parental 4T1BM2 cells (Parent) and cells expressing a
non-targeting (Control) or a 3-targeting shRNA (33lo) were anal-
ysed for the expression of B3 (A) and av (B) integrins by standard
flow cytometry; solid grey, isotype control antibody. 3 (C) and
av (D) mRNA transcripts were analysed by qRT-PCR; graph shows
mean transcript abundance relative to GAPDH + SEM of nine inde-
pendent replicates; *p < 0.05; one-way ANOVA, Tukey's multiple
comparisons test. (E) Representative western blot analysis of total
integrin av and tubulin (loading control) detected in whole-cell
lysates (left) and quantitation of triplicate samples of 4T1BM2-ctrl
versus 4T1BM2-B3lo (right) by densitometry; n/s, not significant; p
=0.700

In vivo, 4T1BM2-ctrl and 4T1BM2-f3lo tumours
grew at the same rate (Figure 2D, E). However, visual
examination of mice at harvest and quantitation of
metastatic burden, using a sensitive quantitative PCR
(qPCR)-based assay [35], revealed a dramatic effect
of B3 down-regulation on spontaneous metastasis.
Semi-quantitative measurement (presence or absence)
of metastasis indicated a significantly lower incidence
of mice developing bone but not lung metastases in
the 4T1BM2-B3lo group (Figure 2F). However, visual
inspection of lungs at harvest showed fewer and smaller
metastatic nodules in mice bearing 4T1BM2-f3lo
tumours, indicating a lower overall lung metastatic bur-
den (Figure 2F, right panels). These observations were

Copyright © 2014 Pathological Society of Great Britain and Ireland.
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confirmed and quantitated by gPCR, with 4T1BM2-331o
metastatic burden in lung, femur, spine and bone (com-
bined femur and spine) (Figure2G-J) decreased
significantly compared to 4T1BM2-ctrl bearing mice
(»p<0.01 in all organs). Suppression of B3 integrin
similarly reduced metastatic burden in lung, femur,
spine and bone but not tumour growth in the 4T1.2
model (see supplementary material, Figure S3D-G).
These results demonstrate conclusively that expression
of f3 in mammary tumour cells is required for efficient
spontaneous metastasis to multiple organs.

Loss of stromal B3 integrin expression does not alter
orthotopic primary tumour growth or metastasis

Conflicting results exist regarding the contribution of
stromal cell populations expressing B3 integrin to pri-
mary tumour growth [16,19—21] and metastasis [17,20].
Importantly, no study has investigated the role of stro-
mal B3 integrin in spontaneous breast cancer metastasis
to bone. Therefore, we compared the orthotopic growth
and metastatic dissemination of 4T1BM2 (Figure 3) or
4T1.2 tumours (see supplementary material, Figure S4)
in B3-null versus wild-type littermates. We found no
difference in primary tumour growth (Figure3A; see
also supplementary material, Figure S4A), final tumour
weight (Figure 3B; see also supplementary material,
Figure S4B) or metastatic burden in lung, femur, spine or
bone (combined femur and spine; Figure 3C—F; see also
supplementary material, Figure S4C—F, respectively)
between integrin f3-null and wild-type mice.

The lack of effect of stromal 3 deletion on primary
tumour growth contrasts with enhanced subcutaneous
growth and vascularization of melanoma, colon and
lung carcinomas in P3-null mice [16,19] and could
be due to differences in tumour type or to the site
of tumour growth. To address this, we compared the
growth of 4T1BM2 cells inoculated in the mammary fat
pad or subcutaneously in wild-type and B3-null mice.
Orthotopic 4T1BM?2 tumours grew at the same rate in
wild-type and B3-null mice (Figure 3G—I). Importantly,
while subcutaneous growth of 4T1BM2 tumours in
wild-type or B3-null mice was visibly slower than in
the orthotopic site (cf Figure3G, J), it was signifi-
cantly enhanced in f3-null mice compared to wild-type
littermates (Figure 3J—L). Moreover, quantitation of
microvascular density revealed no difference in ortho-
topic tumours growing in wild-type and p3-null mice
(Figure 3M) but a significant increase in microvascular
density in subcutaneous tumours growing in [3-null
compared to wild-type mice (Figure 3N). Collectively,
these results indicate that, unlike subcutaneous tumours,
orthotopic growth and vascularization of mammary
tumours are not affected by stromal p3 integrin deletion.

Tumour B3 integrin is required early to promote
metastasis to bone

To assess the stage at which tumour B3 is required
for metastasis to bone, we bypassed the formation of
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Figure 2. Down-regulation of avf3 integrin impairs vitronectin-mediated adhesion and migration and inhibits 4T1BM2 spontaneous
metastasis to bone and lung. (A) Short-term adhesion (30 min) was measured in uncoated (plastic) or vitronectin- or LM-511-coated 96-well
plates, as indicated. Data show % total cell input +SD of representative experiments (n=3), each completed in triplicate; **p < 0.001;
one-way ANOVA, Tukey's multiple comparisons test. (B) Haptotactic migration towards vitronectin or LM-511 was measured in Transwell
chambers after 4 h at 37°C in the absence of serum; data show mean number of migrated cells + SEM of nine replicate images (three random
fields of view/Transwell membrane X three membranes; **p < 0.001, one-way ANOVA, Tukey's multiple comparisons test). (C) Proliferation
was measured in 96-well plates in the presence of 5% serum and quantitated every 24 h, using a sulphorhodamine B colorimetric assay;
data are presented as mean + SEM of six replicate wells/condition and are representative of three independent experiments; n/s, not
significant; p=0.634). (D) 4T1BM2-ctrl and 4T1BM2-3lo orthotopic tumour growth was monitored thrice weekly by caliper measurements
(p=0.254; two-way ANOVA). (E) Tumour weight at harvest (day 26, p=0.782, Mann-Whitney test): data in (D, E) show mean + SD of 15
mice/group. (F) The incidence of mice developing metastases in lung, femur, spine or bone (combined femur + spine) was assessed by visual
inspection and confirmed by qPCR detection of a marker gene (mCherry) relative to vimentin. Organs with a gPCR amplification signal
above background compared to a naive mouse were considered positive (n/s in lung, p=1.00, *p < 0.05, *p < 0.01; Fisher's exact test):
(right panels) representative images of lungs from 4T1BM2-ctrl and 4T1BM2-B3lo tumour-bearing mice; arrows, metastases. Metastatic
burden in lung (G), femur (H), spine (I) and combined bone score (J) was determined by genomic qPCR detection of mCherry DNA relative to
vimentin DNA; data show one point for each mouse (n=15/group) and mean burdens (horizontal bar) + SEM (*p < 0.01; Mann-Whitney
test)

primary tumours by inoculating 4T1BM2 cells directly
into the left cardiac ventricle of wild-type mice. In con-
trast to the strong reduction in spontaneous bone metas-
tasis, suppression of tumour 3 integrin did not reduce
experimental metastasis to femur, spine or bone (femur
and spine combined) (Figure4A—-C). We also com-
pared the bone metastatic ability of 66¢c14f3Meh cells that

Copyright © 2014 Pathological Society of Great Britain and Ireland.
Published by John Wiley & Sons, Ltd. www.pathsoc.org.uk

over-express 3 integrin and metastasize spontaneously
to bone to that of non-expressing 66¢cl4pBabe cells that
do not spread spontaneously to bone from the mammary
gland [13]. Surprisingly, extensive metastasis to femur,
spine or both (Figure 4D—F) was observed, regardless of
B3 expression. Thus, tumour B3 integrin is not essential
for homing, survival and colonization of bone.
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Figure 3. Stromal deletion of B3 integrin does not alter 4T1BM2 orthotopic tumour growth and spontaneous metastasis, but enhances
subcutaneous tumour growth and vascularization; parental 4T1BM2 cells (1 x 10°) were inoculated orthotopically into wild-type (n=20)
or littermate B3 knockout (n=18) syngeneic Balb/c mice. Tumour growth rate (A), tumour weight at harvest (day 27) (B) and metastatic
burden in lung (C), femur (D), spine (E) and bone (F) were measured as described in the legend to Figure 2. Data show one point for each mouse
and mean burdens (horizontal bar) + SEM; no statistical differences (n/s) in tumour growth rate (p=0.848; two-way ANOVA), tumour end
weight (p=0.895; Mann-Whitney test) or metastatic burden between WT and KO mice were observed in lung (p=0.056), femur (p=0.578),
spine (p=0.793) or bone (p=0.530); Mann-Whitney test. Parental 4 TIBM2 cells (1 x 10°) were inoculated orthotopically (IMFP; G-1) or
subcutaneously (SC; J-L) into wild-type or B3 knockout mice (five mice/group) as indicated. (G, J) Tumour growth was monitored over 19
days and differences in growth rate analysed by two-way ANOVA, Bonferroni post-test (n/s, not significant; p=0.590; *p < 0.01). (H, K)
Tumour weight at harvest (Mann-Whitney test; n/s, p=0.854, *p < 0.01). Data in (G, H, J, K) show mean + SD of five replicates/group. (I,
L) Images showing size comparison between orthotopic (I) or subcutaneous (L) tumours growing in wild-type and 3 knockout mice; scale
bar =1 cm. Microvascular density in orthotopic (M) and subcutaneous (N) tumours was analysed by IHC detection of CD31; data show mean
pixels + SEM from 15 replicates (three fields/section + five sections/tumour; n=5 mice/group; n/s, p=0.444, *p < 0.05, Mann-Whitney
test). Representative CD31 stainings in wild-type and 33 knockout mice are shown in the right panels. Scale bar =100 um

Copyright © 2014 Pathological Society of Great Britain and Ireland. J Pathol 2015
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Figure 4. Experimental bone metastasis is not affected by changes in tumour 3 integrin expression. Balb/c mice were inoculated into the
left ventricle of the heart with 4 TIBM2-ctrl versus 4 T1BM2-B3lo cells (5x 10*/mouse, n= 11 and 13 mice/group, respectively) (A-C) or
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vimentin; data show one point for each mouse and mean burdens (horizontal bar) + SEM. No statistical differences (n/s) in metastatic burden
were found between 4 T1BM2-ctrl and 4 T1BM2-B3lo femur (p=0.368), spine (p=0.495) or bone (p=0.511) and between 66cl4pBabe and
66¢l4p3high femur (p=0.140), spine (p=0.964) or bone (p=0.315) (Mann-Whitney test)

Next, we compared the ability of 4T1BM2-ctrl and
4T1BM2-B3lo or 4T1.2-ctrl and 4T1.2-f3lo cells to
migrate towards a gradient of serum, a rich source
of soluble vitronectin [45]. Integrin 3 suppression
impaired migration towards serum by approximately
50% (p<0.001; see supplementary material, Figure
S5A, B). To further confirm that serum chemotaxis
was specifically dependent on B3 integrin, we used
DisBa-01, a potent snake venom-derived disintegrin that
targets avp3 integrin [46]. DisBa-01 dose-dependently
inhibited haptotatic migration of 4T1BM2 towards vit-
ronectin, but not towards collagen-1V, demonstrating its
specificity towards avp3 integrin substrates (see sup-
plementary material, Figure S5C). Importantly, chemo-
tactic migration towards serum was also inhibited by
DisBa-01 in a dose-dependent manner (see supplemen-
tary material, Figure S5D).

4T1-derived tumour lines secrete abundant MMP9,
which contributes to their migration and invasion
[13,36]. We found that 4T1BM2-p3lo and 4T1.2-p3lo
cells secrete significantly less MMP9 than control cells
(see supplementary material, Figure 6A, B). More-
over, migration across a monolayer of endothelial cells
was enhanced significantly by elevated 3 expression in
66cl4 cells (Figure SA) and was inhibited by suppression
of B3 integrin in 4TIBM2 cells (Figure 5B). Reduced
chemotaxis, protease secretion and trans-endothelial

Copyright © 2014 Pathological Society of Great Britain and Ireland.
Published by John Wiley & Sons, Ltd. www.pathsoc.org.uk

migration following B3 down-regulation would be
expected to prevent or delay tumour cell migration and
intravasation. Indeed, qPCR signal for the mCherry
tumour marker in blood on day 26 was near or below
the limit of detection in the majority of 4T1BM2-f3lo
tumour-bearing mice (mean value=1.132) com-
pared to control mice (mean value =16.22; p=0.01)
(Figure 5C).

In a second series of experiments, blood was col-
lected by cardiac puncture when tumours were small
(~0.5cm?®) and viable tumour cells scored by colony
formation in vitro. Tumour weights were similar
in both groups (p=0.944; Figure5D) and, while
macro-metastases were not visible in either group at
this early stage, qPCR quantitation revealed a higher
lung (p=0.05) and spine (p=0.012) tumour bur-
den in control mice (FigureSE). Importantly, only
blood from 4T1BM2-ctrl-bearing mice gave rise to
colonies (p=0.0006; FigureSF), confirming that
down-regulation of tumour B3 significantly impairs the
ability 4T1BM2-B3lo cells to enter the vasculature.

Since avf3 integrin controls an early step required
for metastatic dissemination to multiple sites, high p3
expression in breast cancer patients would be expected
to be associated with poor clinical outcome. To assess
clinical relevance, we first ran a differential expression
analysis for integrin B3 in Oncomine 4.4.4.3 [47],

J Pathol 2015
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Figure 5. Integrin avp3 promotes trans-endothelial migration and intravasation of tumour cells. (A) B3 integrin over-expression enhances
trans-endothelial migration in vitro. (B) 3 integrin suppression inhibits trans-endothelial migration in vitro. Migration of tumour cells
(1% 10° cells/well) through a monolayer of bEnd.3 endothelial cells was measured after 48 h. Data in (A, B) show mean number of migrated
cells + SD of nine replicate images (three random fields of view/Transwell membrane X three membranes) from a representative experiment
(n=3;**p<0.001, Mann-Whitney test). (C) B3 Integrin suppression inhibits intravasation in vivo: 4 TIBM2-ctrl and 4 T1BM2-p3lo tumour
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blood. Data in (D-F) show one point/mouse and mean values (horizontal bar) = SEM (n/s, not significant; p=0.944, *p < 0.05, *p < 0.01,

*¥*p < 0.001; Mann-Whitney test)

focusing on clinical outcome in breast cancer patients
(fold-change > 1.5; p<0.05). In all, 10/13 analyses
indicated that high B3 was associated with metastasis
and recurrence (see supplementary material, Figure
S7A, B). The prognostic value of 3 integrin expression
was further investigated in molecular subtypes of breast
cancer, using the BreastMark prognostic biomarker
analysis tool [48]. High B3 integrin expression was cor-
related with shorter disease-free survival in patients with
oestrogen receptor-negative (ER™) tumours (Figure 6A,
B) or with lymph node metastasis (LN*; Figure 6E,
F). No significant association was found between
B3 expression and progesterone receptor (PR) status
(Figure 6C, D), high tumour grade (Gr3; Figure 6G)
or HER2 status (data not shown; HER2*, p=0.121;
HER2™, p=0.282). Multivariate analyses showed that
high B3 expression is significantly associated with
reduced survival in ER7/PR™ (Figure 6H), ER"/LN*
(Figure 61) and ER/LN*/Gr3* tumours (Figure 6J).
These observations in human breast tissues are consis-
tent with the lack of ER and PR in 4T1BM2 primary
tumours and the aggressive nature of this mouse
model of metastasis (see supplementary material,
Figure S7C).

Copyright © 2014 Pathological Society of Great Britain and Ireland.
Published by John Wiley & Sons, Ltd. www.pathsoc.org.uk

Discussion

The diversity of experimental approaches, animal mod-
els and tumour types used to investigate the contribution
of B3 integrin to tumour growth and metastasis has
made it difficult to reconcile some of the discrepancies
between earlier studies. Unlike xenograft models, the
4T1BM2 and 4T1.2 models used herein have the unique
ability to metastasize spontaneously and aggressively in
immunocompetent mice [35—37]. Our data demonstrate
conclusively that tumour-associated avf3 integrin is
essential for efficient spontaneous metastasis to bone
and lung, but not for growth in the mammary gland.
Integrin avP3 mediates tumour cell attachment to sev-
eral bone-derived ECM proteins, and is thought to be a
critical for homing and colonization of bone [13,49,50].
Unexpectedly, we found that 3 down-regulation in
4T1BM2 and 4T1.2 decreased spontaneous, but not
experimental, bone metastasis. Moreover, exogenous
expression of B3 in 66cl4p3Mieh cells, which promotes
spontaneous metastasis to bone [13], did not enhance
experimental bone metastatic burden compared to con-
trol cells. Clearly, 66¢l4 cells do not require avp3 to

J Pathol 2015
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Figure 6. Association between B3 integrin expression and disease-free survival (DFS). The association between B3 expression and DFS
in human breast tumour samples was interrogated in public databases, using the BreastMark prognostic biomarker analysis tool [48].
p3hioh and B3 (median cut-off) are shown in black and grey, respectively; dotted lines show confidence intervals. (A) Oestrogen
receptor-positive (ER*) tumours. (B) Oestrogen receptor-negative (ER™) tumours. (C) Progesterone receptor-positive (PR*) tumours. (D)
Progesterone receptor-negative (PR~) tumours. (E) Lymph node-positive (LN*) tumours. (F) Lymph node-negative (LN~) tumours. (G) Grade 3
(Gr3) tumours. (H) Oestrogen receptor-negative/progesterone receptor-negative (ER~/PR™) tumours. (I) Oestrogen receptor-negative/lymph
node-positive (ER=/LN*) tumours. (J) Oestrogen receptor-negative/lymph node-positive/grade 3 (ER~/LN*/Gr3) tumours

home and colonize bone, since they formed experimen-
tal bone metastases in 100% of animals (see Figure 4),
even though they do not express this receptor [13].
These observations indicate that tumour avp3 is essen-
tial primarily during the early, rather than late, steps of
breast cancer metastasis.

Copyright © 2014 Pathological Society of Great Britain and Ireland.
Published by John Wiley & Sons, Ltd. www.pathsoc.org.uk

Suppression of tumour B3 reduced MMP9 secre-
tion, serum chemotaxis and trans-endothelial migration.
These responses are expected to contribute to the early
dissemination of avp3-expressing breast tumours in vivo
through interactions with its ligands, a conclusion fur-
ther supported by decreased circulating tumour cells

J Pathol 2015
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Figure 6. Continued

observed in 4T1BM2-f3lo tumour-bearing mice. Con-
sistent with this, the expression of the avp3 ligand, vit-
ronectin, is elevated in small vessel walls surrounding
cancer cells in patients with early stage breast cancer,
and the concentration of vitronectin in serum is elevated
in advanced breast cancer patients [51]. We therefore
conclude that the most critical role of tumour avf3 is
to facilitate the early escape and intravasation of breast
tumours, resulting in enhanced vascular dissemination
and subsequent metastasis to multiple organs. The clini-
cal relevance of our findings in mouse models is strongly
supported by the correlation observed between high 3
expression, metastatic disease and poor clinical outcome
in ER-negative breast cancer patients.

Our data appear to be at odds with earlier reports
showing increased experimental bone metastasis in
B3-over-expressing MDA-MB-231 variants [5,12].
However, it should be noted that, while mice inoc-
ulated with these cells showed increased number
of osteolytic lesions, the overall incidence of mice
developing experimental bone metastases was, in
agreement with our study, high in both control and
B3-over-expressing groups. Tumour ovp3 integrin
does not directly stimulate metastatic growth in bone,
but promotes the recruitment of active osteoclasts in
proximity to metastatic lesions [5,13]. Degradation of

Copyright © 2014 Pathological Society of Great Britain and Ireland.
Published by John Wiley & Sons, Ltd. www.pathsoc.org.uk
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the bone matrix and the subsequent release of growth
factors could provide a growth stimulus for breast
tumour cells in bone. Consistent with this, f3 inhibitors
reduce the formation of osteolytic lesions more potently
when used as pretreatment [18], or as long-term daily
treatments [5], at concentrations that also inhibit osteo-
clast activity. The extent to which avfp3-expressing
osteoclasts contribute to bone colonization is likely to
vary between tumours. MDA-MB-231 cells are aggres-
sively osteolytic compared to 4T1 or 66¢l4 cells, and
presumably their growth in bone may be more depen-
dent on the release of bone-derived growth factors.
Collectively, data from the above studies and ours indi-
cate that, while there is heterogeneity amongst tumour
lines in their dependency on osteoclasts to colonize
bone, tumour avf3 is not essential for bone metastases
to develop.

Most surprising was the lack of effect of stromal 3
ablation on tumour growth, vascularization and spon-
taneous metastasis, given the numerous studies that
have implicated endothelial cells or platelets in these
processes [16,19,52—-54]. Studies employing subcuta-
neous tumour transplantation models reported enhanced
tumour growth and vascularization following stromal
B3 deletion [16,19]. While we could replicate these
observations in mammary tumour cells implanted into

J Pathol 2015
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the subcutis, stromal deletion of B3 integrin did not
alter tumour growth in the mammary gland. These
observations indicate that stromal p3 regulates tumour
growth and angiogenesis in a tissue-specific manner,
and argue against a critical role for endothelial f3 in
promoting the orthotopic growth and angiogenesis of
breast tumours. Our data support those reported in the
MMTV-c-new/p3~/~ transgenic model of breast cancer
metastasis [20] and resolve the apparent conflicts with
earlier tumour transplantation studies employing 3-null
mice [55].

Most studies supporting the role of platelet allbf3 in
metastasis have made use of in vitro surrogate assays
or in vivo experimental metastasis models, in which
tumour cells are injected directly into the vascula-
ture [5,12,52,53,56]. In one study, pharmacological
inhibition of platelet ollbp3 significantly reduced
experimental melanoma metastasis to bone, which was
attributed to disruption of tumour cell-induced platelet
aggregation [17]. Conceivably, injection of a large
bolus of cells could enhance experimental metastasis
by promoting excessive tumour cell clumping and/or
exaggerating tumour-induced platelet aggregation,
processes known to promote embolic arrest of tumour
cells [53,57,58]. Interestingly, the well-documented
correlation between the ability of tumour cells to
induce platelet aggregation and metastatic potential
has not been observed consistently in breast cancer
metastasis models [59]. To minimize tumour -cell
clumping and non-specific tumour—platelet interactions
in our experimental metastasis assays, the number
of cells injected (5x 10*~1x103) was significantly
lower than that employed in most xenograft studies
[5,12]. We do not interpret our results as evidence
that tumour—platelet interactions are not required for
spontaneous metastasis of breast tumours. Rather, we
propose that platelet allbp3 function is not essential
for efficient breast cancer metastasis to bone and lung.
Indeed, liposome-encapsulated Cilostazol, a platelet
aggregation inhibitor, reduces spontaneous metastasis
of 4T1 tumours to lung by 50% [60]. However, the
effects of Cilostazol on bone metastasis and of olIbp3
integrin inhibition on spontaneous metastasis were not
investigated in this study.

Current experimental and clinical evidence indicates
that not all tumour types (or anatomical sites) could
benefit from therapies employing avp3 integrin antag-
onists such as cilengitide [25,61]. Our study demon-
strates for the first time that tumour rather than stromal
B3 integrin is a critical determinant of metastatic poten-
tial in breast cancer and is essential for efficient sponta-
neous metastasis to multiple sites, including bone. Reg-
ulation of early steps of metastasis to multiple organs
by tumour B3 integrin is consistent with the association
between high 3 expression and poor clinical outcome
in ER-negative breast cancer patients. Our findings have
important implications for the design of anti-metastatic
therapies targeting 3 integrin in breast cancer, and
could explain in part the limited therapeutic response
observed in clinical trials testing 3 inhibitors in patients
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with advanced metastatic disease [26—30]. We propose
that to achieve optimal efficacy in breast cancer patients,
3 inhibitors should be used in a neo-adjuvant setting to
target early steps of metastatic progression, rather than
after metastases are established.
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Abstract: For many years, ginger or ginger root, the rhizome of the plant Zingiber officinale, has been consumed as a
delicacy, medicine, or spice. Several studies have been conducted on the medicinal properties of ginger against various
disorders, including cancer. Cancer is the second leading cause of death, and chemoprevention is defined as the use of
natural or synthetic substances to prevent cancer initiation or progression. Evidence that ginger-derived compounds have
inhibitory effects on various cancer cell types is increasingly being reported in the scientific literature. In this review we
focused on the cancer chemopreventive effects of [6]-gingerol, the major pungent component of ginger, and its impact on

different steps of the metastatic process.
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INTRODUCTION

Ginger (Zingiber officinale Roscoe, Zingiberacae) is a
native plant from Southeast Asia, that has been used as an
important condiment and medicinal agent for more than
2500 years [1]. Several studies have been conducted on the
medicinal properties of ginger against various disorders.
Ginger has been demonstrated to have anti-inflammatory,
hypotensive, antioxidant, antimicrobial, and antiemetic
properties and to regulate cholesterol levels [2, 3].

Ginger is composed of volatile oils (flavor and aroma)
and non-volatile pungent compounds. The latter include
gingerols, shogaols, paradols and zingerone, which are
biologically active. Gingerols are found in greater abundance
in fresh ginger, and differ in their chemical structure by the
length of unbranched alkyl chains [4].

Metastasis is the leading cause of cancer death and can
be described as a cascade of events, each being rate-limiting
and providing potential opportunities for therapeutic
intervention [5]. Normal cells are transformed into tumor
cells due to mutations in genes that regulate critical pathways,
producing an imbalance between proliferation and cell death
that eventually leads to the formation of a primary tumor.
Further interactions with the stromal microenvironment
surrounding tumor cells, including endothelial cells, fibroblasts,
macrophages and extracellular matrix (ECM) proteins,
contribute to the formation of new blood and lymphatic
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vessels [6]. These interactions facilitate tumor cell invasion
of surrounding tissues, intravasation through newly formed
vessels, and dissemination to other tissues, to form secondary
tumors. During the metastatic process, cells must penetrate
natural barriers in the microenvironment, survive in
circulation as well as invade and populate a new tissue, the
latter being helped by the establishment of a pre-metastatic
niche [7-9].

The ECM plays a fundamental role in tumor metastasis.
The ECM represents the non-cellular component of tissues,
and is formed primarily of water, proteins and polysaccharides;
however, its precise composition is tissue-specific [10, 11].
Cell-cell and cell-ECM interactions are important regulator
of cell adhesion, migration, proliferation and survival. These
processes, in turn, play critical roles during both normal
physiological and pathological conditions, such as cancer
and metastasis.

The aim of this review is to summarize the most recent
studies on the cancer chemopreventive action of [6]-gingerol.
We will focus on specific steps of the metastatic process,
including cell adhesion, migration, invasion and angiogenesis
and describe the effects of [6]-gingerol on each of these
steps. We will, in particular, discuss the chemopreventive
effects of [6]-gingerol focusing on its ability to inhibit tumor
cell proliferation, and to induce apoptosis or reactive oxygen
species (ROS) production. This review is divided into two
parts describing first results from studies performed in vitro
and then in different animal models in vivo. It was prepared
using publications reported over the last 10 years (2003 to
2013) on the NLM-Pubmed and TS-Web of Science online
bibliographic databases, using the keyword “[6]-gingerol”

© 2014 Bentham Science Publishers
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separately matched with the keywords “cancer”, “proliferation”,
“adhesion”, “migration”, “invasion”, “apoptosis”, “angiogenesis”,
“reactive oxygen species”, or “in vivo”, totaling 175 and 147
papers in NLM-Pubmed and Web of Science, respectively.
Excluding duplicates and works using other compounds or
ginger extracts, a total of 30 articles were consulted for this

review.

IN VITRO CANCER CHEMOPREVENTIVE EFFECTS
OF [6]-GINGEROL

Effects of [6]-gingerol on Cell Adhesion, Migration,
Invasion and Proliferation

Tumors comprise a complex and heterogeneous cellular
network that relies on local and systemic cues to execute
malignant programs. The importance of cell-cell adhesion
relates to the fact that this phenomenon orchestrates large-
scale tumor behaviors such as migration, proliferation and
invasion [12]. Cell migration is an integral part of invasion
allowing cancer cells to escape the primary tumor and to
metastasize to distant sites. It is known that invasion of
basement membranes is mainly mediated by the gelatinase
matrix metalloproteinases, MMP-2 and -9 [13]. Our search
of the literature, combining the words “[6]-gingerol” and
“cell adhesion” identified one publication by Lee and
coworkers [14]. In this paper, they demonstrated that 10 uM
[6]-gingerol inhibited MDA-MB-231 human breast cancer
cell adhesion to fibronectin, an ECM component, without
affecting their proliferation. In the same study, MDA-MB-
231 cells treated with [6]-gingerol showed a dose-dependent
decrease in invasiveness and motility, as well as decreased
expression of MMP-2 and -9 [14].

Similar results were found in Hep3B human
hepatocarcinoma cells. Treatment of these cells with 10 uM
[6]-gingerol resulted in suppression of MMP-2 and -9
activities, concomitant with inhibition of MAPK and
PI3K/Akt phosphorylation [15]. In another study, treatment
of human HepG2 hepatocarcinoma cells with 5 uM [6]-
gingerol for 24 h inhibited their ability to migrate and invade
by 22% and 52%, respectively [16]. Similarly, [6]-gingerol
(50 uM — 200uM) efficiently blocked invasion of AH109A
hepatoma cells in vitro [17].

At higher concentrations, [6]-gingerol exerts potent anti-
proliferative effects. Park and colleagues [18] showed that
[6]-gingerol inhibits the proliferation of HPAC and BxPC-3
pancreatic cancer cells in a dose- and time-dependent manner.
The antiproliferative effects ranged from 50 to 800 uM. At
the highest concentration, [6]-gingerol showed similar
cytotoxicity against BxPC-3 (89.4% inhibition) and HPAC
(91.2% inhibition) cells after 72 hours of exposure [18].
Furthermore, exposure to [6]-gingerol (200 uM) for 72 hours
inhibited the growth of HCT-116 (28%), SW480 (17%), HT-
29 (28%), LoVo (13%) and Caco-2 (8%) colorectal cancer
cells [19]. In addition, [6]-gingerol at concentrations varying
from 12.5 to 200 uM inhibited AHI109A rat hepatoma cell
proliferation [17].

[6]-gingerol also mediated direct anti-proliferative effects
in non-human tumor cell lines, such as rat YYT colon cancer,
inhibiting cell proliferation at all concentrations tested and
being most effective at 100 uM [20]. Another group studied
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the effects of [6]-gingerol in LoVo colon cancer cells and
verified that treatments with 10 and 15 ug/mL (35 uM and
50 uM, respectively) decreased cell viability to almost 70
and 25% (24 hours incubation) and 40% and 25% (48 hours
incubation) of untreated controls [21].

While there is a broad spectrum of tumor types inhibited
by [6]-gingerol, their sensitivity varies considerably between
cell lines. It showed moderate cytotoxicity in the human lung
cancer cell lines H-1299 (150 uM) [22] and A549 (150 uM)
[23], ovarian cancer SK-OV-3 (50 uM) [23], melanoma SK-
MEL-2 (70 uM) [23], colon cancer HCT15 (100 uM) [23]
and epidermoid carcinoma A431 cells (300 uM) [24]. In
another study, however, [6]-gingerol showed only low
inhibition of MDA-MB-231 cell proliferation after 72 hours
of incubation (ICso =666.2+134.6 uM) [25]. In some cell
lines, [6]-gingerol is ineffective at blocking proliferation. A
study performed by Liu and colleagues [26] showed that
even at concentrations as high as 150 uM, [6]-gingerol did
not inhibit the proliferation of ECC-1 and Ishikawa endometrial
cancer cells. Similarly, [6]-gingerol was ineffective at
inhibiting the proliferation of murine melanoma cells
B16F10, at concentrations as high as 100 uM [27]. Also, as
cited above, 10 uM [6]-gingerol had no inhibitory effect on
MDA-MB-231 cell proliferation when incubated for 24
hours [14].

Taken together, the results above demonstrate the
pleiotropic effects of [6]-gingerol on the function of multiple
tumor cell types. Inhibition of cell proliferation, adhesion,
migration and invasion, observed at concentrations ranging
from 5 to 800 uM indicates that [6]-gingerol may have direct
anti-tumor or anti-metastatic activity in vivo. However, the
degree of sensitivity of various cell lines tested in these
assays varies considerably, suggesting that some tumor cells
may have developed resistance mechanisms against [6]-
gingerol.

Effects of [6]-gingerol on Apoptosis

In the metastatic process, only a small proportion (0.04%)
of circulating tumor cells successfully colonize secondary
sites. Most tumor cells are killed either by the immune
system or by apoptosis [5]. Apoptosis or programmed cell
death is a basic cellular process critical to the maintenance of
tissue homeostasis [28]. Apoptosis is carried out by two
major pathways, the receptor (extrinsic) pathway and the
mitochondrial (intrinsic) pathway, which eventually result in
the activation of caspases, a family of enzymes that act as
effector molecules in various forms of cell death [29]. In the
extrinsic pathway, binding of the tumor necrosis factor
(TNF) superfamily of death receptors by their cognate
natural ligands or by agonistic antibodies initiates receptor
oligomerization, followed by the recruitment of adaptor
molecules such as FADD and caspase-8 to the activated
death receptors leading to the activation of caspase-8. Once
activated, caspase-8 either directly cleaves and thereby
activates effector caspase-3 or, alternatively, cleaves Bid into
tBid [30]. Bid is a BH3-only protein of the Bcl-2 family
which, upon cleavage, translocates as tBid to mitochondria
to stimulate mitochondrial outer membrane permeabilization
[31].
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In the intrinsic pathway, the release of proteins from
mitochondrial inter-membrane space, such as cytochrome ¢
or second mitochondria-derived activator of caspase (Smac)/
direct IAP binding protein with low pI (DIABLO), into the
cytosol triggers a common prefinal stage of apoptosis that is
characterized by the activation of effector caspases [32].
Cytochrome ¢ promotes caspase-3 activation via formation
of the apoptosome complex that contains, besides cytochrome
¢, Apaf-1 and caspase-9 and results in the activation of
caspase-9 and subsequently, caspase-3 [33].

Among their various biological activities, natural
products such as [6]-gingerol modulate apoptosis signaling
pathways. Lee et al. [19] reported that [6]-gingerol increased
apoptosis in human colorectal cancer cells, HCT-116,
SW480 and LoVo, but not in HT-29 and Caco-2 cells. Flow
cytometry analysis showed that the number of apoptotic cells
was significantly higher in HCT-116 cells (50, 100 and 200
uM) and in SW480 and LoVo cells (200 uM) after
incubation with [6]-gingerol for a period of 72 hours. Cell
cycle analysis demonstrated that [6]-gingerol induces G, cell
cycle arrest in HCT-116 and LoVo cells. To investigate the
molecular mechanisms by which [6]-gingerol mediates
apoptosis induction and cell cycle arrest, the authors studied
the expression of several cell cycle and apoptosis-related
genes. They showed that [6]-gingerol (200 uM) suppressed
cyclin D1 protein expression in a dose-dependent manner in
HCT-116 (100, 150, and 200 puM), SW480 and Caco-2 cells.
They also found that treatment with [6]-gingerol (100 - 200
uM) increased NAG-1 protein and mRNA levels in HCT-
116 cells and LoVo cells. Suppression of cyclin DI and
induction of NAG-1 by [6]-gingerol appear to require
proteolytic degradation and modulation of B-catenin, PKCe,
and GSK-3p pathways [19].

On the other hand, Lin and coworkers [21] observed a
decrease in GO/G1 phase and an increase in G2/M ratio in
LoVo cells treated with 5, 10 and 15 ug/mL (15, 35 and 50
UM respectively) of [6]-gingerol. Monitoring levels of
procaspase-3 and caspase-8 in these cells treated with the
same concentrations of [6]-gingerol showed no significant
changes, but, at concentrations up to 50 uM, increased p53
level, consistent with induction of apoptotic cell death [21].

Another group reported that apoptosis was detected in
human hepatocellular carcinoma, HepG2 cells after
incubation with [6]-gingerol (0-200 uM) for 24 hours [34].
Hoechst 33342 staining showed that [6]-gingerol-treated
HepG2 cells displayed an increased ratio of chromatin
condensation and fragmented fluorescent nuclei that was
dose-dependent. In a TUNEL assay, the level of apoptotic
HepG2 cells treated with [6]-gingerol at concentrations of
50, 100 and 200 uM for 24 hours was significantly higher
compared to untreated cells [34]. Chakraborty et al. [35]
reported that [6]-gingerol induced apoptosis and autophagy
in cervix adenocarcinoma Hela cells. Treatment with 75,
100 and 125 puM [6]-gingerol caused externalization of
phosphatidylserine detected by Annexin V binding, and
increased the expression of caspase-3 and PARP. The same
treatment also increased TUNEL positivity, chromatin
condensation and DNA fragmentation, indicative of nuclear
DNA degradation and apoptosis.
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Nigam and colleagues [24] observed that epidermoid
carcinoma cells A431 treated with [6]-gingerol at 250, 300
and 350 uM, presented an increase in sub-G1 population and
a decrease in G1 phase of the cell cycle. DNA fragmentation,
downregulation of anti-apoptotic Bcl-2 expression and up-
regulation of pro-apoptotic Bax, cytochrome-c, Apaf-1,
caspase-9 and caspase-3 proteins were also demonstrated by
western blotting analysis, indicating that [6]-gingerol induces
apoptosis in this cell line [24].

Park et al. [18] investigated [6]-gingerol’s action on
HPAC and BxPC-3 pancreatic tumor cell lines, that express
wild-type and mutant forms of p53 respectively. Treatment
with [6]-gingerol (400 uM) arrested cell cycle in G1 phase
by decreasing cyclin A and cdk expression in both cell lines.
This study also showed that [6]-gingerol induced apoptotic
death in BxPC-3 but not in HPAC cells, suggesting that [6]-
gingerol can bypass p53 mutant resistance to apoptosis.
Protein expression analysis demonstrated that NF-kB, AP-1,
COX-2, MAPK, pJNK and pERK were inhibited in both cell
types after [6]-gingerol treatment. No changes in p85a
regulatory subunit of PI3K in both cell lines were observed
while AKT phosphorylation was increased in HPAC but not
in BXPC-3 cells [18].

Shukla and colleagues [36] reported the modulatory
properties of [6]-gingerol on testosterone-induced alterations
of apoptosis related proteins in LNCaP human prostate
cancer cells. These cells were treated (50 nM) or not with
testosterone for 12 hours followed by incubation with [6]-
gingerol (50 and 75 pM) for 24 hours. Under both conditions,
[6]-gingerol increased sub-G1 cell population and decreased
S cell population demonstrating that [6]-gingerol alone is
sufficient to induce cell cycle arrest in prostate cancer cells.
Testosterone and [6]-gingerol used in combination also
decreased mitochondrial membrane potential, increased
DNA fragmentation p53 Bax, caspases-3 and -9 expression
and restored testosterone-induced upregulation of Bcl-2 to
normal levels in LNCaP cells in a dose-dependent manner.
Cells treated with [6]-gingerol alone exhibited the same
changes, but showed further decrease in anti-apoptotic Bcl-2
protein expression. These observations indicate that [6]-
gingerol may be effective to counter the anti-apoptotic
effects of testosterone in androgen-dependent prostate cancer.

In contrast, Ishiguro and coworkers [37] found that 50 pg/mL
[6]-gingerol (170 uM) alone was insufficient to induce
apoptosis in HCG gastric cancer cells. However, co-
treatment with TRAIL (40 ng/mL) and [6]-gingerol for 18
hours increased apoptosis in this cell line indicating that [6]-
gingerol enhances TRAIL-induced caspase-3 and caspase-7
activation through inhibition of NF-kB activation.

Collectively, the data described above demonstrate that
[6]-gingerol acts mainly as a pro-apoptotic molecule in
different cell lines and that its pharmacological effects may
vary, depending on the cell line. Thus, [6]-gingerol can act
on tumor cells by inducing cell cycle arrest or by inhibiting
or inducing the expression of anti-apoptotic and pro-
apoptotic molecules, respectively, at concentrations ranging
from approximately 50 to 400 uM.
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Effects of [6]-gingerol on ROS Production

Reactive oxygen species (ROS) are a family of active
molecules including superoxide (O;), peroxyl (ROOQs),
hydroxyl (OHe), and nitric oxide (NOe) that are involved in
the modulation of cell functions. However, a large amount or
sustained levels of ROS can result in the oxidation of
biomolecules, causing cell damage leading to growth arrest,
senescence, or death [38]. ROS produced in the body,
primarily by mitochondria, play a major role in various cell-
signaling pathways. They activate various transcription
factors, resulting in the translation of proteins that control
inflammation, cellular transformation, tumor cell survival,
proliferation, invasion, angiogenesis, and metastasis. Increased
intracellular ROS usually leads to DNA damage, and the
subsequent phosphorylation of p53 contributes to cell cycle
arrest and further apoptosis of cancer cells. Various
chemotherapeutic agents used in cancer treatment mediate
their effects through the production of ROS, which have
been implicated also in the chemo-protective and anti-tumor
action of natural products, including gingerols [39].
Paradoxically, increasing evidence suggests that natural
product-based compounds with antioxidant activity can
effectively neutralize oxidative stress and thus suppress
ROS-mediated tumorigenesis in healthy cells. Thus, it appears
that natural products have a dual function, either causing
ROS-induced tumor cell death or being potent bioactive
molecules, protecting healthy cells from oxidative damage.

Indeed, evidence from the literature indicates that [6]-
gingerol can act either as a pro-oxidant or as an antioxidant
molecule, depending on the experimental approach used. Lin
and colleagues [21] demonstrated that 10 and 15 pg/mL (35
and 50 uM, respectively) of [6]-gingerol dose-dependently
increased intracellular ROS in LoVo colon cancer cells and
this effect was inhibited by pretreatment with N-acetylcysteine
(NAC), a potent antioxidant. The authors proposed that the
increase in p53 levels observed may be attributed to the
induction of ROS by [6]-gingerol in this cell line.

Others tested the effect of different concentrations of [6]-
gingerol on the induction of ROS using the HepG2 hepatoma
cell line [40]. The authors demonstrated that treatment of
HepG2 cells with [6]-gingerol at concentrations of 20, 40
and 80 uM resulted in a significant increase in ROS production
with a striking decrease of intracellular GSH [40].
Subsequently, the same research group also demonstrated
the antioxidant effects of [6]-gingerol. They showed that
pretreatment of the same HepG2 cell line with [6]-gingerol
(10 uM, 1 hour) produced a significant and dose-dependent
reduction of ROS induced by patulin, a mycotoxin produced
by several fungi species [41]. More recently, the authors
found a significant increase in ROS production in HepG2
cells treated with [6]-gingerol at concentrations of 50, 100
and 200 uM, with a concomitant decrease in intracellular
GSH, suggesting that apoptosis may be related to GSH
depletion in this cell line [34]. Intracellular ROS levels were
also significantly and dose-dependently increased in human
epidermoid carcinoma A431 cells treated with [6]-gingerol
(250 to 350 puM) [24].

Conversely, Park and coworkers [42] demonstrated that
[6]-gingerol decreased the production of ROS in TGF-beta
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1-induced nasal polyp-derived fibroblasts, evidencing its
antioxidant effect. [6]-gingerol (25-100 puM) also inhibited
intracellular ROS production induced by H,O, in a dose
dependent pattern in B16F10 murine melanoma cells,
protecting them from oxidative injury [43]. Dugasani and
colleagues [44] found that [6]-gingerol had the weakest
relative scavenging potential when compared to [6]-shogaol,
[10]-gingerol and [8]-gingerol but was equipotent to positive
control, a-tocopherol as an antioxidant molecule. Additionally,
20 uM [6]-gingerol inhibited the rises in the intracellular
peroxide levels concomitant with decreased invasion of
AH109A hepatoma cells, suggesting that its antioxidative
property may be involved in its anti-invasive action [17].
Additionally, LPS-induced ROS production in the mouse
leukaemic monocyte macrophage cell line RAW 264.7 was
inhibited by [6]-gingerol treatment at concentrations ranging
from 20 to 80 uM [45]. Interestingly, while [6]-gingerol
suppressed O, generation in HL-60 cells [46], aframodial, a
diterpenoid from Aframomum species, had much higher
suppressive effects on ROS and reactive nitrogen species
generation and on the expression of pro-inflammatory genes
than [6]-gingerol. This led the authors to the hypothesis that
aframodial, rather than [6]-gingerol, may be the major
antioxidant and anti-inflammatory ginger compound.

Effects of [6]-gingerol on Angiogenesis

Angiogenesis refers to the formation of new blood
vessels from pre-existing endothelium and is a fundamental
process in a variety of physiological and pathological
conditions including wound healing, embryonic development,
chronic inflammation, and cancer progression and metastasis
[47]. Angiogenesis plays an important role not only in primary
tumor vascularization but also in metastasis. It is well known
that tumors require a microvasculature development in order
to grow and metastasize [48]. Tumor angiogenesis is tightly
controlled by positive and negative regulators produced by
the tumors and neighboring cells. Two angiogenic factors,
vascular endothelial growth factor (VEGF) and interleukin-8
(IL-8), are often used as diagnostic markers for tumor metastasis
and proliferation [49]. Currently, the most common approach
for limiting tumor angiogenesis is VEGF pathway blockade
[50].

Recent data showed that [6]-gingerol (5-25 uM) inhibited
both VEGF- and bFGF-induced proliferation of human
endothelial cells (HUVECS). It also blocked capillary-like
tube formation by endothelial cells in response to VEGF, and
strongly inhibited sprouting of endothelial cells in rats’ aorta
and formation of new blood vessel in mice’s cornea in
response to VEGF at 10 and 25 uM in both assays [51].

In another work, it was demonstrated that at lower doses
(starting from 0.8 uM), [6]-gingerol effectively inhibited
endothelial cell tube formation by MS1 endothelial cells. The
mechanism of action to block tumor growth, as suggested by
the authors, could be related to the inhibition of the tumor
blood supply [20]. Weng and co-workers [15] showed that
[6]-gingerol reduced VEGF and IL-8 secretion in Hep3B
hepatocarcinoma cells. Based on these observations, they
performed additional tests using HUVEC cells or rat aortas
to demonstrate the anti-angiogenic properties of [6]-gingerol.
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They observed tube formation retardation and significantly
decreased tube lengths that were 81% of the control after
treatment with 10 uM [6]-gingerol. Similarly, the outgrowth
capillary lengths were significantly reduced to 71% of the
untreated control [15].

IN VIVO TUMOR CHEMOPREVENTIVE EFFECTS
OF [6]-GINGEROL

The first study investigating the antitumor effects of
[6]-gingerol in vivo was performed in 2005 by Kim and
collaborators [51]. C57BL/6 mice were injected intraperitoneally
with [6]-gingerol (3 or 5 mg/kg) prior to intravenous injection
of B16F10 melanoma cells. After three weeks, lungs were
examined for the presence of metastatic colonies. [6]-gingerol
markedly suppressed lung colonization in 50% (3 mg/kg) or
almost 100% of animals at higher doses (5 mg/kg) compared
to control mice [51]. In the same year, another group [52]
aimed to investigate the effects of [6]-gingerol in TPA-induced
cyclooxygenase (COX-2) expression in mouse skin. COX-2 is
involved in prostaglandin biosynthesis and inflammation, a
phenomenon frequently observed in various premalignant
and malignant tissues. The authors verified that [6]-gingerol
(30 uM) inhibited TPA-induced COX-2 expression in mouse
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skin in vivo by blocking the p38 MAP kinase-NF-kB signaling
pathway [52].

The in vivo effects of [6]-gingerol were also tested on a
model of prostate hyperplasia induced by daily subcutaneous
injections of testosterone for a 15 days period. Results showed a
significant decrease in prostate weight with supplementation
of [6]-gingerol (10 mg/kg) given both prior and post-
testosterone administration. [6]-gingerol alone did not cause
any significant change in the weight of prostate. The authors
conclude that [6]-gingerol shows therapeutic potential for the
management of prostate cancer [36].

Jeong and colleagues [53] aimed to investigate the in vivo
effects of [6]-gingerol on human HCT116 colorectal cancer
in nude mice. The authors demonstrated that mice fed by
gavage with [6]-gingerol (25 mg/kg) three times a week before
being injected with HCT116 cells had fewer measurable tumors
and lived longer than untreated control mice. The authors defined
a molecular mechanism whereby the suppression of tumor
growth in vivo is mediated by [6]-gingerol enzymatic
inhibition of leukotriene A4 hydrolase, an enzyme implicated in
the anchorage-independent growth of HCT116 colon cancer
cells [53].

Fig. (1). Effects of [6]-gingerol on different steps of metastatic process. In the scheme it is presented the primary tumor (A), the metastatic
site, with pre-metastatic niche (B), red structures represent blood vessels, blue cells represent normal untransformed cells, green cells
represent the primary tumor, purple cells represent tumor transformed cells and grey cells represent metastatic cells at the secondary tumor.
[6]-gingerol interferes with metastatic cell adhesion to ECM (@); inhibits metastatic cell migration (®); invasion (®) and proliferation of
tumor cells (@) [6]-gingerol also acts inhibiting angiogenesis at the secondary tumor site (), stimulating the production of reactive oxygen
species (@) or stimulating apoptosis and necrosis in tumor cells, in brown (@). Adapted from [57].
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Table 1.

Activity of [6]-gingerol in different steps of metastatic process.
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In vitro assays

Cell line Concentration (uM) Effect Reference
Adhesion
MDA-MB-231 10 - [14]
Migration
MDA-MB-231 251010 - [14]
Hep3B 10 - [15]
HepG2 5 [16]
Invasion
MDA-MB-231 251010 - [14]
Hep3B 10 - [15]
AH109A 50 to 200 - [16]
HepG2 5 - [16]
Proliferation
MDA-MB-231 10 No effect [14]
AH109A 12.5 to 200 - [17]
BxPC-3, HPAC 50 to 800 - [18]
HCT-116, SW480, HT-29, LoVo, Caco-2 200 - [19]
YYT 100 - [20]
LoVo 35 to 50° - [21]
H-1299 150 - [22]
A549, SK-OV-3, SK-MEL-2, HCT15 50 to 150 - [23]
A431 300 - [24]
MDA-MB-231 666.2+134.6 - [25]
ECC-1, Ishikawa 150 No effect [26]
B16F10 100 No effect [27]
HepG2 304.27+13.65 - [40]
Apoptosis
HPAC, BxPC-3 400 + [18]
HCT-116 50 to 200 + [19]
SW48, LoVo 200 + [19]
Lovo 50 + [21]
A431 250 to 350 + [24]
HepG2 50 to 200 + [34]
HelLa 7510 125 + [35]
LNCaP 50 and 75 + [36]
HGC 170" + [37]
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(Table 1) Contd....

Cell line Concentration (uM) Effect Reference
Production of ROS
AH109A 20 - [17]
LoVo 35t0 50" + [21]
A431 250 to 350 + [24]
HepG2 50 to 200 + [34]
HepG2 20to 80 + [40]
HepG2 10 - [41]
B16F10 2510 100 - [43]
RAW264.7 2010 80 - [45]
Angiogenesis
HUVEC 10 - [15]
MS1 0.8 - [20]
HUVEC 25 to 50 - [51]
In vivo assays

Animal Dose/Concentration Effect Reference
Swiss albino 10 mg/Kg - [36]
C57BL/6 3to 5 mg/Kg - [51]
ICR mice 30 uM - [52]
Nude mice 25mg/Kg - [53]
Swiss albino 25uM - [54]
ICR mice 25uM - [55]
Balb-c and C57BL/6 0.5 mg/Kg - [56]

Italic numbers represents 1Cs, values; symbols (+) or (-) represent induction or inhibition of the process, respectively. 'Calculated by the authors of this review;
’Represents co-treatment with TRAIL; Cell lines presented in the table are: MDA-MB-231, human breast cancer cells; Hep3B and HepG2, human
hepatocarcinoma; AH109A, rat ascite hepatoma; HCT-116, SW480, HT-29, LoVo, Caco-2, human coloretal cancer; A-549, human lung cancer; SK-OV-3,
human ovarian cancer; SK-MEL-2, human skin cancer; HCT15, human colon cancer; A431, epidermoid carcinoma; BxPC-3 and HPAC, human pancreatic
cancer cells; YTT, rat colon cancer; H-1299, human lung cancer; B16F10, murine melanome cells; ECC-1 and Ishikawa, human endometrial cancer, HelLa,
human cervix adenocarcinoma; LNCaP, human prostate cancer; HGC, human gastric cancer; RAW264.7, murine leukemia; HUVEC, human endothelial cells;

MS1, mouse endothelial cells.

More recently Nigam and colleagues [54] used a mouse
skin carcinogenesis model in an attempt to evaluate the
biological activity of [6]-gingerol. They applied B[a]P (5
pg/animal) topically as a carcinogen to induce mouse skin
tumors (squamous cell carcinoma). Mice were untreated
(controls) or treated with B[a]P and/or [6]-gingerol (2.5
pM/animal) thrice weekly for 32 weeks. Results revealed a
delay of approximately 5 weeks in the onset of tumorigenesis in
[6]-gingerol treated groups compared to the B[a]P treated
mice. In addition, [6]-gingerol treatment resulted in an
increase in the incidence of tumor-free animals and reduction
in tumor volume by 51% and 65% in mice receiving topical
[6]-gingerol, 30 min prior and postB[a]P, respectively.
Regarding cumulative number of tumors, [6]-gingerol treatment
caused a decrease of 55% (prior B[a]P injection) and 74%

(post B[a]P injection). Suppression of skin tumorigenesis
by [6]-gingerol was confirmed histologically. The authors
concluded that [6]-gingerol may prevent skin cancer development
by directly triggering apoptosis-promoting signaling cascades
[54].

Wu and coworkers [55] applied 2.5 uM [6]-gingerol
topically twice weekly for 20 weeks in female ICR mice
previously treated with DMBA/TPA to induce squamous cell
carcinoma formation. The authors found that pre-treatment
with [6]-gingerol reduced the number of tumors per mouse
as well as the number of animals developing tumors by
70.6% and 28%, respectively. Additionally, [6]-gingerol
reduced the number and size of benign papilloma in treated
mice. However, in this work the authors compared the
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antitumor effects of other compounds and concluded that
[6]-shogaol is more effective than [6]-gingerol at inhibiting
TPA-induced tumor promotion in mouse skin.

Finally, Ju and coauthors [56], aiming to investigate the
number of tumor-infiltrating lymphocytes (TIL) in murine
tumors, provided [6]-gingerol in drinking water to Balb/c
and C57BL/6 female mice three days after tumor cells
inoculation. Results demonstrated that treatment with 0.5
mg/kg/day of [6]-gingerol, resulted in the inhibition of
melanoma (B16F1), renal cell carcinoma (Renca) and colon
carcinoma (CT26) growth. However, topical [6]-gingerol did
not lead to complete eradication of the tumors. In addition,
mice treated with [6]-gingerol exhibited a massive increase
in the number of TILs with activated characteristics. The
authors suggested that [6]-gingerol could be used for tumor
immunotherapy to increase the number of TILs [56].

Taken together, these in vivo studies show the therapeutic
potential of [6]-gingerol for inhibition of tumor growth and
metastasis in different animal models. Clearly, more studies
should be performed to understand the underlying mechanisms
and efficacy of this compound as a cancer chemopreventive
agent. The effects of [6]-gingerol on different metastatic steps,
as demonstrated through the above studies, are summarized in
Table 1 and Fig. (1).

CONCLUSIONS

It is possible to conclude that [6]-gingerol acts on
different steps of the metastatic process, from tumor cell
adhesion to other processes such as cell migration, invasion,
proliferation and angiogenesis. The review highlighted
a number of in vitro and in vivo results indicating that
[6]-gingerol is a promising and effective molecule, which
can be used to block carcinogenesis. Since most modern
chemotherapeutic drugs currently available are expensive,
toxic, and subject to treatment resistance, it is imperative to
investigate thoroughly agents derived from natural sources
that are typically less toxic to normal tissues, such as [6]-
gingerol, for their use to prevent and/or treat cancer and
metastasis. The most common mechanisms of action
described in the literature to explain [6]-gingerol inhibitory
effects are inhibition of proliferation, induction of apoptosis
and regulation of ROS production. However the concentration
of [6]-gingerol required for inhibition varies considerably
between tumor types, ranging from as low as 0.8 uM up to
800 uM. For example, colon and prostate cancer cells appear
to be particularly sensitive to the inhibitory effects of [6]-
gingerol whereas breast tumor lines such as MDA-MB-231
are relatively resistant. Furthermore, while inhibition of
several signaling pathways was demonstrated in the above
studies, the specific molecular target(s) inhibited by [6]-
gingerol need to be better defined. Clearly, further studies in
patients and in clinically relevant animal models are required
to validate the efficacy of this molecule in vivo, either alone
or in combination with existing therapy and to determine the
tumor types most likely to benefit from these interventions.
It will be important also in future studies to assess whether
[6]-gingerol may be more effective to prevent the development
of cancer or for the treatment of established disease.
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ADAM?9 (A Disintegrin And Metalloproteinase 9) is a member of the ADAM protein family which contains
a disintegrin domain. This protein family plays key roles in many physiological processes, including
fertilization, migration, and cell survival. The ADAM proteins have also been implicated in various dis-
eases, including cancer. Specifically, ADAM9 has been suggested to be involved in metastasis. To address
this question, we generated ADAM9 knockdown clones of MDA-MB-231 breast tumor cells using

Keywords: silencing RNAs that were tested for cell adhesion, proliferation, migration and invasion assays. In RNAi-
ﬁl?([:g]\l/‘[i?l mediated ADAM9 silenced MDA-MB-231 cells, the expression of ADAM9 was lower from the third to the
RNA silencing sixth day after silencing and inhibited tumor cell invasion in matrigel by approximately 72% when
Disintegrin compared to control cells, without affecting cell adhesion, proliferation or migration. In conclusion, the
Cell adhesion generation of MDA-MB-231 knockdown clones lacking ADAM9 expression inhibited tumor cell invasion
Cancer in vitro, suggesting that ADAM9 is an important molecule in the processes of invasion and metastasis.

Metastasis © 2013 Elsevier Masson SAS. Open access under the Elsevier OA license,

1. Introduction

Attachment of cells to the extracellular matrix (ECM) depends
mainly on a family of glycoproteins known as integrins [1], which
are expressed on the cell surfaces of many cultured cell types at
specialized adhesion sites known as focal contacts [2]. A number of
structural and signaling proteins, such as integrins, cytoskeletal
proteins, and kinases are concentrated at these sites and are
known to initiate signal transduction pathways [3,4]. The aggre-
gation of integrin receptors, ligand occupancy and tyrosine kinase-
mediated phosphorylation are the key events that result in
different processes, including cell migration, differentiation, tissue
remodeling, cell proliferation, angiogenesis, tumor cell invasion
and metastasis [1,5].

Members of the ADAM (an acronym for A Disintegrin And
Metalloprotease) protein family are involved in several human
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diseases such as inflammatory disorders, neurological diseases,
asthma and cancer metastasis [6,7]. ADAM9 is a transmembrane
protein with a number of characteristic domains, including a pro-
domain, a metalloproteinase domain, a disintegrin-like domain, a
cysteine-rich region, a transmembrane domain, and a short cyto-
plasmic tail [8]. The ADAM9 disintegrin domain binds to numerous
integrins, such as agf1 integrins in fibroblasts [9], ayf5 in myeloma
cells [10] and ayfs in MDA-MB-231 breast tumor cells [11].
Mahimkar et al. [12] and Zigrino et al. [13] have demonstrated that
the recombinant disintegrin and cysteine-rich domains from hu-
man ADAM9 mediate cellular adhesion through B; integrins.
Furthermore, the disintegrin-like and cysteine-rich domains of
ADAM9 mediate interactions between melanoma cells and fibro-
blasts [14].

Over-expression of ADAM9 has been reported in several human
carcinomas, including kidney [15], prostate [16], breast [17], liver
[18,19], pancreatic [20], gastric [21], cervix [22] and oral [23].
Expression of ADAMS is elevated in skin melanoma but is restricted
to the invading front [24]. Peduto et al. [25] found a correlation
between ADAMO titer and cancerous changes in mouse models of
prostate cancer, especially in well-differentiated tumors. Increased
expression of ADAMO led to increased structural abnormalities and
growth of early-stage tumors compared to controls.
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The ADAMS9 protein also appears to interfere with various cell
signaling systems. In prostate cancers, the fibroblast growth factor
(FGF) signaling pathway is believed to be particularly important
[26], with down-regulation of the fibroblast growth factor receptor
2 isoform IlIb (FGFR2IIIb) being a feature of prostrate tumor pro-
gression [27]. Transfection of FGFR2IIIb into malignant tumors is
enough to inhibit their growth [28]. Therefore, it is potentially
significant that over-expression of ADAM9 increases shedding of
FGFR2IIIb from cells, which is expected to disrupt FGFR2IIIb
signaling and reduce its function [25]. Additionally, over-expression
of ADAM9 leads to increased release of epidermal growth factor
(EGF) [25], a factor known to induce prostate cancer growth in rat
pups [29].

Although ADAMY is normally considered a transmembrane
protein, a soluble form ADAM9-S has been described [30], which is
derived from alternative splicing of the gene [31]. The ADAM9-S
protein promotes the invasive phenotype of carcinoma cell lines,
and ADAMO is strongly expressed at the invading front of hepatic
metastases, although the authors did not distinguish ADAM9 and
ADAMBO9-S [31]. Taken together, these studies suggest that ADAM9
has a significant role in tumorigenesis and metastasis.

To better understand the role of ADAMY in breast cancer pro-
gression, we generated knockdown clones lacking ADAM9 using
RNAI in the MDA-MB-231 human breast tumor cell line. As far as we
know, this is the first demonstration that decreased ADAM9
expression impaired the invasiveness of this cell line. In addition,
the present work demonstrated, for the first time, ADAM9 silencing
in a breast tumor cell line and provided evidence that ADAM9 may
play an important role in the metastatic progression of human
breast cancer.

2. Material and methods
2.1. Cell culture

MDA-MB-231 breast tumor cells were cultivated in DMEM
medium (Invitrogen) containing 10% bovine fetal serum (FBS), L-
glutamine (2 mM), penicillin (100 U/ml), streptomycin (100 pg/ml)
and amphotericin B (250 pg/ml) (Invitrogen) in 5% CO, at 37 °C. The
anti-ADAM9 antibody was from Abcam (anti-RP2ADAM9) and the
anti-B-actin antibody was from Santa Cruz Biotech (sc-1616).

2.2. Design of siRNA primers

Primer set #104056, which targets exon 13 (disintegrin domain)
(Silencer® Pre-designed siRNA, Ambion), was selected to ensure
that other ADAMs would not be silenced simultaneously. The
primer sequences were: sense (5-rCrCrArGrArGrUrArCrUrGrCrAr-
ArUrGrGrUrUrCrUrUrCTC-3") and antisense (5’-rGrArGrArArGrAr-
ArCrCrArUrUrGrCrArGrUrArCrUrCrUrGrGrArA-3’).  The negative
control (scrambled) used in the assays was Silencer® Select Nega-
tive Control No. 1 siRNA (Ambion). This sequence does not target
any gene product and have no significant sequence similarity to
human gene sequences, being essential for determining the effects
of siRNA delivery.

2.3. ADAM9 RNA silencing

On the day before transfection, 2 x 10> MDA-MB-231 cells were
plated in 5 ml of DMEM medium supplemented with 10% FBS
without antibiotics. Ten microliters of lipofectamine were mixed
with 490 pul OPTI-MEM serum-free medium (Invitrogen) and
incubated at room temperature for 5 min. A total of 10 nM of RNA
silencing primer was diluted in OPTI-MEM, added to the lipofect-
amine/OPTI-MEM mixture and incubated for 20 min at room

temperature. This mixture was then added to the cells. The medium
was changed 24 h after transfection. Controls comprised of non-
treated cells, cells treated with transfection reagent only (lip-
ofectamine), and cells treated with a scrambled primer. Cells were
washed in phosphate buffered saline, harvested with Trizol reagent
(Invitrogen) according to the manufacturer’s protocol, and frozen
immediately. For western blotting assays, cells were lysed with
Triton X-100 in Hepes buffer [150 mM NaCl, 50 mM Hepes, 1.5 mM
MgCly, 1% Triton X-100, 0.1% SDS, protease inhibitor cocktail
(Sigma), 100 mM NaF and 100 mM Na3VOQy]. Protein concentrations
in the lysed samples were determined by the BCA method (Pierce),
and 30 pg of each sample was resolved by SDS-PAGE [32]. Protein
bands were transferred to nitrocellulose membranes and probed
with anti-RP2ADAM9 and anti-B-actin antibodies. Western blots
were scanned on an Image Scanner (GE — General Electric). All the
assays using ADAM9 knockdown MDA-MB-231 cells were per-
formed after the third day of siRNA transfections.

2.4. Extraction of RNA and synthesis of cDNA

Total RNA was extracted from cells using Trizol reagent (Invi-
trogen) following the manufacturer’s instructions. All samples were
treated with DNase I (Deoxyribonuclease I, Amplification Grade,
Invitrogen). After quantification, a total of 1 pg of RNA was mixed
with 0.5 pl of oligo dT (0.5 pg/ul) (Promega) and nuclease-free
water to a volume of 7 ul and incubated at 70 °C for 5 min, fol-
lowed by 5 min on ice. Next, 0.5 pul of 200 units/ul of Moloney
Monkey Leukemia virus (MMLV) reverse transcriptase (Promega),
2.5 pul of 5x MMLYV buffer (Promega), and 2.5 pl of 10 mM dNTP mix
was added to the reaction. The whole mixture was incubated at
37 °C for 1 h, and was used posteriorly for qPCR.

2.5. Design of qPCR primers

ADAM?9 primers targeting the disintegrin domain were designed
using Primer3Plus software (http://www.bioinformatics.nl/cgi-bin/
primer3plus/primer3plus.cgi). Primers spanned exon boundaries
so that only mRNA sequences would be amplified. The primers
were ADAMODF1 (5CTT GCT GCG AAG GAA GTA CC); and
ADAM9DR1 (5’AAC ATC TGG CTG ACA GAA CTG A). Primers tar-
geting HPRT1F1 (5'TGA CAC TGG CAA AAC AAT GCA), HPRT1R1
(5'GGT CCT TTT CAC CAG CAA GCT), GAPDHF1 (5'GAT GCT GGT GCT
GAG TAT GT) and GAPDHR1 (5'GTG GTG CAG GAT GCATTG CT) were
used as endogen controls.

2.6. Gene expression

ADAM9 mRNA expression was measured in a Corbett Rotor-
gene RG 3000 (Corbett Research) using the following thermocy-
cling conditions: 95 °C for 10 min, followed by 40 cycles of
amplification at 95 °C for 15 s, 55 °C for 5 s and 72 °C for 20 s. The
master mix in each well consisted of 12.5 pul ABsoluteTM QPCR SYBR
Green mix (6 mM MgCl,, reaction buffer, DNA polymerase and SYBR
green dye) (Advanced Biotechnologies), 1.25 pl each of 5 uM for-
ward and reverse primer and 10.5 pl of nuclease-free water in a
total volume of 25 pl.

2.7. Proliferation assays

To measure the effect of RNAi-mediated ADAM9 silencing on cell
proliferation the transition of 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) to formazan was used [33].
Cells without any treatment, cells treated only with lipofectamine,
and cells transfected with siRNAs were seeded in 96-well plates
and left at 37 °C for 24 and 48 h. The cells were then washed with
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PBS and incubated in 50 ul of 0.5 mg/ml MTT in culture medium at
37 °C for 4 h. Following the addition of 100 pl of isopropanol, the
absorbance was read at 595 nm in an ELISA plate reader. The mean
proliferation of cells without any treatment was expressed as 100%.

2.8. Adhesion assays

The effect of RNAi-mediated ADAM9 silencing on the adhesion
of MDA-MB-231 cells was analyzed in 96-well plates (Corning).
A solution of type I collagen (10 pg) was immobilized on the plates
in 0.1% acetic acid. Fibronectin and laminin (10 pg) were dissolved
in adhesion buffer (20 mM HEPES, 150 mM NacCl, 5 mM KCl, 1 mM
MgSO4 and 1 mM MnCl, pH 7.35), overnight at 4 °C. On the next
day, the wells were blocked with a solution of 1% BSA diluted in
adhesion buffer for 1 h. Cells were counted and their concentration
was adjusted in proportion to 5 x 10%/ml. The blocking solution was
removed from the wells and they were washed twice with adhesion
buffer (100 ul). After this period the cells were incubated for 45 min
on the coatings and subsequently wells were washed in order to
remove non-adherent cells. A solution of 70% ethanol (100 pl) was
added to the wells and the plate was incubated for 10 min at room
temperature. Subsequently, the ethanol was removed and 60 pl of
crystal violet (0.5%) was added and incubated for 20 min at room
temperature. After this time, the solution containing the crystal
was removed and the wells were washed with PBS to remove
excess. Finally 100 pl of 1% SDS was added and incubated for 30 min
at room temperature. The reading of absorbance was performed at
a wavelength of 595 nm, and three treatments were compared,
including cells without any treatment, cells treated only with lip-
ofectamine, and cells transfected with siRNAs. The adhesion of
control cells to each substrate was determined as 100%.

2.9. Wound healing assay

Wound-healing migration assay is based on the repopulation of
wounded cultures. The cells were seeded into 24-well culture
plates at 1 x 10° cells/well and the cell monolayer were cultured in
medium containing 10% FBS until reach 100% of confluence. The
monolayers were carefully wounded using a yellow pipette tip, and
any cellular debris present was removed by washing twice with
DMEM medium. The wounded monolayers were then incubated in
DMEM medium containing 10% FBS. Photographs of the exact
wound areas taken initially (0 h) were again taken after 16 and 24 h.
The images were compared between three treatments, including
cells without any treatment, cells treated only with lipofectamine,
and cells transfected with siRNAs, and with or without incubation
with the ADAM9D protein [11]. Photographs were analyzed using
Image] software and the formula of % of wound closure [34].

2.10. Cell migration

Cell migration was assessed in 24 well Boyden chambers (BD
Biosciences). MDA-MB-231 (5 x 10%) cells were seeded on the up-
per chamber in FBS-free DMEM medium. DMEM containing FBS
(10%) was added to the bottom chamber and acted as a chemo-
attractant. Tumor cells were allowed to migrate for 22 h at 37 °C
and 5% CO, in a humidified environment. Then, the cells that
remained in the upper chamber were removed using a cotton swab.
The cells that migrated to the other side of the upper chamber
membrane were fixed with methanol and stained with 1% toluidine
blue in 1% borax. Cells were counted using the Image] software
(public domain software) in 5 fields (100x magnification) per well
that essentially covered 80% of the well surface. The average
number of cells from each of the triplicates represents the average
number of cells that migrated in the different groups. Each

experiment had triplicate wells for every treatment group and we
repeated each experiment three times. The mean of all results from
controls was considered as 100%. After that, the images were
compared among three treatments, including cells without any
treatment, cells treated only with lipofectamine, and cells trans-
fected with siRNAs.

2.11. Matrigel invasion assay

Cellular invasion assays were carried out using BioCoat Matrigel
Invasion Chambers (BD Biosciences) with 8-um pores in 6-well
plates. A total of 2.5 x 10* cells were added to each chamber.
Complete medium was used as a chemoattractant in the lower
chamber. After incubation for 22 h at 37 °C and 5% CO, cell invasion
was measured in the same way as performed for migration assay
(item 2.10). The invasion of cells without any treatment was
determined as 100%.

2.12. Gelatin zymography

The effect of ADAM9 silencing on the proteolytic activity of
MDA-MB-231 cells was determined by zymography [35]. MDA-MB-
231 cells (2 x 10°) in FBS-free DMEM medium were seeded in 6-cm
dishes. After incubation for 24 h at 37 °C and 5% CO,, cells were
lysed with a buffer containing Tris—HCl (0.2 M) (pH 7.4) and Triton
X-100 (0.2%). The cell lysates were centrifuged (10 min at 13,000x g
and 4 °C), and the supernatants were separated. The total protein
concentration in each sample was measured using the BCA color-
imetric detection kit (BCA Protein Assay, Pierce). Protein samples
(20 pg) were subjected to electrophoresis under non-reducing
conditions in 10% SDS polyacrylamide gels containing 1 mg/ml
gelatin. After electrophoresis, gels were washed twice in 2.5% of
Triton X-100 to remove SDS and incubated in substrate buffer
[50 mM Tris—HCI (pH 8.0); 5 mM of CaCl, and 0.02% NaN3] at 37 °C
for 20 h. To confirm the metalloproteinase activity, EDTA in a final
concentration of 15 mM was added to the samples and substrate
buffer. Proteins were stained with Coomassie brilliant blue for 1.5 h
and destained with an acetic acid, methanol and water mixture (in
a 1:4:5 v:v:v ratio). Gels were photographed with a Canon G6 Po-
wer Shot 7.1 machine. Gelatinase activity was visualized as clear
bands in the stained gels, and the average band intensities was
measured using the Gene Tools v3.06 software (Syngene). MMP-2
and MMP-9 activity were quantified as arbitrary units and
compared between three treatments, including cells without any
treatment, cells treated only with lipofectamine, and cells trans-
fected with siRNAs.

2.13. Statistical analysis

For all assays, each experiment was repeated three times in
triplicate (independent experiments), and standard errors of the
mean were calculated. The results were compared statistically us-
ing a one-way analysis of variance (ANOVA) and Tukey's test was
applied for multiple comparisons. All statistical tests used p < 0.05
as a cut-off for significance. Cases where p < 0.05 were marked as
follows: *p < 0.05, **p < 0.01 and ***p < 0.001.

3. Results

3.1. ADAMO silencing is detected at the mRNA and protein levels
ADAM9 gene expression was dramatically decreased in MDA-

MB-231 cells treated with siRNAs at both the mRNA and protein

(Fig. 1A and B, respectively) levels when compared to the controls
(MDA-MB-231 cells without treatment and lipofectamine or
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Fig. 1. Silencing of ADAMO. (A) Expression of ADAM9 mRNA in RNAi-mediated ADAM9 silenced MDA-MB-231 cells was analyzed by qPCR. The values are in arbitrary units (AU) and
the p value was determined using ANOVA with a Tukey’s test comparing control, cells treated with lipofectamine, negative control (scrambled) and cells treated with ADAM9 siRNAs
(***p < 0.001). (B) Western blotting analysis of MDA-MB-231 cell lysates, with three treatments: cells alone (C), lipofectamine alone (L), and ADAM9 siRNAs using anti-ADAM9RP2
primary antibody and goat anti-rabbit IgG as a secondary antibody. -actin was used as endogen control. (C) The silencing of ADAM9 using siRNAs is transient because it is effective

only from the third to the sixth day. The values are in arbitrary units (AU).

scrambled-treated cells). qPCR analysis showed a down regulation
of 91.35 + 6.32% of ADAM9 expression in RNAi-mediated knock-
down MDA-MB-231 cells when compared to control cells (Fig. 1A).
At the protein level, western blotting analysis using anti-ADAM9
antibody presented similar results (Fig. 1B).

Gene silencing using synthetic duplexes siRNA is transient. As a
result, 10 plates (6-cm) containing 2 x 10° MDA-MB-231 cells were
silenced. One plate was removed randomly each day to determine
the efficiency of ADAMO silencing over time. RNA knockdown was
measured from the third to the eleventh day after transfection and
the kinetics of ADAMO silencing in MDA-MB-231 cells are shown in
Fig. 1C. The highest efficiency of ADAMY silencing was observed
from the third to the sixth days, although on the seventh and eighth
days, the gene expression still remained low. From the ninth and
tenth days onwards, the expression of ADAM9 expression increased
exponentially and reached similar levels to those obtained by
control cells (Fig. 1C).

3.2. ADAM? silencing does not affect MDA-MB-231 cell
proliferation or adhesion

ADAMS silencing had no effect on the proliferation of MDA-MB-
231 cells on the third (Fig. 2A) or sixth (Fig. 2B) days after silencing

in 24 or 48 h of incubation. No significant differences were
observed among the groups. ADAM9 silencing also had no effect on
the adhesion of MDA-MB-231 cells to different ECM proteins, such
as collagen type I, fibronectin or laminin (Fig. 3).

3.3. ADAMS silencing strongly inhibits MDA-MB-231 cell invasion
without affecting cell migration

RNAi-mediated ADAM9 silencing was not able to significantly
inhibit the migration of MDA-MB-231 human breast tumor cells
when compared with non-transfected cells or with lipofectamine-
transfected cells after 16 (Fig. 4A) or 24 h that the wounds were
made (Fig. 4B). ADAM9 knockdown cells were incubated with
different concentrations of ADAM9ID, the disintegrin domain of
ADAMS9 [11]. ADAMID in concentrations of 500, 1000 and 2000 nM
had no effects in inhibiting ADAM9 knockdown MDA-MB-231 cell
migration after 16 (Fig. 4A) or 24 h (Fig. 4B) of incubation. Photo-
graphs were taken after 0, 16 or 24 h after wound (Fig. 4C).

To ensure these results we also performed migration assays
using Boyden chambers. RNAi-mediated ADAM? silencing had had
no effect on MDA-MB-231 cell migration when compared with
control cells or lipofectamine-treated cells after 22 h of incubation
(Fig. 5A and B).
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Fig. 2. Proliferation assay. Silencing of ADAM9 had no effect on the proliferation of the MDA-MB-231 cells after three (A) or six days (B) of transfection. After the different times, the
cells were incubated with MTT for 24 h or 48 h and compared with control cells or with lipofectamine-treated cells. The absorbance of the samples was measured at 595 nm and the

proliferation of control cells was determined as 100%.



K.C. Micocci et al. / Biochimie 95 (2013) 1371—1378 1375

150 7

100+

50 A

% adhered cells

Col. | FN LA

Fig. 3. Adhesion assay. RNAi-mediated ADAMO silencing had no effect on the adhesion
of the MDA-MB-231 under different extracellular matrix proteins, such as collagen |
(Col. 1), fibronectin (FN) and laminin (LA). The extracellular matrix proteins were
coated on the wells of the plate, and on the following day, after the blocking of wells,
the cells were allowed to adhere for 45 min. The percentage adhesion was determined
as described in the materials and methods. The results were compared using a one-
way analysis of variance (ANOVA), followed by a Tukey’s post-hoc analysis.

On the other hand, RNAi-mediated ADAM9 knockdown MDA-
MB-231 cells strongly inhibited the invasion in an in vitro matri-
gel assay by 71.51 4+ 8.02% when compared to control untransfected
cells (Fig. 6A). Lipofectamine and negative control-transfected cells
(scrambled) remained invasive and no statistically significant dif-
ferences were observed when compared to untransfected cells
(Fig. 6A). Photographs were taken after 22 h of incubation (Fig. 6B).
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Fig. 5. Effect of RNAi-mediated ADAM silencing on migration of MDA-MB-231 cells.
(A) A transwell migration assay was used to determine the effect of ADAMO silencing
migration of MDA-MB-231 cells. Control cells, lipofectamine-treated cells or siRNA-
ADAM9 cells were allowed to migrate toward medium containing 10% FBS for 22 h.
Graphs are representative of three independent experiments. The results were
compared using a one-way analysis of variance (ANOVA), followed by a Tukey’s post-
hoc analysis (***p < 0.001). (B) Morphology of cells in the three different treatments:
control cells (C+), lipofectamine-treated cells (L), and siRNA-ADAM9 treated cells
(siRNA) migrating toward a 10% FBS containing medium. The negative control (C—) was
control cells migrating toward a FBS-free medium. Bar represents 10 pum.

3.4. MMP-2 and MMP-9 concentration and activity

In order to investigate the mechanisms involved in the inhibi-
tion of the invasion ability of RNAi-mediated ADAM? silencing of

Fig. 4. Migration of MDA-MB-231 cells after wounding. Effects of ADAM9 silencing and ADAM9D recombinant protein on MDA-MB-231 cells migration were plotted as a percentage
of wound closure in 16 (A) or 24 h (B) after wounding. Representative photos of wounds were taken at time zero, 16 h, and 24 h after wounding, (C). In these photos we show
pictures representing control (C), lipofectamine (L) and siRNA-ADAM9 (siRNA) cells without previous treatment with ADAM9D recombinant protein.
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Fig. 6. Effect of RNAi-mediated ADAMO silencing on the invasion of MDA-MB-231
cells. ADAM9 silencing significantly inhibits the invasion of MDA-MB-231 human
breast tumor cells through matrigel compared to the invasion of control cells (A). The
cells were plated in wells containing matrigel and FBS was used as a chemoattractant
in the lower chamber. The invasive cells were fixed and counted (an average of eight
fields from each treatment). The assay was performed in triplicate. The results were
compared using a one-way analysis of variance (ANOVA), followed by a Tukey’s post-
hoc analysis (***p < 0.001). (B) Cell morphology in the four different treatments:
untreated control (C), lipofectamine-treated cells (L), scrambled siRNA-treated control
(S), and siRNA-ADAMO treated cells (siRNA). Bar represents 10 pm.

MDA-MB-231 cells, we performed zymography assays to evaluate
the activity of MMP-2 and MMP-9. There was no variation in the
total concentration of MMP-2 or MMP-9 among the three treat-
ment types analyzed in this study, as demonstrated by 1% gelatin-
SDS-PAGE (Fig. 7A). The incubation with EDTA resulted in the in-
hibition of MMP-2 and 9 activities confirming the nature of met-
alloprotease activity (Fig. 7B). The average activity of MMP-2 and
MMP-9 was measured as indicated in Section 2.12 and plotted on a
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graph (Fig. 7C and D, respectively). This result suggests that RNAi-
mediated ADAM9 silencing does not affect the activity of MMP-2
or MMP-9.

4. Discussion

The progression of malignant tumors results from the invasion
of the primary tumor to a secondary site, causing metastasis in a
multi-step process that requires cell—cell and cell-matrix in-
teractions within the host tissue. These steps can be summarized as
follows: cell detachment from the primary tumor, migration into
the ECM, intravasation into a blood or lymphatic vessel, survival
within the vasculature, adherence of these tumor cells in the
endothelium, extravasation, and formation of secondary tumors
[36,37]. These interactions lead to the production, release and
activation of a variety of cytokines and growth factors and subse-
quent generation of signals to directly or indirectly promote tumor
growth and survival [24]. Different proteases have been implicated
in these processes, such as MMPs, ADAMs and ADAMTSs [7,24,38].

Due to the strong involvement of ADAMY9 in the metastatic
process, in this study we have generated knockdown clones of
MDA-MB-231 human breast tumor cells that lack ADAM9 expres-
sion and then tested these clones to their ability to adhere, migrate,
proliferate and invade through ECM using in vitro assays. The RNAIi-
mediated silencing in MDA-MB-231 cells was very successful, with
more than 90% of ADAM9 knocked down, as estimated by quanti-
tative PCR and western blotting analysis. The expression of ADAM9
was easily silenced using a relatively small (10 nM) concentration of
ADAM0 siRNAs. A similar result was obtained by other investigators
in highly invasive SCC68 cells, a squamous cell carcinoma cell line,
but with tenfold higher concentration of siRNAs (100 nM) [39].

Using a matrigel invasion assay, we showed that the ADAM9
silencing significantly inhibited the invasion capacity of MDA-MB-
231 human breast cancer cells, which suggests that this protein
plays an important role in cell invasion. However, the silencing of
ADAM?9 had no effect on MDA-MB-231 cell adhesion, migration,
proliferation, or MMP-2 and 9 activities. Our results showed that
ADAMS silencing had no impact on MMP-2 and MMP-9 expression
or gelatinase activity indicating that reduced invasion in cells
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Fig. 7. Analysis of concentration and activity of MMP-2 and MMP-9 in the MDA-MB-231 breast tumor cells. (A) Zymography in 1% gelatin-SDS-PAGE or (B) EDTA-treated samples.
Lane 1: molecular mass marker; lanes 2—4: control cells; lanes 5—7: cells treated with lipofectamine; and lanes 8—10: cells treated with ADAM9 siRNAs (n = 3; 20 ug of total protein
was loaded in each lane). (C) MMP-2 and (D) MMP-9 concentrations were determined by the sum of integrated optical density (I0OD) obtained for the intermediate bands. Gels were

analyzed by densitometry, and activity was expressed as arbitrary units.
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expression ADAMO siRNA is unlikely to be due to indirect inhibition
of MMP-2/9. We propose that ADAM9 proteolytic activity may
directly contribute to matrigel invasion by MDA-MB-231 cells since
ADAMS9 has been reported to cleave laminin [31], a major constit-
uent of matrigel.

Shintani et al. [40] showed that the overexpression of ADAM9
enhances adhesion and cell invasion in lung cancers, via modula-
tion of other adhesion molecules and changes in sensitivity to
growth factors. According to this study, ADAM9 may either directly
degrade the ECM or induce the activation of other proteases in the
ECM, such as matrix MMPs, thereby allowing tumor cell penetra-
tion into the brain matrix.

Our results are in agreement with Mazzocca et al. [31] who
showed that ADAMO9-S, an alternatively spliced variant secreted by
activated hepatic stellate cells, induces colon carcinoma cell inva-
sion in vitro and that this process requires both protease activity
and binding to the agf4 and a1 integrins.

Contradictorily to our results, Fry and Toker [41] demonstrated
that the silencing of both soluble (ADAM9-S) and transmembrane
(ADAM9-L) isoforms, increased the migration of BT549 breast
cancer cells. In this work, they also showed that the overexpression
of ADAMB9-S is responsible for increasing cell migration in BT549
cells through its metallopeptidase domain. Moreover, they also
showed that ADAM9-L is responsible for inhibiting cell migration
through its disintegrin domain. Thus, both isoforms have different
and opposite responses during cancer progression. Whether MDA-
MB-231 cells have ADAM9-S and L isoforms and the effects of
isoform silencing in this cell line will be further investigated.

Some ADAMs may induce proliferation by catalyzing the
cleavage of growth factors, such as HB-EGF, and its membrane
anchored form (proHB-EGF) can act as a negative regulator of
proliferation [42,43]. [zumi et al. [44] showed that after induction
with TPA (an activator of protein kinase C), ADAM9 interacted with
PKCd and cleaved proHB-EGF; however, we have demonstrated
here that ADAM9 is not involved in the proliferation of MDA-MB-
231 cells. In another work, RNAi-mediated ADAM9 silencing was
responsible by a reduction in adenoid cystic carcinoma metastasis
both in vitro and in vivo [19]. In this work, the authors also
demonstrated that ADAMO is essential for cancer cell proliferation
and invasion and that its expression could be used as a prognostic
of metastatic risk, since it was elevated in a high metastatic po-
tential cell line (SACC-LM) when compared to a low metastatic
potential cell line (SACC-83) [19].

Klessner et al. [39] demonstrated that ADAMO participates in the
shedding of desmoglein 2 (Dsg2), resulting in stronger cell—cell
adhesion, which could, in turn, reduce the rate of migration and
cell invasion. The ADAMSs can also interact with B, integrins, and
this association facilitates the recognition and location of their
substrates for proteolytic shedding [45,46], as reported by
Mahimkar et al. [47].

In a recent work, Hamada et al. [48] reported that miR-126 was
found to target ADAM9 and that siRNA-based knockdown of
ADAMS9 in pancreatic cancer cells resulted in reduced cellular
migration, invasion, and induction of epithelial marker E-cadherin.

Taken together, the literature results and the data found in the
present study suggest that ADAM9 participates in the invasion of
tumor cells by either directly degrading the ECM, by inducing
activation of other proteases, such as MMPs, by co-localizing with
other molecules, such as ; integrin, present on the surface of MDA-
MB-231 cells (data not shown) or by interacting with other regu-
lators such as miRNAs. A more conclusive demonstration that
ADAMDS is a suitable target for metastatic breast cancer will require
the use of a stable expression vector in vivo and/or inhibitors of
this protein alone or in combination with conventional clinical
therapies.

5. Conclusions

The results presented in this study reinforce the importance of
the ADAMO role in the invasion of breast tumor cells. Considering
the significance of cell invasion in metastatic progression, ADAM9
can be pointed as an interesting target for the design of drugs
involved in the treatment or prevention of breast cancers. We
conclude that ADAM9 has an essential role in cell invasion and may
be involved in metastatic spread. Therefore, it may be an interesting
target for anti-metastatic therapy.
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This study describes an optimization of [6]-, [8]- and [10]-gingerol isolation and purification in semi-
preparative HPLC scale and their anti-proliferative activity. The gingerols purification was carried out
in HPLC system using a Luna-C;g and the best mobile phase evaluated was MeOH/H,0 (75:25, v/v).
This new methodology for the gingerols isolation was very effective, since considerable amounts (in the
range of milligrams) with a good purity degree (~98%) were achieved in 30 min of chromatographic run.

’Zi?"’lf’;erflijﬁcmale [6]-, [8]- and [10]-Gingerol purified by this methodology inhibited the proliferation of MDA-MB-231
HPfC tumor cell line with ICs5o of 666.2 +134.6 uM, 135.6 £22.6 M and 12.1+ 0.3 uM, respectively. These
Gingerols substances also inhibited human fibroblasts (HF) cell proliferation, however in concentrations starting
Ginger from 500 wM. In conclusion, our results demonstrate an optimization of gingerols isolation and their
Cell proliferation specific anti-proliferative activities against tumor cells, suggesting their use as important models for drug
Cancer design in an attempt to develop new compounds with fewer side effects when compared to conventional
MDA-MB-231 chemotherapy.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Several population-based studies indicate that people in Asian
countries have a much lower risk of different cancer types such
as colon, gastrointestinal, prostate and breast, when compared to
their Western counterparts. It is widely claimed that constituents of
their diet such as ginger, garlic, soy, curcumin, onion, tomatoes, cru-
ciferous vegetables, chillies, and green tea contribute to that lower
incidence [1]. Therefore, there is increasing interest in naturally
occurring cancer chemopreventive agents.

Ginger (Zingiber officinale Roscoe) is widely used worldwide as
afood, spice and herb [2]. Together with [6]-gingerol, [8]- and [10]-
gingerol are the major pungent constituents in the ginger oleoresin
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from fresh rhizome, being [6]-gingerol the most abundant. Gin-
gerols comprise a series of homologue substances differentiated
by the length of their alkyl chains with [6]-, [8]- and [10]-gingerol
having 10, 12 and 14 carbons in their unbranched alkyl chains,
respectively [3].

Regarding [6]-gingerol a variety of pharmacological charac-
teristics was already described, including analgesic, antipyretic,
cardiotonic, hypothermia inducing and cancer preventing effects
[4-6]. However, the effects on tumor cell proliferation for [8]- and
[10]-gingerol are still scarce.

Breast cancer is the third most frequent cancer in the world and
one of the most common malignant diseases in women worldwide.
In developing countries, it is the second highest cause of death in
women after cervical cancer [7]. To treat breast and many other
cancer types, chemotherapy is one of the most extensively studied
methods. However, its efficacy and safety remain a primary con-
cern as well as its toxicity and other side effects [8,9]. Another
reason for concern regarding this method is the development of
chemotherapy resistance, which is a major obstacle to the effec-
tive treatment of many tumor types, including breast cancer [8].
Tumor cells are found to adopt multiple mechanisms to resist drugs,
such as decreased uptake, and/or enhanced efflux and altered drug
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metabolism. Alteration in drug targets, activation of detoxification
systems, enhanced DNA repair ability, and inhibition of apoptosis
are also cancer cell strategies to resist against chemotherapy drugs
[10].

Many anticancer therapies can temporarily stop tumor growth;
it means that, in most cases, the effect is not permanent. In this way,
there is a significant need for new agents with low susceptibility to
common drug resistance mechanisms in order to improve response
rates and potentially prolong patient’s survival. Approximately
30% of the women diagnosed with early-stage disease progress to
metastatic breast cancer. To these women, therapeutic options are
still limited. Current recommendations for first-line chemotherapy
include anthracycline-based and taxanes treatments (paclitaxel
and docetaxel) [8]. Taxanes - which are taxol derivatives that were
first described as microtubule stabilizing agents [11] and then had
their antineoplasic effects confirmed [12,13] - are the first example
of natural product derivatives used in antitumor therapy. Therefore,
the search for new natural products that may be used as an addi-
tional alternative to the chemotherapy in an attempt to develop
more effective drugs with fewer side effects is of great interest [14].
Based on this assumption it is important to develop an effective
method for the isolation of these compounds.

The aim of this work was to search a faster, efficient and pro-
ductive procedure for isolation of [6]-, [8]- and [10]-gingerol by
reverse phase HPLC operating under overloading conditions and to
test their anti-proliferative activity on MDA-MB-231 breast cancer
tumor line and normal human fibroblasts (HF), a non tumor cell
line. The results presented in this study showed a more specific
anti-proliferative activity for [8]- and [10]-gingerol against breast
cancer compared to HF and suggest their use as important models
for anti-cancer therapy in an attempt to develop new drugs with
fewer side effects when compared to conventional chemotherapy.

2. Materials and methods
2.1. Chemicals

[6]-, [8]- and [10]-Gingerol were isolated from the ethanol
extract of the ginger rhizome (purchased locally) by liquid chro-
matography. The structures were elucidated by "H NMR using a
Bruker DRX200 instrument (Bruker, USA), operating at 200 MHz for
1H spectra, with TMS as internal standard, GC-MS on a Shimadzu
QP 5000 and comparison with literature data. The purity was deter-
mined by elemental analysis on an EA 1108, CHNS-O (Fisons). HPLC
grade acetonitrile and methanol were purchased from JTBaker
Company (Netherland). Water was deionised. All other analytical
grade reagents were from Sigma-Aldrich (St. Louis, MO, USA).

2.2. [6]-, [8]- and [10]-Gingerol isolation

The fresh ginger rhizome was thin sliced, dried at 40°C and
ground to powder. The powder was extracted with ethanol for 72 h,
three times. The solvent was evaporated under reduced pressure at
40°C. The extraction of ginger (0.4 kg dry weight) yielded 21.2 g of
crude extract (5.3%). The extract was stored at —4°C for the later
fractionation.

In order to isolate [6]-, [8]- and [10]-gingerol, dry ginger
rhizome crude ethanol extract was chromatographed on SiO,
(70-230 mesh) column with bed height 20cm (20cm x 8 cm i.d.),
using initially n-hexane (1L), to eliminate the lipids. After, n-
hexane/ethyl acetate 50:50 (v/v, 2.5 L) was used as eluent resulting
in 5 fractions (A1-5), where the fractions Al, A2, A3 and A4
(68.9%, 14.6 g), rich in [6]-, [8]- and [10]-gingerols, were joined
resulting in the fraction A1-4. Part of this fraction (5.5g) was
re-chromatographed on SiO; column (28cm x 5cm i.d.) using

n-hexane/ethyl acetate 60:40 (v/v, 2.4L). Forty eight fractions
(50 mL each) were collected and combined after monitoring by TLC
resulting in six sub-fractions with the following volumes: 250 mL
(B1),400mL(B2),150 mL(B3),800 mL(B4),200 mL(B5)and 600 mL
(B6). The gingerols were the main constituent on the fraction B4
(800mL, 2.8 g, yellow oil).

Analytical and semi-preparative HPLC were carried out using
a Shimadzu SCL-10AVP system with an SPD-10AVP UV-vis detec-
tor with a flow cell analytical or flow cell preparative, according
with the HPLC mode (analytical or semi-preparative), and a Shi-
madzu LC-6AD pump. The isolation optimization was carried out
on a Luna-C;g column (250 mm x 4.6 mm i.d., 10 wm, homemade,
UFSCar, Sdo Carlos, SP, Brazil) and the column was maintained at
25°C, the detection wavelength was set at 282 nm and the flow
rate at 1.0 mL/min. The mobile phases consisted of isocratic binary
mixtures (v/v) of MeOH/H,0 (80:20; 75:25; 70:30) and ACN/H,0
(67:33). Forty microlitres of methanol containing 0.156 mg, 5 mg,
7.5mg, 15mg and 30 mg of B4 sample were injected. In the col-
umn scale-up reverse phase semi-preparative, a Luna-C;g column
(300 mm x 10 mm i.d., 10 pwm, homemade, UFSCar, Sdo Carlos, SP,
Brazil) was used. This column was maintained at 25 °C, the detec-
tion wavelength was set at 254 nm (lower absorbance wavelength
for the gingerols) and the flow rate at 6.0 mL/min. The best mobile
phase was MeOH/H,0 75:25 (v/v) and the scale-up factor was
calculated using Eq. (1) below, where S, R, L, p, 4 are scale-up
factor, column radius, column length, semi-preparative and ana-
lytical columns, respectively. The maximum amount of fraction B4
injected in the semi-preparative column was 170.1 mg diluted to
final volume of 400 p.L.

R2xL
s— PP (1)

 R2xL,

2.3. Cell line and culture

MDA-MB-231 human breast tumor and HF cell lines, obtained
from ATCC (Manassas, VA, USA), were maintained at 37°C in 5%
CO, in Dulbecco’s modified Eagle’s medium (DMEM, Cultilab -
Campinas; SP, Brazil) containing 10% of FBS (fetal bovine serum),
penicillin (100 UI/mL), streptomycin (100 mg/mL) and L-glutamine
(2 mM). Cell cultures and experiments were conducted in a humid-
ified environment with 5% CO, at 37°C.

2.4. Proliferation assays

Cell lines were prepared at a concentration of
5 x 104 cells/200 L, in appropriate medium with 10% of FBS,
and plated on sterile 96-well plates for 5 h. After cell adhesion to
the plates, the DMEM medium was replaced by DMEM medium
without FBS and cells were maintained for 14-18 h at 37°C and
5% CO, in a cell culture incubator. This procedure, known as
starvation, was used to synchronize the cell cycle. After starvation,
the culture medium was removed from the wells and a new one,
supplemented with 10% of FBS, containing different concentrations
of the tested compounds was added to the wells. The cells were
incubated for 24 and 48 h under the same conditions as described
above. Cell proliferation assay was performed in comparison to
the wells where the vehicle compound (2.5% DMSO) was added
instead of the tested compounds. After incubation, the culture
medium of each well was removed and a solution containing MTT
(0.5mg/mL) was added (100 p.L/well). The plates were then kept
at 37°C for 4 h and the formed crystals were dissolved in isopropyl
alcohol. The absorbance was read on an ELISA plate reader at a
wavelength of 595 nm. Doxorubicin was used as a positive control
for inhibition of cell proliferation [15].
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Fig. 1. Chromatograms of fraction enriched in [6]-gingerol (peak 1), [8]-gingerol
(peak 2) and [10]-gingerol (peak 3), obtained from HPLC in analytical scale. The
fraction was injected in a Cy3 (250 mm x 4.6 mm i.d., 10 wm) column maintained
at 25°C with MeOH/H,0 80:20; MeOH/H,0 75:25, ACN/H,0 67:23 and MeOH/H,0

70:30, UV detection at 282 nm and flow rate at 1.0 mL/min. The injection volume
was 40 pL.

2.5. Statistical analysis

Each experiment was repeated three times in triplicate and a
standard error mean was calculated. Shapiro-Wilk’s W test was
used to verify data normality. As normal distribution was present,
the results were compared statistically with a two-way analysis
of variance (ANOVA). Since the ANOVA tests showed significant
differences (acceptable P level <0.05), Bonferroni’s significant dif-
ference post hoc analyses were performed to determine differences
between simple and grouped main-effect means, respectively. The
data were analyzed by using Statistica software (version 8.0; Stat
Soft Inc., Tulsa, USA) and ICsqg calculations were made using Hill’s
equation in the Origin software (version 8.5; OriginLab Corporation,
Northampton, MA, USA).

3. Results
3.1. [6]-, [8]- and [10]-Gingerol isolation

Four different conditions were carried out on analytical Cyg
column HPLC to achieve the best separation of [6]-, [8]- and
[10]-gingerol. The best separation condition was achieved using
MeOH/H,0 75:25 (v/v), where a good separation of three gingerols
in a single run of 30 min was obtained (Fig. 1).

The injection volume (400 L) was larger than the usual size of
an injection volume and also it was not the one that was calcu-
lated by the scale up formula. This occurred because of the sample
viscosity, which would be very high if 170.1 mg were diluted in
230 p.L(calculated volume) that would impair the chromatographic
separation. For column overloading with the sample, increasing
amounts of fraction B4 (0.156 mg, 5 mg, 7.5mg, 15mg and 30 mg
diluted to final volume 40 pL) were injected in a C;g analytical
column. Using the detector at 282 nm electronic saturation was
observed when 5 mg of sample was injected, although the peaks
were still visible for isolation of gingerols until 15 mg. With the
injection of 30 mg of sample, the electronic saturation hindered the
visualization of peaks closer to peak 1 (Fig. 2). To solve this prob-
lem, on the semi-preparative mode, the detector was set at 254 nm
and in this condition it was possible to identify the three gingerols
present in the fraction.

1 2 3
30.0mg
2
15.0mg
7.5mg
5.0mg
— . : - == ; 0.156mg
0 5 10 15 20 25 30

Time (min)

Fig. 2. Overload chromatograms of fraction enriched in [6]-gingerol (peak 1), [8]-
gingerol (peak 2) and [10]-gingerol (peak 3), obtained from HPLC in analytical scale.
The fraction was injected in a C13 (250 mm x 4.6 mm.d., 10 wm) column maintained
at 25°Cwith MeOH/H,0 75:25, UV detection at 282 nm and flow rate at 1.0 mL/min.
The injected masses were 0.156 mg, 5mg, 7.5mg, 15mg and 30 mg. The injection
volume was 40 L.

Using Eq. (1) for the determination of scale-up factor, the value
5.67 was obtained, consequently the maximum amount of B4 frac-
tion that could be injected in a semi-preparative column was
170.1 mg (Fig. 3). However, to make the adjustment of the flow rate
easier we decided to use 6.0 mL/min instead of 5.67 mL/min, and by
working in this condition the results obtained were satisfactory.

The mass of each gingerol obtained from 170.1 mg of fraction B4
was: 94mg ([6]-gingerol), 22 mg ([8]-gingerol) and 17 mg ([10]-
gingerol). The purity of gingerols was calculated based on the
elemental analysis of each gingerol. The purification yields based
on the fresh ginger weight were 1027, 241 and 187 ppm for [6]-,
[8]- and [10]-gingerol, respectively. The purity obtained was 94.4,
99 and 97.3% for [6]-, [8]- and [10]-gingerol, respectively.

X

AU

j .

170.1 mg

85.1 mg

Time (min)

Fig. 3. Scale-up chromatograms of fraction enriched in [6]-gingerol (peak 1), [8]-
gingerol (peak 2) and [10]-gingerol (peak 3), obtained from HPLC in analytical scale.
The fraction was injected in a C;3 (300 mm x 10 mm i.d., 10 wm) column maintained
at 25°Cwith MeOH/H,0 75:25, UV detection at 254 nm and flow rate at 6.0 mL/min.
The injected masses were 85.1 mg, 170.1 mg. The injection volume was 400 L.
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Fig. 4. Effects of [6]-, [8]- and [10]-gingerol on MDA-MB-231 and Human Fibroblasts cell proliferation. MDA-MB-231 tumor cells or Human Fibroblasts were plated at a
density of 5 x 10% cells/200 L in a 96-well plate containing DMEM medium with 10% of FBS (fetal bovine serum) for 5 h. After cell adhesion to the plates, the DMEM medium
was replaced by DMEM medium without FBS and cells were maintained for 14-18 hat 37 °Cand 5% CO, in a cell culture incubator. This procedure, named starvation, was used
to synchronize the cell cycle. After starvation the monolayers were incubated with different concentrations of [6]-, [8]- or [10]-gingerol in DMEM medium, supplemented
with 10% of FBS. The cells were incubated for 24 (A) or 48 (B) hours. Viable cells were estimated by the MTT assay. Results are mean 4 SD of three independent assays in
triplicate (a=[6]-gingerol vs. [8]-gingerol P<0.05; b=[6]-gingerol vs. [10]-gingerol P<0.01; c=[8]-gingerol vs. [10]-gingerol P<0.001).

3.2. Identification of [6], [8] and [10]-gingerol

The gingerols were identified based on the '"H NMR and MS
spectra data compared with literature [16,17].

3.2.1. [6]-Gingerol

Yellow oil; C;7H604. MS m[z294 [M]** (9), 276 (4),205 (8), 194
(13),179(4), 150 (26), 137 (100), 'H NMR (200 MHz, CDCl3): § 0.88
(t, 3H, t, J=6.0Hz, H-10), 1.22-1.48 (8H, m, H-6 to H-9), 2.47-2.90
(2H, m, H-4), 2.78 (4H, m, H-1,H-2), 3.85 (3H, s,—OCH3), 4.02 (1H, q,
H-5), 6.64 (1H, dd,J=8.0, 2.0Hz, H-6'), 6.67 (1H, d, J=2.0 Hz, H-2'),
6.82 (1H, d,J=8.0Hz, H-5').

3.2.2. [8]-Gingerol

Brown oil; C19H3904, MS m/z322 [M]** (3), 304 (5), 205 (9), 194
(23),179(2),150(13), 137 (100). 'H NMR (200 MHz, CDCl3): § 0.88
(t,3H,t,J=6.0Hz,H-10),1.22-1.48 (12H, m,H-6 toH-11), 2.47-2.90
(2H, m, H-4),2.78 (4H, m, H-1,H-2),3.86 (3H, s,—0OCHj3),4.02 (1H, q,
H-5), 6.64 (1H, dd,J=8.0, 2.0Hz, H-6'), 6.67 (1H, d, J=2.0 Hz, H-2'),
6.82 (1H, d,J=8.0Hz, H-5').

3.2.3. [10]-Gingerol

Colorless powder; C1H3404, MS m/z 351.2 [M+1]*, m/z 373.3
[M+23]*, 389.2 [M+39]* H NMR (200 MHz, CDCl3): & 0.88 (t, 3H,
t,J]=6.0Hz, H-10), 1.22-1.48 (14H, m, H-6 to H-13), 2.47-2.90 (2H,
m, H-4), 2.78 (4H, m, H-1, H-2), 3.87 (3H, s, —OCH3), 4.02 (1H, q,
H-5), 6.64 (1H, dd, J=8.0, 2.0 Hz, H-6'), 6.67 (1H, d, J=2.0 Hz, H-2"),
6.82 (1H, d, J=8.0Hz, H-5').

3.3. Effects of [8] and [10]-gingerol on normal and tumor cell
proliferation

The effects of isolated compounds, [6]-, [8]-, and [10]-gingerol,
were compared to their effects on HF, a normal (non tumor) cell

line (Figs. 4A and B and 5). In these assays, the controls were made
by incubating the cells in a normal medium, supplemented with
10% of FBS (+FBS), in a medium without FBS (—FBS), adding DMSO
(final concentration of 2.5%) to the medium supplemented with 10%
of FBS (DMSO) and finally, in doxorubicin (1.5 wM), a compound
used in breast cancer chemotherapy, as a positive control for cell
proliferation inhibition [15].

The results showed that [8]-gingerol affects MDA-MB-231 cell
proliferation after 24h of incubation, with 500 and 1000 uM
inhibiting approximately 75% and 50% of tumor cell prolifera-
tion, respectively (Fig. 4A and B). After 48 h of incubation with
[8]-gingerol 100 wM there was approximately 60% of MDA-MB-
231 cell proliferation inhibition (Fig. 4B). At the same incubation
period with [8]-gingerol 500 and 1000 wM, MDA-MB-231 inhibi-
tion remained in a rate of 75% compared to control cells (+FBS).
[8]-Gingerol 1, 10 and 50 .M had no effects on MDA-MB-231 cell
proliferation (Fig. 4A and B).

150+ .
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Fig. 5. Differential effects of [6]-, [8]- and [10]-gingerol 100 uM on MDA-MB-
231 and Human Fibroblasts cell proliferation after 48 h of incubation. Results are
mean + SD of three independent assays in triplicate (a= MDA-MB-231 vs. HF P< 0.01;
b=MDA-MB-231 vs. HF P<0.001).
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For [10]-gingerol, a concentration of 100 wM was significantly
effective in inhibiting MDA-MB-231 cell proliferation at 24h of
incubation in a rate of 75%, compared to cells seeded on normal
medium (+FBS). The same pattern was observed after 48 h of [10]-
gingerol incubation; there was a cell proliferation inhibition of
about 90% (Fig. 4B).

HF were used in order to compare the effects of both [6]-, [8]-
and [10]-gingerol in a non tumor cell line (Figs. 4A and B and 5).
No significant differences in MDA-MB-231 cell proliferation using
1,10, 50 and 100 wM for [6]-, [8]- and [10]-gingerol in 24 or 48 h of
incubation were verified. However, 500 and 1000 uM concentra-
tions were effective in this inhibition, but in an approximate rate
of only 50% (Fig. 4A and B).

The differential effects of [8]- and [10]-gingerol 100 uM after
48 h of incubation with HF and MDA-MB-231 tumor cell line are
demonstrated in Fig. 5. These compounds were more effective in
inhibiting tumor cell proliferation (MDA-MB-231) when compared
to normal cell proliferation (HF). The ICsq values for [6]-, [8]- and
[10]-gingerol on MDA-MB-231 cell proliferation were calculated.
The results showed that these compounds inhibited the prolifera-
tion of MDA-MB-231 tumor cell line with IC5y 0of 666.2 + 134.6 wM;
135.6+22.6 M and 12.1 £0.3 pM, respectively. These substances
also inhibit HF cell proliferation, nevertheless, we were not able to
calculate the ICsq values for this cell line, since the initial concen-
tration that had an effect was 500 .M for [6]-, [8] and [10]-gingerol.

4. Discussion

Studies of isolation and purification of gingerols are scarce in the
literature. Considering the interesting biological activities and the
potential of these compounds to the medical area it is imperative
to develop new methodologies to achieve an optimization of gin-
gerol separation and purification. The isolation of gingerols ([6]-,
[8]- and [10]-gingerol) described in this work was achieved satis-
factorily, once it was possible to obtain relatively high mass and a
good degree of gingerols purity. To our knowledge, only one work
about isolation of gingerols using HPLC system was published [18].
In this work, the authors isolated the major gingerols from the crude
dichloromethane extract of ginger rhizome by normal phase HPLC.
A low purity degree (calculated by the percentage of peak area)
for both, [8]-gingerol (86%) and [10]-gingerol (84%) was achieved,
while for the [6]-gingerol the purity was 99%. The purity degree
obtained for each gingerol does not represent the real one, because
HPLC system using UV detection does not guarantee the absence of
other components in the sample. In a recent work, the isolation of
[6]-, [8]- and [10]-gingerol was carried out using counter-current
chromatography (CCC). In this study gingerols were obtained with
high purity degree (99%), however the time of chromatographic
run was very length (240 min) [19]. In another work regarding iso-
lation of gingerols from crude extract of ginger rhizome using CCC
the time of chromatographic run was again very extensive, and the
purity was about 98% [20].

Electronic saturation is a factor that considerable limits the
increasing of injected mass in the semi-preparative scale. In our
work, this factor had limited injections of samples with higher
masses, even at a wavelength of low absorption of gingerols
(254nm) (Fig. 3). However, the gingerols were isolated in sig-
nificant quantities and with a good purity degree. To avoid the
electronic saturation we could use either a less sensitive flow cell or
make the adjustment of the wavelength well off the lambda max.
We have not tried a less sensitive cell, however all the experiment
conditions were tested in the lower absorption wavelength for the
gingerols, and we still obtained electronic saturation. It may be
possible to use other detectors even though we have only used UV.

The effects of [6]-gingerol on tumor cell proliferation are already
well documented [5,21-23], however, the effects of [8]- and [10]-
gingerol on tumor cells are still scarce. In fact, among all the ginger
constituents, much more attention has been given to [6]-gingerol
in order to explore its pharmacological properties and action mech-
anisms. In this sense, besides [6]-gingerol effects, those of [8]- and
[10]-gingerol on in vitro tumor cell proliferation using MDA-MB-
231 and HF cell lines were also investigated.

The overall results suggest that the higher the alkyl chain, the
greater the effectiveness of gingerol in inhibiting tumor cell pro-
liferation, probably due to the manner in which these substances
enter the cells through their plasma membrane. In general, with
increasing alkyl chain lengths, there is an increase in lipophilic
character (log P) of compounds, and this can be quantified by the
partition coefficient (P) in an n-octanol/water system. It is also
known that the higher the log P value, to a certain extent, the higher
will be the permeation in biological membranes [24,25]. This can
be extended to compounds such as gingerols, which represent a
homologous series of substances.

Similar effects of gingerols and other ginger-derived substances
were already described in the literature. Tjendraputra et al. [26]
demonstrated that the inhibition of COX-2 by ginger constituents
and synthetic analogs was structure-dependent. The lipophilicity
and the functional group substitution on the alkyl side chain, as well
as the aromatic moiety were the main aspects influencing COX-2
inhibition. Similar correlations between the side-chain length of
gingerols and their activities of apoptosis induction and neuronal
cells protection from (3-amyloid insult have already been demon-
strated [27,28].

The cytotoxic effect of [8]- and [10]-gingerol has been investi-
gated by a few authors [27,29]. Kim and coworkers [29] have tested
the effects of [8] and [10]-gingerol in a variety of human tumor cells
lines including A-549 (lung cancer), SK-OV-3 (ovarian cancer), SK-
MEL-2 (skin cancer) and HCT15 (colon cancer). They found an ICsq
ranging from approximately 4.52 pg/mL (13 wM) to 12.57 pg/mL
(40 wM), with [10]-gingerol being more effective than [8]-gingerol
in decreasing the viability of these tumor cell lines [29]. Wei and
coworkers [27] found an ICsq of 87.94+3.5 M and 56.5+ 6.0 uM
for [8]- and [10]-gingerol, respectively, in the inhibition of HL-60
proliferation, a human leukemia tumor cell line. These data are in
accordance with the findings in this work on MDA-MB-231 cells,
revealing the same activity dependence on the chain length size
pattern.

Kuo and collaborators [30] working with SW480 cells, a lin-
eage of colorectal cancer, observed that [10]-gingerol caused a
significant concentration-dependent and sustained [Ca2*]; rise,
suggesting that this elevation can alter cellular functions, leading
to cell death. They found a cytotoxic effect of [10]-gingerol 50, 75
and 100 pM [30]. It is important to notice that the methodology in
the present study was different, even though, similar effects were
found in MDA-MB-231 tumor cell line.

Our findings demonstrate a specificity of [8]- and [10]-gingerol
on the inhibition of breast tumor cell proliferation when com-
pared to non tumor human fibroblast cell line. The findings of other
authors corroborate with our results. Kazi et al. [31] described
the effects of antibiotics derived from {3-lactam, lactam 1 and 12
on normal and tumor cells. They show that lactam 1 selectively
induces apoptosis in human leukemic Jurkat T, but not in the
non transformed, immortalized human natural killer cells. Further-
more, the authors demonstrated that lactam 12 induces apoptosis
selectively in Jurkat T and simian virus 40-transformed, but not
in non transformed NK and parental normal fibroblast cells. The
authors propose that these N-thiolated -lactams act by inducing
DNA damage that leads to apoptosis preferentially in cancer and
transformed over normal/non transformed cells. Another exam-
ple includes pancratistatin, a natural compound isolated from the



162 J.Ad. Silva et al. / ]. Chromatogr. B 903 (2012) 157-162

spider lily, which is an efficient inducer of apoptosis in human
lymphoma (Jurkat) cells, with minimal effect on normal nucleated
blood cells. The authors discuss that this selective effect could be
due to the expression of the Fas receptors, which are found to be
greater in blood lymphoma cells than normal blood cells. Further-
more, in fast-dividing cancer cells, the plasma membrane tends to
run short of lipids, perhaps changing the fluidity of the membrane
[32]. Ovadje et al. [33] demonstrate that dandelion root extract is
capable of inducing apoptosis at low concentrations specifically in
cancer cells with no toxicity to peripheral blood mononuclear cells
(PBMCs). Finally, Mathen et al. [34] working with extracts from
Calotropis gigantea, the giant milkweed, traditionally used for the
treatment of cancer and in Ayurvedic medicine and Poecilocerus pic-
tus, an orthopteran insect, which feeds on C. gigantea, demonstrated
that both the insect and the plant extracts induce concentration-
dependent apoptosis and differentiate between human cancer cells
and normal cells and exhibit species specificity.

The chemopreventive mechanisms of gingerols are not
well understood however, are thought to involve proapoptotic
[27,35-37], antioxidant [38], anti-inflammatory [6,39-41], and
anti-angiogenic [42] activities. Further investigation will be done
in order to determine the mechanisms by which [8]- and [10]-
gingerol act inhibiting with more specificity the MDA-MB-231 cell
proliferation.

5. Conclusion

In conclusion, this work presents a new methodology for the
isolation of gingerols, which proved to be effective, once consid-
erable amounts with a good purity degree in a relatively short
time of chromatographic run were achieved from these important
bioactive compounds, mainly [8]-gingerol (99%) and [10]-gingerol
(97.3%). This is the first report on the separation of these com-
pounds with such a purity degree using HPLC semi-preparative
scale. Optimizations in the separation process regarding column
overloading can still be made so that the electron saturation be not
reached, which can be achieved by using other less sensitive detec-
tors. The gingerols isolated through this methodology, demonstrate
an anti-proliferative activity of [8]- and [10]-gingerol specifically
on MDA-MB-231 breast cancer cells when compared to HF normal
cells. As far as we know, this is the first report regarding a specific
cell effect of ginger derivatives. The results also suggest the use of
[8]- and [10]-gingerol as important models for anti-cancer therapy
and drug design in an attempt to develop new compounds with
fewer side effects when compared to conventional chemotherapy.
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1 Informacgodes gerais sobre o projeto

1.1 Protocolo

3224-1

1.2 Finalidade do
projeto

Pesquisa

1.3 Titulo do projeto

Investigando a eficacia do [10]-gingerol contra metastases de cancer de

mama

1.4 Area de
conhecimento
(insergcao) do projeto

Area do conhecimento Citologia e Biologia Celular

NUumero (codigo) da area 2.06.01.00-0

1.5 Periodo do projeto

Inicio 01/2014 Término 02/2015

1.6 Responsavel pelo projeto

1.6.1 Nome completo

Maria Cristina Cintra Gomes Marcondes / Docente

1.6.2 Departamento /
setor

Biologia estrutural e Funcional

Financiadora

1.6.3 Unidade IB - Instituto de Biologia
1.6.4 Telefone / ramal |35216194

1.6.5 Fax 35216185

1.6.6 E-mail cintgoma@unicamp.br
1.7 Agéncia

FAPESP

2 Executores

2.1 Nome completo

Ana Carolina Baptista Moreno Martin

2.2 Telefone / Ramal (16)33518333
2.3 Fax (16)33518327
2.4 E-mail martin.acbm@gmail.com

2.5 Nivel académico

Mestrado

2.6 Nome do orientador
/ supervisor

Heloisa Sobreiro Selistre de Araujo

2.7 Departamento

Ciencias Fisioldgicas

2.8 Unidade

Centro de Ciencias Bioldgicas e da Saude - Ufscar

2.1 Nome completo

Rebeka Tomasin

2.2 Telefone / Ramal 35216193
2.3 Fax 35216185
2.4 E-mail rebekatomasin@hotmail.com

2.5 Nivel académico

Mestrado
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2.6 Nome do orientador
/ supervisor

INTRANET IB

Maria Cristina Cintra Gomes Marcondes

2.7 Departamento

Biologia Estrutural e Funcional

2.8 Unidade

IB - Instituto de Biologia

3 Colaboradores

3.1 Nome

Marcia Regina Cominetti

3.2 Nivel académico

Docente (P6s-doutorado)

3.3 Departamento

Gerontologia

3.4 Faculdade /
Instituto

Centro de Ciencias Bioldgicas e da Saude

3.5 Instituicao

Universidade Federal de Sao Carlos

3.6 Vinculo formal com

a Unicamp Nao

3.7 Telefone / Ramal (16)33066663

3.8 Fax (16)33518327

3.9 E-mail mcominetti@ufscar.br
3.1 Nome Normand Pouliot

3.2 Nivel académico

P&s-Doc Senior

3.3 Departamento

Oncology/Patology

3.4 Faculdade /
Instituto

Peter MacCallum Cancer Centre - Melbourne /Australia

3.5 Instituicao

University of Melbourne

3.6 Vinculo formal com

a Unicamp Nao

3.7 Telefone / Ramal +610396561285

3.8 Fax +610396562740

3.9 E-mail normand.pouliot@petermac.org

4. Objetivo(s) principal(

is) da pesquisa

4.1 Descricao geral da
pesquisa ou da aula

Esse projeto visa estudar a acdo do [10]-gingerol, uma substancia
derivada do gengibre, sobre uma linhagem celular de cancer de mama
triplo-negativo que forma metastases cerebrais (4T1Br4cl6). Uma vez que
este tipo de cancer apresenta maior resisténcia aos tratamentos usuais,
hd poucos medicamentos e intervencdes possiveis. Sabendo-se que
produtos naturais sdo capazes de cruzar a barreira hematocefalica devido
seu tamanho e estrutura quimica, e que o [10]-gingerol apresentam
estruturas e caracteristicas quimicas similares a alguns destes compostos,
podemos sugerir que ele atravesse a barreira cerebral.

4.2 Objetivo da
pesquisa ou da aula

Verificar o papel do [10]-gingerol, um produto natural proveniente do
gengibre, na progressao tumoral de cancer de mama in vivo.

4.3. Principal
impacto/relevancia da
pesquisa ou da aula

Identificacdo de moléculas menos téxicas e que atravessem a barreira
hemato-encefalica para o tratamento de cancer de mama e metastases,
sobretudo cerebrais.

4.4 Justifique a
impossibilidade de
adotar métodos
alternativos

Embora os estudo in vitro sejam importantes e contribuam para o
desenvolvimento terapéutico, estes estudos possuem limitagdes e
necessitam de complementagao com estudos in vivo, que possibilitam uma
compreensao mais abrangente e real do funcionamento das substancias
em questdao no organismo como um todo.

4.5 Informe as

Almada da Silva J, Becceneri AB, Sanches Mutti H, Moreno Martin AC,
Fernandes da Silva MF, Fernandes JB, Vieira PC, Cominetti MR. Purification
and differential biological effects of ginger-derived substances on normal
and tumor cell lines. J Chromatogr B Analyt Technol Biomed Life Sci. Aug
15;903:157-62, 2012.
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publicacdes que a
equipe tem nesta linha |Tomasin R, Gomes-Marcondes MC. Oral administration of Aloe vera and
de pesquisa (autores, honey reduces Walker tumour growth by decreasing cell proliferation and
titulo, revista, volume, |increasing apoptosis in tumour tissue. Phytother Res. Apr;25(4):619-23,
pagina, ano) 2011.

Sloan EK, Pouliot N, Stanley KL, Chia J, Moseley JM, Hards DK, Anderson RL.
Tumor-specific expression of alphavbeta3 integrin promotes spontaneous
metastasis of breast cancer to bone. Breast Cancer Res. 8(2):R20. Epub
2006 Apr 11, 2006.

5 Qualificacdao da equipe

5.1 Experiéncia do
responsavel pelo A profa. Maria Cristina possui ampla experiencia em modelos de cancer in
projeto vivo tanto em camundongos quanto em ratos.

(orientador/supervisor)

Executor: Ana Carolina Baptista Moreno Martin

5.2. Treinamento do

executor (técnico ou Aluna de doutorado com treinamento e experiencia com o modelo a ser
aluno de IC, M, D ou utilizado
PD)

a. Tipo de treinamento |Capacitacdo feita durante estdgio sanduiche no Peter Mac/Australia

b. Quanto tempo? 1 ano

Executor: Rebeka Tomasin

5.2. Treinamento do

executor (técnico ou Aluna de doutorado com ampla pratica no manuseio de animais de
aluno de IC, M, D ou laboratodrio
PD)

Capacitacao feira na Unesp (2005), novamente na Unicamp (2006) e no
Peter Mac/Australia 2012

b. Quanto tempo? Experiencia de 8 anos

a. Tipo de treinamento

Colaborador: Marcia Regina Cominetti

5.3 Treinamento do Pos doutora, docente da Ufscar, com experiencia ho manuseio de animais
colaborador de laboratorio

a. Tipo de treinamento |capacitacdo do INSERN/Franca

b. Quanto tempo? 6 meses

Colaborador: Normand Pouliot

5.3 Treinamento do

Pos-doc senior, desenvolveu o modelo a ser utilizado
colaborador !

a. Tipo de treinamento |capacitacao

b. Quanto tempo? acima de 20 anos de experiencia

6 Informacgodes sobre o modelo animal experimental

6.1 Descricao do modelo

6.1.1 Descricao dos grupos

Sexo / Quantidade

L . . Grau de
Grupo Espécie Linhagem No No Idade Peso . ..
exemplares | exemplares invasividade
Machos Fémeas
Camundongo 7.00 25.00
1 isogénico Balb/C 30 Semanas Gramas 2
Descricio Grupo controle tumor: ndo recebera [10]-gingerol e o tumor primario sera
< removido com 0.5g (21 dias aprox.)
CqmunAd(_)ngo Balb/C 15 7.00 25.00 2
isogénico Semanas Gramas
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Grupo tumor [10]-gingerol: recebera [10]-gingerol assim que o tumor primario
2 estiver palpdvel e o tumor primario serd removido com 0.5g (21 dias aprox.)
Descricao
Camundongo 7.00 25.00
3 isogénico Balb/C 15 Semanas Gramas 2
Descricio Grupo tumor [10]-gingerol pds cirurgia: recebera [10]-gingerol apds a remocao
< do tumor primario (0.5g, 21 dias aprox.)
Total Total
Machos Fémeas Total Geral
0 60 60
6.1.2 Havera a
utilizacdo de animais
geneticamente Nao
modificados nestes
experimentos?
6.1.3 Havera a
utilizacdao de animais NS
ao
selvagens nestes
experimentos?
6.1.4 Procedéncia dos .
animais CEMIB/Unicamp
6.1.5 Padrao sanitario |SPF
6.1.6 Planejamento O grupo de pesquisa que desenvolveu o modelo experimental (prof. Robin
estatistico e L Anderson, Dr. Normand Pouliot, Melbourne/Australia) consultou um
delineamento estatistico que analisando os dados concluiu que o numero de animais por

experimental grupo deveria estar entre 15 e 20.

6.1.7 Havera
compartilhamento de
material biolégico Nao
destes animais em
outros projetos?

6.2 Condigoes de manutencao

6.2.1 Local (biotério,
aviario, canil, fazenda,
etc.) onde serao
mantidos os animais

6.2.2 Namero de
animais por ambiente 5
de contencao

Bioterio do Laboratério de Nutricdo e Cancer

6.2.3 Exaustdo do ar Sim

contencaa . |Gaidta

6.2.5 Tipo de cama Maravalha

6.2.6 Agua

Filtrada Sim Clorada Sim
Autoclavada Nao Destilada Nao

6.2.7 Alimentagao

Racgao industrial Nuvital
Suplemento Nao
Dieta especifica N3o

7. Procedimentos Experimentais
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7.1 Jejum Nao
7.2 Restricao hidrica Nao
7.3_’ Imobilizagao do N3o
animal
7.4 Anestesia Sim
Anestésico Dose e unidades Via de administracao
quetamina 100mg/kg intraperitonial
isoflurano 2mL/10 segundos inalacao
7.5 Uso de bloqueador Si
im
(relaxante) muscular
Relaxante/bloqueador Dose e unidades Via de administracao
xilasina 16mg/kg intraperitonial
7.6 Cirurgia Unica - Remocdo do tumor priméario (localizado na glandula

7.7 Recuperagao pos- 12.00 hora(s)

clinica
7.8 Ut,|I|_zagao de Sim
analgésico
Analgésico Dose e unidades Yi? de - Frequéncia Duracao do uso
administracao
carprofeno 40mg/kg subcutaneo 1 x apds cirurgia 1 dia
7.9 Utilizacao de ~
antibiotico Nao

Justificativa do ndo uso |Os procedimentos sao feitos de maneira estéril, ndo havendo risco de
do antibiético infeccdo.

7.10 O experimento é especifico para

a. Dor Nao
b. Anorexia Nao
c. Estresse Nao

7.11 Exposicao a
agentes bioldgicos,
quimicos, fisicos ou
mecanicos?

Nao

7.12 Extracao de fluidos |N&o
7.13 Extracao de

pulméo, femur, coluna vertebral, figado, baco e cerebro

orgaos
7.14 Inoculacgao de
substancias, drogas, Sim
medicamentos ou outros
. . ~ Dose (indicar A
Nome Via de administracao unidades) Frequéncia
[10]-gingerol intraperitonial 10mg/kg diariamente
8 Destino dos Animais
8.1 Reaproveitamento |Nao
8.2 Morte Outro - Overdose de Isoflurano (inalado)

8.3 Forma de descarte

PR Incineracao/Lixo sanitari
dos animais acao/Lixo sanitario

9. Resumo do Procedimento Experimental

Um dos modelos a ser utilizado serd o modelo de metastase espontanea
singénico ortotopico. Neste modelo 1x10/5 células/20uL/camundongo

www.ib.unicamp.br/intranet/formularioceua/exibe_meu_formulario.php 57



11/12/13 INTRANET IB

serdo injetadas no tecido adiposo da quarta mama de camundongos
Balb/c (6-8 semanas). Assim que o tumor se tornar palpavel os
camundongos serdo tratados diariamente com [10]-Gingerol (1mg/kg),
através de injegbes intra-peritoniais, invertendo os lados das injecoes
para evitar lesGes devido ao tratamento diario.

Apds trintas dias da injecao tumoral os camundongos serdo sacrificados.
Resumo Durante esse periodo os camundongos serdo monitorados através do
peso corporal e seu tumor primario serd quantificado com o uso de um
paquimetro. No sacrificio serdo avaliadas as metdstases visiveis, e
dependendo da linhagem utilizada érgédos especificos serdo coletados (ja
gue as formacgoes das metastases nesse modelo dependem da linhagem
celular utilizada) para analise da RTB (Relative Tumor Burden). Para a
linhagem 4T1Br4, que naturalmente ocorre metastases para o cérebro,
serdo coletados: pulmédo, fémur, espinha e cérebro para analise da RTB.
Os tumores primarios, baco, figado e pulmdo também serdo pesados para
avaliar de forma indireta indicios de metastases (qPCR).

10. Termo de Responsabilidade

Eu asseguro a CEUA/UNICAMP que:

10.1. Lios Principios Eticos para Uso de Animais de Laboratério (disponivel no endereco:
http://www.cobea.org.br/), elaborado pela SBCAL - Sociedade Brasileira da Ciéncia em Animais
de Laboratério - e concordo plenamente com suas exigéncias durante a vigéncia deste
protocolo; assim como a legislacao nacional vigente - Lei no 11.794, de 8 de outubro de 2008
(http://www.planalto.gov.br/ccivil 03/ ato2007-2010/2008/Iei/l11794.htm).

10.2. Este estudo ndo é desnecessariamente duplicativo, tem mérito cientifico e que a equipe que
participa deste projeto foi treinada e é competente para executar os procedimentos descritos
nesse protocolo;

10.3. Comprometo-me a solicitar nova aprovacao deste protocolo sempre que ocorra alteracao
significativa nos experimentos aqui descritos;

10.4. Tudo o que foi declarado nesse protocolo é a absoluta expressao da verdade. Estou ciente
gue o ndo cumprimento das condicoes aqui especificadas é de minha total responsabilidade
(pesquisador principal) e que estarei sujeito as punicdes previstas na legislacdo em vigor.

Nome do Executor:

Data: / / Assinatura:

Nome do Orientador:

Data: / / Assinatura:

DECISAO DA CEUA/UNICAMP

Data da Reunido: / /

Aprovado Aprovado com recomendagdo Com pendéncias Reprovado

Membro da CEUA

Reservado aos membros do CEUA/UNICAMP para anotacgOes referentes a recomendacgbes e
pendéncias.
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