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RESUMO

A disseminacdo tumoral ocorre principalmente por duas vias: por vasos sanguineos e por
vasos linfaticos, sendo esta Ultima preferida pelos tumores mamarios. Algumas proteinas
estdo envolvidas na protedlise e na adesdo celular, ocasionando metéstase, tais como as
ADAMs, uma familia de proteinas multi-dominios e multi-funcionais que contribuem nesses
processos. A ADAM9, um membro desta familia, apresenta expressdo aumentada em um
grande numero de carcinomas humanos, entre eles, mama. Nesse contexto, o objetivo desse
estudo foi avaliar o papel da ADAM9 na dissemina¢do tumoral via sistema sanguineo e
linfatico, visando o desenvolvimento de novas ferramentas terapéuticas. Para tanto, células de
tumor de mama MDA-MB-231 foram silenciadas para a ADAM9 e testadas com relacdo as
suas atividades adesivas e invasivas frente ao endotélio sanguineo e linfatico. Nossos
resultados mostraram que o SIADAM9 inibiu a invasdo das células de cancer de mama MDA-
MB-231 em matrigel (71,51 + 8,02%) quando comparado com 0s controles, sem afetar a
adesdo celular, proliferacdo, migracdo, e expressdo génica da ADAM10, ADAMI12,
ADAML17, ctMYC, MMP9, VEGF-A, VEGF-C, Osteopontina e Colageno XVII, entretanto
houve uma diminuicdo da expressdo da ADAMI15 e um aumento da expressdo da MMP2
quando comparado com as controles: meio e negativo. O siADAM9 nas células MDA-MB-
231 ndo afetou sua adesdo sob fluxo as endoteliais vasculares (HMEC-1 e HUVEC) e
linfaticas (HMVEC-dLyNeo-Der). Entretanto, houve uma diminuicdo na taxa de
transmigracdo através da monocamada das células endoteliais (HUVEC, HMEC-1 e
HMVEC-dLyNeo-Der) em aproximadamente 50%, 40% e 32%, respectivamente. Assim,
conclui-se que a ADAM9 mostrou-se essencial no processo de invasdo e extravasamento das
células de cancer de mama MDA-MB-231 pelos vasos sanguineos e linfaticos in vitro.
Palavras chaves: ADAMY, cancer de mama, metastase, RNAi (RNA de interferéncia),
transmigracéo endotelial e adeséo celular.
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ABSTRACT

Tumor spreading occurs mainly by two pathways: through blood vessels and by lymphatic
vessels, but the last is preferred by breast tumor cells. Some proteins are involved in cell
adhesion and proteolysis, causing metastasis, such as ADAMs, a family of multi-domain and
multi-functional proteins that contribute in these processes. ADAMY, a member of this
family, has been increased in a large number of human carcinomas, including, breast cancer.
In this context, the aim of this study was to evaluate the role of ADAMY in tumor spreading
via blood and lymphatic systems, in the search for new targets and focusing the development
of new therapeutical tools. Therefore, MDA-MB-231 breast tumor cells were silenced for
ADAM9 and tested with respect to their adhesive and invasive activity against blood and
lymphatic endothelium. Our results showed that ADAMS silencing in MDA-MB-231 breast
cancer cells inhibited the invasion of this cells in matrigel (71.51 + 8.02%) when compared to
control cells, without affecting cell adhesion, proliferation, migration, and gene expression of
the ADAM10, ADAM12, ADAM-17, cMyc, MMP9, VEGF-A, VEGF-C, Osteopontin and
Collagen XVII, however, there was a decrease in the expression of the ADAM15 and
increased expression of MMP2 when compared to controls. Furthermore, ADAM9 silencing
did not affect the adhesion under flow to these vascular endothelial cells (HMEC-1 and
HUVEC) and lymphatic (HMVEC-dLyNeo-Der). However, there was a decrease in the rate
of trans-endothelial migration through the monolayer endothelial cells (HUVEC, HMEC-1
and HMVEC-dLyNeo-Der) by approximately 50%, 40% and 32%, respectively. In
conclusion, ADAM9 showed to be essential in invasion and extravasation of MDA-MB-231
breast cancer cells through the blood and lymphatic vessels in vitro.

Key words: ADAMO9, breast cancer, metastasis, interference RNA (iRNA), Trans-Endothelial

Migration, and cell adhesion.
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Introducéao

1. INTRODUCAO

1.1. Cancer

A proliferagdo, a diferenciacdo e a sobrevivéncia das células em organismos
pluricelulares sdo precisamente reguladas por mecanismos intrinscecos, sendo que raramente
ocorrem erros nesses controles (DE MATOS et al., 2005; EVAN & VOUSDEN, 2001;
LOPES et al., 2002). Caso ocorram, estas células comegama crescer e a se dividir de maneira
irregular, indepedente das necessidades especificas do tipo celular. Quando essas células tém
descendentes que herdam a propenséo para proliferar sem responder a regulagéo, o resultado é
um clone de células capaz de expandir-se indefinidamente, formando uma massa chamada de
tumor (DE MATOS et al., 2005; EVAN & VOUSDEN, 2001). Esta regulacdo € perdida nas
células cancerosas que crescem e se dividem de uma maneira descontrolada, fazendo com que
elas espalhem-se por todo o corpo (metastases), interferindo nas fungdes dos tecidos e érgaos
normais (BAU et al., 2006; DE MATOS et al., 2005; VIDEIRA et al., 2002).

O céancer é uma doenca multifatorial crénica caracterizada por uma série de
alteracdes genéticas e epigenéticas que desregulam os mecanismos de controle dos processos
celulares resultando na quebra da homeostase celular. A resposta da célula aos danos no seu
material genético e sua capacidade de manter a estabilidade genética através da maquinaria de
reparo do DN A é essencial na prevencdo, iniciacdo e progressao tumoral (BAU et al., 2006).

E uma doenca associada a fatores alimentares, obesidade, tabaco,
sedentarismo, exposicdo a fatores de risco decorrentes da urbanizacdo e industrializacéo,
como por exemplo, a exposicdo a pesticidas, ou adquiridas de forma hereditaria, que podem

estimular a proliferacdo celular e adaptacdo ao microambiente, levando assim a invasao de
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Introducéao

tecidos vizinhos, promovendo a formacdo de uma massa tumoral em crescimento continuo

(COCO 2002; STRATTON et al,. 2009).

“Cancer é o nome dado a um conjunto de mais de 100 doencas que tém em comum o
crescimento desordenado de células, que invadem tecidos e 6rgédos ”.

(Texto extraido do site: www.inca.gov.br)

Apesar de grandes esforgos mundiais para desvendar os mecanismos celulares
e moleculares que envolvem a tumorigénese, esta doenga ainda é uma das maiores causas de
mortes no mundo (PAVELIC et al., 2011; YAN & HUANG, 2012).

No Brasil, a estimativa para 0 ano de 2014 (valida também para 2015) aponta
para a ocorréncia de aproximadamente 576 mil novos casos de cancer, incluindo os casos de
pele ndo melanoma. O cancer de pele do tipo ndo melanoma (182 mil novos casos) serd o
mais incidente na populacdo brasileira, seguido pelos tumores de prostata (69 mil), mama
feminina (57 mil), c6lon e reto (33 mil), pulméo (27 mil), estbmago (20 mil) e colo de Utero
(15 mil). N&o considerando os casos de cancer de pele ndo melanoma, estima-se 395 mil
novos casos de cancer, sendo 204 mil para o sexo masculino e 190 mil para o feminino. Em
homens os mais incidentes serdo: prostata, pulméo, célon e reto, estbmago e cavidade oral; e
nas mulheres: mama, colon e reto, colo de Utero, pulmédo e glandula tiredide (INCA, 2014).

O namero de mortes por cancer na Europa em 2013 foi de 1.314.296 (737.747
para 0 sexo masculino e 576.489 para o feminino). Sendo o cancer de pulméo o de maior
incidéncia nos homens, com cerca de 187.000 mortes (25% do total). E nas mulheres, o
cancer de mama representa 0 maior namero de mortes, com aproximadamente 88.886 (15%

do total) (MALVEZZI et al., 2013).
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Entretanto, progressos nas pesquisas cientificas e melhora nos prognosticos
tém aumentado a sobrevida de pacientes com céncer. Pesquisa realizada pela Associacdo
Americana para Pesquisa em Cancer realizada em 2013, demonstrou que de 1971 a 2012
houve uma grande melhora da sobrevida de americanos com cancer, pois em 1971, 1 em cada
69 americanos conseguia sobreviver ao cancer, e em 2012, essa relagdo passou para 1 em cada
23 americanos (AACR, 2013).

A progressdo do cancer € um processo complexo e com muitas etapas, que
inclui o crescimento tumoral, a migracdo, invasdo, angiogénese e metastase, sendo a
metastase a principal causa de morbidade e mortalidade em pacientes com cancer (YAN &
HUANG, 2012). Em paises desenvolvidos, como por exemplo, a Europa, uma em cada dez
mulheres apresenta 0 diagnostico de cancer de mama, sendo que, a taxa de mortalidade é de

90% quando ocorre metastase para tecidos distantes do foco primario (SLOAN et al., 2006).

1.2. Metastase

HANAHAN & WEINBERG (2000) caracterizaram o cancer como uma doenca
neoplasica compreendida por seis capacidades biologicas adquiridas durante as mdaltiplas
etapas do desenvolvimento do tumor humano, entre elas, sinalizacdo da proliferacdo, escape
de supressores de crescimento, ativacdo da invasdo e metéastase, proliferacdo ilimitada,
inducdo a angiogénese e resisténcia a morte celular. Entretanto, o avanco do conhecimento na
ultima década levou esses autores a adicionarem caracteristicas emergentes a essa lista, entre
elas, o metabolismo energético e escape das células tumorais do sistema imune (HANAHAN

& WEINBERG, 2011).
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Introducéo

Figura 1 — Caracterizacdo do cancer por capacidades bioldgicas adquiridas durante o
desenvolvimento tumoral. Extraido e modificado de HANAHAN & WEINBERG 2011.
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A metastase resulta de uma complexa cascata molecular na qual as células

tumorais deixam o sitio tumoral primério e disseminam para sitios distantes, e nestes novos
sitios essas células proliferaram dando origem ao foco de tumor secundario (BROOKS et al.,
2008). Desta forma, invasdo e metastase de tumores humanos sdo processos compostos por
muitas etapas e que exigem interacBes célula-célula e célula-matriz extracelular dentro do
tecido hospedeiro. Os resultados dessas interagfes levam a producéo, liberacéo e ativacéo de
uma variedade de citocinas e fatores de crescimento, gerando sinais que diretamente ou
indiretamente promovem o crescimento e sobrevivéncia tumoral (ZIGRINO et al., 2005).
Essas etapas envolvidas na cascata metastatica podem ser resumidas da
seguinte forma: separacdo de algumas células do tumor primario, penetracdo destas através da
membrana basal, migracdo das células para dentro da matriz extracelular (MEC),
extravasamento para 0s Vvasos sanguineos ou linfaticos, sobrevivéncia dentro dos vasos,
adesdo das células tumorais ao endotélio dos vasos, extravasamento das células pelos
capilares de orgdos ou tecidos alvos, adesdo ao novo sitio e, formagcdo dos tumores

secundérios. Uma vez no tecido secundario essas células podem morrer, tornarem-se células
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Introducéao

dormentes ou iniciar a proliferagdo em focos avasculares ou micrometéstases. Esses focos
podem permancer durante um periodo em laténcia e em estado indetectavel, até que consigam
0 recrutamento adequado de fatores angiogénicos (HOOD & CHERESH, 2002; PONTIER &
MULLER, 2008) (ver Figura 2).

Figura 2 - Principais etapas da metastase. Transformacdo nas células epiteliais normais leva
ao carcinoma in situ, o qual perde as conexdes de adeséo e evolui para 0 carcinoma invasivo.
Apos a degradacdo da membrana basal, as células tumorais invadem o estroma circundante,
migram e intravasam para 0s vasos sanguineos e linfaticos, e sdo transportadas até aderirem
em capilares de orgdos distantes (Extraido e modificado de BACAC & STAMENKOVIC,
2007).
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Segundo GEIGER & PEEPER (2009) as etapas apresentadas acima sobre a
metastase representam uma visao classica da cascata metastatica. Recentes estudos sugerem
uma nova etapa, ou seja, a etapa “0”: a criagdo do nicho pré- metastatico no tecido alvo antes

mesmo das primeiras células de cancer alcancar este local distante (Figura 3).
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A metéstase de tumores de mama € a principal causa de morte por cancer em
mulheres. Pacientes com cancer de mama em estagio avancado apresentam metastases em
diversos tecidos, incluindo osso, pulmé&o, figado e nodos linfaticos (ECKHARDT et al., 2005;
KUSUMA et al., 2011; SLOAN et al., 2006). Além disso, numerosos estudos sugerem que 0s
vasos linfaticos facilitam a metastase, fornecendo um portal de disseminacdo das células
tumorais (BANDO et al., 2006; SCHOPPMANN, 2005).

A distribuicdo seletiva da metastase é ditada por diversos fatores, entre eles,
padrdo do fluxo vascular do foco primario, contatos adesivos complementares e interagdes
moleculares entre a célula de tumor e estroma no sitio secundario (ECKHARDT et al., 2005;
KUSUMA et al., 2011; SLOAN et al., 2006).

Figura 3 — A cascata metastatica. 0) Nicho pré-metastatico; 1) Células no sitio priméario sob
transicdo epitélio-mesenquimal e com propriedades invasivas; 2) Degradacdo da membrana
basal e matriz extracelular (MEC); 3) Invasdo de células individuais (3a) ouem grupo (3b); 4)
Intravasamento de células tumorais nos vasos proximos ao tumor; 5) Células tumorais séo
transportadas na circulacdo e aderem nos capilares (6); 7) As celulas extravasam e podem
ficar dormentes por anos; 8) Algumas células disseminadas podem proliferam no novo sitio
requerendo assim remodelamento da MEC e angiogénese; 9) Neste novo sitio, hd o

requerimento de angiogénese e remodelamento da MEC, e as células fora de seu
microambiente normal sofrem Anoikis. Extraido e modificado de GEIGER & PEEPER, 2009.

Tumor primario

Metastase
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1.2.1. Disseminagdo Metastatica e Epithelial Mesenchymal Transition (EMT).

Apos a separacdo de algumas células do tumor priméario e entrada nos vasos
sanguineos ou linfaticos, as células podem em principio ser transportadas por todo o
organismo. Uma etapa importante na formacdo da metéstase é a saida das células de tumor
circulantes (CTCs) do sistema circulatorio, e sua chegada no foco secundario tornando-se
celulas de tumor disseminadas (DTCs) (SLEEMAN 2012).

Para que ocorra 0 desprendimento das células do tumor primario muitas vezes
as células necessitam passar pela Transicdo Epitélio-Mesenquimal (EMT). Essa mudanca
pode ser descrita como a perda da morfologia epitelial e 0 ganho da mesenquimal, fornecendo
mecanismos para as células epiteliais superarem as limitacdes fisicas impostas pelas junces
intercelulares e adotarem um fendtipo mével (CHRISTIANSEN & RAJASEKARAN 2006;
YILMAZ et al., 2007). Essa transicdo € caracterizada pela perda de polaridade celular,
diminuicdo da expressdo de proteinas epiteliais, tais como, E-caderina, ocludina, claudina,
citoqueratinas, e catenina (CHRISTIANSEN & RAJASEKARAN 2006; GEIGER &
PEEPER, 2009), e aumento da expressdo de proteinas mesenquimais como, N-caderina,
vimentina, tenascina-C, laminina 1, e colageno VI, bem como varias proteases (GEIGER &
PEEPER, 2009).

A regulacdo da adesdo célula-célula é realizada principalmente pelas caderinas
e cateninas. Durante a EMT essa regulacdo é perdida e algumas células perdem a capacidade
de se aderirem as suas vizinhas. Além disso, as células adquirem uma morfologia fusiforme a
qual exacerba caracteristicas migratdrias e invasivas necessarias para ultrapassarem barreiras
fisicas e atingirem o foco secundario (CHRISTIANSEN & RAJASEKARAN 2006; GEIGER
& PEEPER, 2009). SCHEEL et al. (2011) descreveram trés vias de sinalizagdes que

colaboram para a ativacdo e manutencdo do estado mesenquimal na EMT, sendo elas,
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superfamilia dos TGF-B, canonical e ndo-canonical Wnt. Outras vias ou moléculas também
consideradas chaves na inducdo da EMT sdo, receptores tirosina quinase (RTKs), NOTCH,
NF-kB, e Hedgehog (CHRISTIANSEN & RAJASEKARAN 2006; GEIGER & PEEPER,
2009).

Segundo GEIGER & PEEPER (2009) a EMT pode promover metastase de
diferentes maneiras. Primeiramente pela perda da adesdo célula-célula permitida as células
tumorais invasoras. A invasdo de tecidos ou do sistema circulatorio (vasos sanguineos ou
linfaticos) pode ser auxiliada por uma segunda propriedade das células em EMT, a de
secretarem enzimas que degradam proteinas da MEC, como por exemplo, as MMPs. As
metaloproteinases de matrix (MMPSs) apresentam sua expressdao aumentada nos tumores, e
especialmente em tumores estromais, além disso, sdo moléculas capazes de remodelar a MEC
dentro do microambiente tumoral clivando componentes como, laminina 5 e colageno 1V,
auxiliando a migracdo ou induzindo a angiogénese (CHRISTIANSEN & RAJASEKARAN
2006; GEIGER & PEEPER, 2009). Outra maneira é através da reducdo na expressdo das
caderinas, pois essas moléculas promovem ndo somente a adesdo, mas também participam da
sinalizacdo intracelular interagindo com a 5-catenina, ou ainda podem agir estimulando ou
reprimindo os receptores do fator de crescimento epidérmico (EGFR) (LOWERY & DIHUA
2012). A inducdo de proteinas mesenquimais durante a EMT também promove 0S processos
invasivos e metastaticos, por exemplo, o aumento da expressdo da N-caderina induz a
migracdo celular, invasdo e metastase. E por ultimo, membros da familia SNAIL e TWIST,
mediadores da EMT, inibem a apoptose durante o processo metastatico, afetando assim a
proliferacéo e disseminacao tumoral (GEIGER & PEEPER, 2009).

Apo6s migrarem para novos territorios as células que passaram pela EMT
podem recuperar a morfologia epitelial através de um fendmeno conhecido como Transicao

Mesenquimal Epitelial (MET). Essas células voltam a exibir a morfologia epitelial e
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restabelecem a expressdo de E-caderinas e jungdes celulares, para assim ocuparem 0 novo

sitio metastatico (CHRISTIANSEN & RAJASEKARAN 2006).

1.2.2. Microambiente tumoral

O microambiente tumoral é constituido por diferentes componentes que
incluem a MEC, fatores de crescimento e citocinas, e por uma populacdo heterogénea de
células estromais, tais como, fibroblastos, células endoteliais e macrofagos (ALPHONSO &
ALAHARI, 2009).

A MEC é formada por macromoléculas que sdo produzidas localmente pelas
células da matriz, principalmente por fibroblastos. Estas células auxiliam na organizacdo da
MEC, e a orientacdo do citoesqueleto no interior da célula pode controlar a produgdo dos
componentes da MEC (GEIGER, et al., 2001). Existem duas classes principais de
macromoléculas que constituem a matriz: glicosaminoglicanos (GAGs), cadeia de
polissacarideos, as quais estdo normalmente ligadas covalentemente a proteinas na forma de
proteoglicanos; e as proteinas fibrosas, incluindo colageno, elastina, a fibronectina e a
laminina, que promovem fungdes estruturais e adesivas (ALPHONSO & ALAHARI, 2009).
Desta forma, a MEC confere estrutura para a adeséo celular e desenvolvimento dos tecidos.
As células tém vias de comunicacdo bem desenvolvidas entre as superficies celulares e a

MEC (TANZER, 2006).
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Figura 4 - Microambiente tumoral. Extraido e modificado de JOYCE & POLLARD, 20009.
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A figura acima representa o microambiente tumoral (Figura 4). As células
tumorais estdo circundadas por um microambiente complexo formado por diferentes tipos
celulares, tais como, células endoteliais (vasos sanguineos ou linfaticos), fibroblastos, e uma
variedade de células derivadas da medula 6ssea (BMDCs), incluindo macréfagos, células
supressoras derivadas das células mieldides (MDSCs), mondcitos que expressam TIE-2
(TEMS), e células-tronco mesenquimais (CTMs) (JOYCE & POLLARD, 2009).

Um dos maiores componentes que constitui o estroma tumoral sdo os
fibroblastos ativados. Os fibroblastos normais sdo responsaveis pela sintese, deposicdo e
remodelamento da MEC, bem como, producdo de fatores de crescimento. Em contraste com
os fibroblastos normais, os fibroblastos associados ao cancer (CAFs ou miofibroblastos)
expressam actina de musculo liso (GEIGER & PEEPER, 2009). No experimento realizado
por ORIMO e colaboradores utilizando co-injecdo de células epiteliais fracamente ou ndo-
tumorigénicas, os CAFs estimularam a transformacéo celular epitelial, proliferacdo tumoral, e
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angiogénese (ORIMO et al., 2005). Os CAFs podem ser derivados de fibroblastos normais de
tumor ou células epiteliais normais que sofreram EMT, ou ainda das células tronco
mesenquimais derivadas da medula 6ssea (MSCs), as quais se apresentam em numero elevado
em tumores (GEIGER & PEEPER, 2009; JOYCE & POLLARD, 2009). Os miofibroblastos
produzem uma variedade de fatores de crescimento e citocinas, tais como, S100A4, TGF-B, e
SDF1a, além disso, sdo importantes fonte de fibronectina e tenascina-C (SLEEMAN 2012).

Outros componentes cruciais do estroma tumoral sdo representados por células
e mediadores do sistema imune, entre elas, macrofagos, neutrofilos, monocitos que expressam
TIE-2 (TEMs) e mastocitos. Essas células mieldides derivadas da medula éssea contribuem
com a angiogénese tumoral através da producdo de fatores de crescimento, citocinas,
proteases, fator de crescimento endotelial A (VEGFA), PROK2 (também chamada de BV8), e
MMPs (JOYCE & POLLARD, 2009).

Os macréfagos podem ser considerados um protétipo de células derivadas da
medula 0ssea (BMDC) capazes de modificar o comportamento de células e promover
angiogénese, invasdo, intravasamento, e metastase em modelos animais (POLLARD 2004;
CONDEELIS & POLLARD, 2006). Macrofagos assim como os fibroblastos, sdo células
altamente plasticas o que faz com que eles tenham funcdes distintas e podendo agir como
supressores ou indutores em diferentes momentos da progressdao tumoral (ALPHONSO &
ALAHARI, 2009; JOYCE & POLLARD, 2009).

Os macréfagos associados ao tumor (TAMS) produzem pequenas quantidades
de citocinas pré-inflamatdrias e NO (6xido nitrico), possuem fraca capacidade de apresentar
antigenos, e suprimem efetivamente a ativacao das células T. Desta forma, os macrdfagos de
fenotipo M2 efetivamente promovem a proliferacdo das células tumorais e metastases, atraves

da secrecdo de metaloproteases, uma ampla variedade fatores de crescimento e pro-
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angiogénicos por seu envolvimento nos circuitos de sinalizagdo que regulam a funcdo do
fibroblasto no estroma tumoral (LUO et al., 2006; ALPHONSO & ALAHARI 2009).

Além disso, condicdes de hipdxia no microambiente tumoral induzem a
expressdo génica de HIF-1 (hypoxia-inducing factor 1). HIF-1, por sua vez, aumenta a
expressdo de VEGF, resultando no aumento da permeabilidade vascular e da degradacdo de
MEC, para a formacdo de novos vasos (ALPHONSO & ALAHARI 2009; SLEEMAN 2012).
Segundo SLEEMAN (2012), a hipdxia tem papel importante no tumor primério induzindo a
expressdo de fatores, como por exemplo, VEGF-A (fator de crescimento endotelial de vasos —
A), PIGF (fator de crescimento placentario), e LOX (lisil oxidases) que iniciam e regulam a
formacdo do nicho metastatico. No entanto, € provavel que a hipdxia desempenhe importante
papel também na promocdo de metastases, pois propicia um microambiente inflamatorio para
a metastase, além de aumentar a expressdo de SDF 1o (fator a derivado de células estromais),
e também recrutar VEGFR1 (receptor 1 do fator de crescimento endotelial de vasos), CD11b,

e BMDCs.

1.2.3. Invasdo e Migracdo Celular

O processo normal de migracdo/invasdo ocorre em diferentes processos, entre
eles, morfogénese da ramificagho mamaria, desenvolvimento do sistema nervoso,
brotamento/surgimento de novos vasos, desenvolvimento placentario, cicatrizagdo de feridas,
trafego de células do sistema imune e gastrulacdo embrionéria. Entretanto, existem situacdes
patoldgicas que alteram esse movimento celular de maneira altamente significante, sendo a
migracdo e a invasao das células tumorais 0 exemplo clinicamente mais relevante (KRAMER
et al.,, 2012). A migracdo e invasdo de células de cancer ¢ o passo inicial da metéstase

(YAMAGUCHI et al., 2005; TOCHHAWNG et al., 2012).
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Migracéo e invasdo séo termos distintos dentro da Biologia Celular. Migragéo
é definida como o movimento das células em um substrato como, por exemplo, me mbrana
basal, MEC, ou placas de plastico. A migracdo ocorre em superficies bidimensionais (2D)
sem redes de fibras obstrutivas. Ja a invasdo é definida como o movimento celular através de
uma matriz tridimensional (3D) a qual é acompanhada por uma reestruturagdo do ambiente
3D (KRAMER et al.,, 2012). As células, para mover-se através da matriz, necessitam
modificar sua morfologia e interagir com componentes da MEC, a qual por um lado fornece
substratos para a adeséo celular e por outro lado representa uma barreira para 0 movimento
das células (CHRISTIANSEN & RAJASEKARAN 2006; GEIGER & PEEPER, 2009;
KRAMER et al., 2012). Invasdo de carcinomas € definida como a penetracdo através de
barreiras teciduais, tais como, passagem pela membrana basal e infiltracdo por entre tecidos
intersticiais subjacentes por células de tumor maligno (KRAMER et al., 2012).

Dependendo do tipo celular e tecido, as células podem migrar de duas formas:
individualmente, quando as jun¢bes célula-célula sdo ausentes, ou coletivamente como grupos
multicelulares, quando as adesdes célula-célula sdo mantidas. A migracdo individual pode ser
subdividida em movimento do tipo amebdide ou mesenquimal, sendo considerado o mais
simples tipo de migracdo celular (FRIEDL & ALEXANDER 2011; KRAMER et al., 2012).
Independente do tipo de migracdo, todas as células precisam modificar sua morfologia para
interagirem com a MEC a sua volta e se locomoverem (SCHMIDT & FRIEDL 2010). Essa

interacdo das células coma matriz ocorre principamente através das integrinas.

1.3. Integrinas

A ligacdo da célula a MEC requer proteinas de adesdo transmembrana, que

atuam como receptores da matriz e a conectam ao citoesqueleto celular. Os principais
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receptores das células animais para a ligagdo com a maioria das proteinas da matriz
extracelular, incluindo os colagenos, a fibronectina e as lamininas, sdo as integrinas. Essas
moléculas de adesdo sao receptores de membrana e sua estrutura é caracterizada pela presenca
de duas cadeias heterodiméricas, uma cadeia a. € uma cadeia . Atualmente sdo conhecidas 18
cadeias a e 8 cadeias B, que podem se combinar e formar 24 diferentes receptores,
apresentando propriedades de ligacdo distintas (Figura 5) (HYNES, 1987; PLOW et al., 2000;
BERMAN et al., 2003; BERRIER & YAMADA, 2007). A maioria das interacdes adesivas
dessas moléculas ocorre através da ligacdo da integrina a um sitio de ligacdo celular formado
por trés peptideos, arginina-glicina-acido aspartico (RGD), um motivo encontrado em muitas
proteinas da MEC, tais como, fibrinogénio, vitronectina e fibronectina (YAMADA, 1991;
SELISTRE-DE-ARAUJO et al., 2005). Entretanto, outros ligantes ndo-RGD podem interagir
com as integrinas, entre eles, os ligantes ECD (&cido glutdmico, cisteina, acido aspartico)
(BERMAN et al., 2003; BERRIER & YAMADA, 2007). Portanto, as integrinas funcionam
como conectores entre a MEC e o citoesqueleto, e apresentam papéis cruciais em diversos
processos bioldgicos, tais como, na organogénese, remodelamento de tecidos, trombose,
migracdo de leucdcito, adesdo, sinalizacdo e proliferacdo celular (PETRUZZELLI et al.,
1999). Desta forma, esta classe de moléculas pode influenciar o desenvolvimento celular em
diversas condigdes bioldgicas e patoldgicas, tais como, embriogénese, diferenciacdo,
morfogénese, crescimento tumoral, metdstase, apoptose e cicatrizacdo de ferimentos

(BERMAM et al., 2003; YAMADA et. al., 2003).
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Figura 5 — Esquema da estrutura de uma integrina e das diferentes associagdes entre as
subunidades o e B ¢ a divisdo dos heterodimeros em subgrupos. Extraido e modificado de
TAKADA et al, 2007 e do site: www.the-scientist.com/article/display/15706/. Acesso:
18/08/2014.
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As integrinas s@o expressas em padrbes que podem ser alterados nos tumores,
participando da adesdo e migracdo celular, processos envolvidos na metastase (HOOD &
CHERESH, 2002). Estudos exemplificam o envolvimento dessa classe de receptor de adeséo
na progressdo tumoral, por exemplo, as integrinas avfs e avPs apresentam perfil de expressao
alterada nas células de cancer de mama, contribuindo na adesdo e migracéo celular. Estudos
histopatologicos correlacionam a expressao da integrina ogPs com a progressdao tumoral
(BARTSCH et al., 2003; PETRUZZELLI et al., 1999). Além disso, segundo BARTSCH et
al. (2003), a expressao alterada de diversas integrinas nas células de cancer de mama esta
associada com as diferencas no comportamento metastatico. ZUTTER et al. (1990),
encontraram gque 0 aumento na expressdo da integrina ayfB; esta associada com o fen6tipo de
cancer de mama com maior malignidade. Altos niveis de expressdo da integrina o foram
identificados em mais de 50% dos canceres de mama estudados e inversamente
correlacionados a sobrevida dos pacientes. MUKHOPADHYAY et al. (1999) observaram que
a expressdo da subunidade ag esta correlacionada com o potencial metastatico em diferentes

linhagens de células tumorais. J& em melanomas a expressdo das integrinas oyf33 € osp; leva a
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um fendtipo de metastase para linfonodos, além disso, a integrina ayf3 aumenta a metastase
Ossea em tumores de préstata (HOOD & CHERESH, 2002; DESGROSELLIER &
CHERESH, 2010).

Estudos de YAO e colaboradores (2007) correlacionaram o aumento da
expressdo da subunidade B; e seu ligante (fibronectina) com diminuicdo da sobrevida de
pacientes com cancer de mama (YAO et al., 2007). Além disso, a proteina ADAM9 e a
ADAMOS (isoforma secretada) podem ligar-se a integrina 1, € essa combinagdo pode induzir
a expressao de MMP9 (via Ras-Raf-Erk) facilitando assim, a migracdo celular em diversas

linhagens de tumor humano (KOHN et al., 2012).

1.4. ADAMs

A modulacdo do microambiente tecidual através da degradacdo da MEC, o
processamento de fatores de crescimento e ativacdo de moléculas de adesdo celular séo
essenciais para a proliferacdo e progressao das células de cancer (MOCHIZUKI & OKADA,
2007). Além disso, a degradacdo da matriz extracelular € um pré-requisito para o reparo
tecidual, migracdo celular e para liberagdo de fatores de crescimento e peptideos bioativos
(ZIGRINO et al., 2007). Diferentes proteases tém sido implicadas nesses processos, tais como
metalopeptidases de matriz (MMPs), outras familias de proteases (serino, cisteina e aspartica),
as ADAMs (A Disintegrin And Metalloprotease) e as ADAMTSs (que apresentam o dominio
trombospondina adicional) (MOCHIZUKI & OKADA, 2007; ROCKS et al., 2008; ZIGRINO
et al., 2007).

As ADAMs, também chamadas de MDCs (Metalloprotease/Disintegrin/Cystein-
rich), recebem um numero seguido ao nome, que representa a ordem de sua descoberta. Elas

sdo glicoproteinas de membrana que contém multidominios, com funcbes e estruturas
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especificas. Todas as ADAMSs possuem alguns ou todos os seguintes dominios: um peptideo
sinal, um pré-dominio, e os dominios, metaloprotease, desintegrina ou desintegrina-like, rico
em cisteina, EGF-like (Epidermal Growth Factor-like), transmembrana e citoplasmatico

(Figura 6) (BLOBEL, 1997; SEALS & COURTNEIDGE, 2003; WHITE, 2003).

Figura 6 — Desenho esquematico representando a estrutura de uma ADAM com seus
diferentes dominios e diferentes funcdes. EGF-like: dominio Epidermal Growth Factor-like,
TM: dominio transmembrana. Os numeros acima representam a quantidade de residuos de
aminoacidos na proteina. N-term. = regido amino-terminal, C-term. = regido carboxi-terminal.
Extraido e modificado de BLACK & WHITE, 1998; ROCKS et. al., 2008; SEALS &
COURTNEIDGE, 2003.
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As ADAMs tém papel fundamental nas interacdes entre células ou entre
células e a MEC, sendo tais interacdes de fundamental importancia em processos de adesdo,
migracdo, proliferagcdo, desenvolvimento, diferenciagdo, transdugcdo de sinais, resposta
imunoldgica, manutencdo da estrutura tecidual, cicatrizacdo de ferimentos, angiogénese,
desenvolvimento do coracdo, interacdo entre o espermatozoide e Ovulo, determinacdo do
destino celular. Estas moléculas estdo envolvidas tambéem em situacbes patologicas, como por
exemplo, cancer e formacdo de metastases (BLOBEL, 1997; BLACK & WHITE, 1998;
MAUCH et al., 2010; REISS & SAFTIG, 2009). Além disso, essas proteinas transmembrana
tipo 1 ttém se destacado como a principal familia de proteases que participa de clivagem de

ectodominios (REISS & SAFTIG, 2009) (Figura 7).
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Ja foram identificados 20 genes que codificam para ADAMs e mais de 30
membros protéicos desta familia foram descritos (DUFFY et al., 2003; PRIMAKOFF &
MYLES, 2000; STONE et al., 1999). Os genes para esta familia de proteinas séo classificados
em dois grupos: o primeiro é o grupo de metaloproteases ativas ou potencialmente ativas, as
quais possuem sequéncia consenso para a ligacdo do zinco no dominio catalitico; o outro
grupo corresponde as ADAMs com o dominio metaloprotease proteoliticamente inativo,
devido a auséncia de motivos integros para a ligacdo de zinco envolvido na catalise
enzimatica (EMI et al., 1993; WOLFSBERG et al., 1993; WOLFSBERG & WHITE, 1996).
Além do Homo sapiens, as ADAMs podem ser encontradas em outras espécies, incluindo C.
elegans, Drosophila, Xenopus e camundongos, mas ndo estdo presentes em E. coli, S.
cerevisiae, ou em plantas (BLOBEL, 1997; FAMBROUGH et al., 1996; SEALS &

COURTNEIDGE, 2003).

1.4.1. ADAM9

A ADAMY9 (MDC9 ou meltrin y) é um importante membro da familia de
glicoproteinas ancoradas na membrana (FRITZSCHE et al., 2008%; FRITZSCHE et al., 2008";
ZUBEL et al., 2009), sendo uma molécula de adesdo que interage com a integrina a\fPs € esta
envolvida no processamento proteolitico (clivagem de ectodominio) do fator de crescimento
tipo epidérmico ligado a heparina (HB-EGF) e ancorado a membrana (FRITZSCHE et al.,
2008°; FRITZSCHE et al., 2008%; GRUTZMANN et al., 2004). Além disso, essa proteina esta
envolvida em processos celulares, tais como adeséo celular, migragéo e sinalizagédo (ZUBEL
et al., 2009).

A ADAM9 tambem pode estar essencialmente envolvida na carcinogénese e

progressdo tumoral, pois participa da ativagdo do receptor de EGF e promove a invasdo das
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células de cancer via regulacdo de E-caderina e diversos tipos de integrinas (FRITZSCHE et
al., 2008"). Estudos mostram que o dominio metaloprotease da ADAM9 pode clivar a cadeia
B da insulina, fator de necrose tumoral o, gelatina, caseina-p e fibronectina, e induzir a
liberacdo do EGF, do receptor do fator de crescimento fibroblastico 2111B ou do fator de
crescimento tipo EGF que se liga a heparina. Alémdisso, o dominio desintegrina da ADAM9
contém o motivo ECD (Glu-Cys-Asp), que pode participar da adesdo celular via integrinas
asP1 e avPs. A cauda citoplasmatica da ADAMY9 apresenta um motivo de ligacdo a SH3, o
qual interage com importantes proteinas regulatorias, tais como endofilina 1 (SH3GL2) e
SH3PX1 (SUNG et al., 2006).

Embora a ADAM9 seja considerada uma proteina transmembrana, uma forma
solivel ADAM9-S foi descrita (HOTODA et al., 2002). A ADAM9-S ¢é derivada de um
splicing alternativo do gene que codifica para a ADAM9. Essa proteina soltvel promove o
fenotipo invasivo em linhagens celulares de carcinoma. Um modelo proposto para metastase
hepatica por MAZZOCCA et al. (2005), mostrou que a ADAM9-S liberada pelas células
hepéticas ativadas se liga as integrinas agPs e o1 na superficie do tumor, e, através de sua
atividade proteolitica, ADAM9-S promove a invasdo pela degradacdo dos componentes da
membrana basal, incluindo laminina-1, e, desta forma, permite que células tumorais invadam
a matriz ao seu redor (MAZZOCCA et al., 2005).

FRY & TOKER (2010), utilizando anticorpos especificos para ADAM9-L e
ADAMO-S detectaram a expressao de ambas isoformas em tecidos e células de cancer de
mama, entre elas, na linhagem MDA-MB-231. Além disso, esses dois autores utilizando a
técnica de RNAI puderam identificar que essas isoformas funcionam de maneira oposta na
regulacdo da migracdo celular, ou seja, a ADAM9-S promove e a ADAMOI-L atenua a
migracdo, sendo assim, este estudo foi o primeiro a identificar uma ADAM como um

supressor de migracao celular.
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Figura 7 — Postulado dos dominios estruturais das ADAMSs. Clivagem de proteinas
transmembrana mediada pelas ADAMs leva a liberacdo de dominios extracelulares sollveis e
fornece mecanismo para a regulacdo das proteinas da superficie celular, e também para
sinalizacdo extracelular. Extraido e modificado de REISS & SAFTIG et. al, 20009.

R i T neif

ADAM Substrato

A expressdo aumentada da ADAM9 tem sido descrita em diversos carcinomas
humanos, tais como, renal (FRITZSCHE et al., 2008?), préstata (FRITZSCHE et al., 2008P),
mama (O'SHEA et al., 2003), figado (TANNAPFEL et al., 2003), pancreas (GRUTZMANN
et al., 2004; MOCHIZUKI & OKADA, 2007), estomago (CARL-McGRATH et al., 2005;
MOCHIZUKI & OKADA, 2007) e intestino (PEDUTO et al., 2005). Um estudo experimental
utilizando um modelo de metastase em ratos demonstrou que ADAMS9 contribui para a
carcinogénese prostatica por clivagem de ligantes do receptor EGF e do receptor do fator de
crescimento fibroblastico (FGFR) (PEDUTO et al., 2005). Além disso, a ADAM9 secretada
por células estromais ativadas, parece induzir invasdo celular de carcinoma de c6lon (in vitro)
através da ligac@o as integrinas ogfs e a2 (MAZZOCCA et al., 2005). A ADAM9 aumenta a
adesdo e invasdo de células de carcinoma de pulmdo através da modula¢do de moléculas de
adesdo, tal como a integrina ozf1, € sensibilidade a fatores de crescimento e, desta forma,
promove a capacidade de metastase para o cérebro. Sendo assim, a ADAM9 desempenha um

papel importante na tumorigénese, invasdo e metastases através da modula¢do da funcdo da
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atividade de fatores de crescimento e de integrinas (MAZZOCCA et al., 2005; SHINTANI et
al., 2004).

Nosso laboratério vem produzindo com sucesso o0 dominio desintegrina da
ADAM9 humana (ADAM9D) em sistema bacteriano, através do vetor pGEX-4T-1. A
producdo deste dominio ocorreu na sua forma sollvel e ativa, e a ADAMID foi capaz de
promover a adesdo de células da linhagem K562 (eritroleucemia humana), DU-145 (cancer de
préstata) e MDA-MB-231 (cancer de mama), de forma dose-dependente, mostrando que este
dominio se comporta como um dominio adesivo. Além disso, ensaios de competicdo com
anticorpos e de citometria de fluxo, mostraram que a ADAMID se liga as integrinas B1, as,
avpBs, avPs e o emdiferentes linhagens celulares, e pela primeira vez, mostrou-se a interacao
do dominio desintegrina da ADAM9 humana com a integrina avB3. Por fim, a ADAM9D
inibiuem 75% a adesdo das células MDA-MB-231 e em 65% das plaguetas ao colageno tipo |
em condicBes dinamicas de fluxo, e também inibiu a invasdo destas células ao matrigel, de
forma semelhante aos anticorpos bloqueadores anti-oivf3 € avBs (COMINETTI et al., 2009).

Estudo realizado por ZIGRINO e colaboradores mostrou que a ADAM9
participa de interacdes diretas entre células de melanoma e fibroblasto, pois a incubacéo das
células MV3 (melanoma) com dominio DC-9 (dominio recombinante da ADAM9) resultou
em diminuicdo da adesdo dessas células ao fibroblasto. Além disso, 0 numero de células de
melanoma aderidas aos fibroblastos diminuiu consideravelmente quando a ADAMY9 foi
silenciada nas células de melanoma. E essa reducdo foi adicional quando utilizado
fibroblastos de camundongo com deficiéncia de ADAM9. Esses autores ainda mostraram que
a ADAM9 é uma proteina adesiva, que induz a sinalizacdo celular levando a um aumento de
atividade proteolitica, ou seja, a adesdo de células de fibroblastos ao dominio DC-9 aumentou
a sintese de MMP-1 e MMP-2, e a ativacdo de pro-MMP-2. Entretanto, quando usadas células

de melanoma com maior e menor capacidade de invasdo notou-se que a expressao de MMP-2
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foi apenas um pouco maior nas células de melanoma mais invasivas (ZIGRINO et al., 2011).
TAKEDA et al. (2006) descreveram no dominio rico em cisteina da ADAM9 a presenca de
uma regido altamente variavel (HVR), a qual seria a responsavel pela interacdo com ligantes,
uma vez que o loop do dominio desintegrina apresenta-se escondido e inacessivel para a
interagdo com ligantes.

Estudo realizado por XU e colaboradores mostrou que o silenciamento da
ADAM9 reduziu a proliferacdo e a invaséo de células de carcinoma de adendide cistico
(SACC-LM) (XU et al., 2010). Entretanto, experimentos realizados em nosso laboratorio
utilizando a técnica do RNAI mostraram que a ADAM9 ndo esta envolvida na proliferacdo
das células MDA-MB-231. Porém, esta proteina mostrou-se essencial para a invasao dessas
células em matrigel (MICOCCI et al., 2013).

Resultados obtidos por MONGARET et al. (2010) mostraram que a exposicao
das células A549 (carcinoma de pulmdo) ao peroxido de hidrogénio (H,O) induziu a
expressdo da ADAMY, tanto da forma ancorada & membrana quanto da secretada. Além disso,
guando a ADAMO foi silenciada nesta linhagem celular houve a diminuigdo da capacidade de
invasdo e adesdo celular, mesmo quando estas células foram induzidas pelo H,O5, sugerindo
assim que a ADAM9 pode ser um determinante importante na disseminacdo das células de
cancer.

A proteina ADAM9 também tem mostrado sua importancia no processo de
cicatrizacdo de feridas. MAUCH e colaboradores mostraram em seus experimentos que 0
aumento na cicatrizacdo utilizando animais sem a expressdo da ADAMO9 é resultante de uma
menor inducdo da clivagem de colageno XVII, sendo assim, a expressdao aumentada da
ADAM9 durante a cicatrizacdo resulta em uma regulacdo negativa da re-epitelizacdo

(MAUCH et al., 2010).
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1.5. Vasos linfaticos e metastase

Durante a metastase tumoral, algumas células tumorais separam-se do tumor
primario e dispersam atraves dos sistemas sanguineo e linfatico. Essas células utilizam-se
destes sistemas, e por fim, invadem e crescem nos sitios secundarios (WOODWARD et al.,
2005; HE et al., 2002). Metastase tumorais para os linfonodos sentinelas representam o
primeiro passo da disseminagdo tumoral na maioria dos cénceres humanos, incluindo
carcinoma de mama, pescogo e cabecga, servindo assim como um importante indicador
prognostico para progressdo da doenga (CUENI et al.,, 2010; ECCLES et al., 2007,
WISSMANN & DETMAR, 2006).

Estudos sugerem que os vasos linfaticos facilitam a metastase, fornecendo um
portal de disseminacdo das celulas tumorais (BANDO et al., 2006; SCHOPPMANN, 2005).
Os vasos linfaticos oferecem vantagens para a invasao e transporte de células pre- metastaticas
em relacdo aos vasos sanguineos, tais como: (1) membrana basal descontinua e juncdes
célula-célula mais frouxas; (2) taxa de fluxo menor que aumenta a sobrevida por minimizar o
estresse de cisalhamento; e (3) concentracdo 1000 vezes maior de acido hialurénico (na linfa),
uma molécula com potentes propriedades de pro-sobrevivéncia (LAURENT et al., 1992;
RAN et al., 2009). O sistema linfatico € naturalmente equipado para transportar células pelo
corpo, garantindo simultaneamente a sua sobrevivéncia e atividade. Tumores epiteliais,
incluindo cancer de mama (SCHOPPMANN et al., 2002; SKOBE et al., 2001), melanoma
(DADRAS et al., 2005), prostata (JENNBACKEN et al, 2005), cabeca e pescogo
(BEASLEY et al., 2002), tiram proveito da capacidade do sistema linfatico de transportar
células e, preferencialmente, disseminam-se atraves dos vasos linfaticos ao invés da rota
hematogénica (RAN et al., 2009). Alémdisso, o sistema linfatico € composto por uma rede de

capilares de parede fina e baixa pressdo, que se estendem por todo o corpo coletando liquido
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intersticial, macromoléculas e células do sistema imune, retornando-os a circulacdo
sanguinea. Esses capilares sdo altamente permeaveis e revestidos por apenas uma Unica
camada de células endoteliais, facilitando assim o seu acesso por células do sistema imune e
tumorais (VANTYGHEM et al., 2005), sendo assim, as células tumorais de mama utilizam
esta rota como sua principal via de propagacao precoce (RAN et al., 2009).

A propagacao preferencial através dos vasos linfaticos pode derivar da alta
frequéncia de invasdo de vasos linfaticos (LVI) por células de cancer de mama, em
comparacdo com a invasdo de vasos sanguineos (BVI). Isto fica bem ilustrado por estudos
independentes envolvendo um nimero consideravel de pacientes. Estudo realizado com um
n=1408 mostrou a presenca de LVI em 34,2% dos casos, enquanto BVI foi detectado em
apenas 4,2% (LAURIA et al., 1995). Outro estudo utilizando 177 carcinomas de mama
invasivos detectou a invasdo linfatica em 96,4% de todos os espécimes analisados, enquanto
BVI foi detectada emapenas 3,5% (MOHAMMED et al., 2007).

Devido aos recentes progressos conquistados com o emprego da técnica do
RNAI em tumorigénese e o grande envolvimento da ADAM9 em diversos carcinomas
humanos, entre eles o de mama, o presente trabalho estudou o papel da ADAM9 na
disseminacdo tumoral via sistema linfatico, visto que mais de 90% das mortes por cancer séo
consequéncias da propagacdo metastatica, preferencialmente disseminada por vasos linfaticos.
Desta forma, é de grande importdncia o estudo detalhado da funcdo desta proteina na
disseminacdo tumoral via sistema linfatico, visando o emprego de novas ferramentas
terapéuticas que possam atuar nas terapias antimetastaticas, emergindo assim como uma nova

esperanca para um tratamento especifico do cancer.
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2. OBJETIVOS

2.1. Objetivo geral

Estudar o papel da ADAM9 na disseminacdo tumoral via sistema linfatico,
visando o desenvolvimento de novas ferramentas terapéuticas. Para tanto, células de tumor de
mama MDA-MB-231 silenciadas para a ADAM9 foram testadas com relagdo as suas
atividades adesivas e invasivas frente ao endotélio vascular e linfatico.

Hipotese inicial: A ADAM9 presente nas células tumorais é importante para a
adesdo ao endotélio vascular sanguineo e linfatico, contribuindo para a disseminacéo

metastatica.

2.2. Objetivos especificos

Verificar o efeito do silenciamento da ADAM9 nas células MDA-MB-231 em
diferentes ensaios biologicos. Para a execucdo dos mesmos foram utilizadas também as
células endoteliais: HUVEC, HMEC-1 e HMVEC-dLy:

- Proliferagdo Celular;

- Adesdo Celular Estatica;

- Migracéo Celular: Wound Healing;

- Migracéo Celular: Transwell;

- Invaséo Celular;

- Adesdo Celular Estatica e Sob Fluxo;

- Transmigracdo Endotelial.
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RESUMO

ADAMs é o termo usado para descrever a presenca dos dominios desintegrina e
metaloprotease (A Disintegrin And Metalloprotease) em uma determinada classe de proteinas
de membrana, multimodulares e multifuncionais. Elas exercem funcbes importantes em
processos fisiologicos como na fertilizacdo, fusdo de mioblastos, migragéo, proliferacéo e
sobrevivéncia celular, resposta inflamatoria, clivagem de ectodominios de proteinas de
membrana, e também em processos patoldgicos, incluindo cancer e formacdo de metastases.
Um representante das ADAMs envolvida em neoplasias é a meltrina y (ADAM9), cuja
expressdo esta aumentada em um grande nimero de carcinomas humanos. O objetivo desse
trabalho foi estudar o papel da ADAM9 na disseminacdo tumoral via sistemas sanguineo e
linfatico, visando o desenvolvimento de novas ferramentas terapéuticas. O papel da ADAM9
na interacdo de células tumorais de mama MDA-MB-231 com células endoteliais in vitro foi
estudado utlizando-se silenciamento génico por RNA de interferéncia. Os resultados
mostraram que 0 SIADAM9 nas células MDA-MB-231 ndo afetou a expressdo da ADAM10,
ADAM12, ADAM17, cMYC, MMP9, VEGF-A, VEGF-C, Osteopontina e Colageno XVII,
entretanto houve uma diminuicdo da expressdo da ADAM15 e um aumento da expressao da
MMP2 quando comparado com as controles: meio e negativo. O SiIADAMY9 nas células
MDA-MB-231 ndo afetou a adesdo sob fluxo das células as endoteliais vasculares (HMEC-1
e HUVEC) e linfaticas (HMVEC-dLyNeo). Entretanto, houve uma dimuicdo na taxa de
transmigracdo através da monocamada das células endoteliais (HUVEC, HMEC-1 e
HMVEC-dLyNeo) em aproximadamente 50%, 40% e 32%, respectivamente. Dessa forma,
sugere-se 0 envolvimento da ADAM9 no processo de invasao, extravasamento pelos vasos

sanguineos e linfaticos, e formacdo de metastase.

Palavras chaves: ADAMOY, cancer de mama, células endoteliais sanguineas e linfaticas.
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1. INTRODUCAO

O cancer ¢ uma doenca de ocorréncia mundial considerada atualmente como
um dos maiores problemas de saude publica [1-2]. Também conhecido como tumores
malignos, o cancer é um termo genérico para um grande grupo de doencas que pode afetar
qualquer parte do corpo. O desenvolvimento do tumor é iniciado por um acUmulo de
alteracdes genéticas e epigenéticas que promovem a iniciacdo, invasdo e metastase tumoral
[3-4-5]. Durante o desenvolvimento das neoplasias humanas algumas caracteristicas sdo
adquiridas, incluindo a sustentacdo da sinalizacdo proliferativa, a evasdo de supressores de
crescimento, a resisténcia a morte celular, a habilidade de imortalidade replicativa, a inducédo
da angiogénese, a ativacdo da invasdo e metéstase, a instabilidade genbmica e mutacbes, a
promocédo tumoral da inflamacao, a falta de regulacdo do metabolismo energértico celular e a
protecdo contra a destruicdo imune [5-6]. Os tipos de cancer mais comuns que causam mortes
no mundo sdo: pulmao (1,59 milhGes), figado (745 mil), estdmago (723 mil), colorretal (694
mil), mama (521 mil) e es6fago (400 mil) [2].

O cancer de mama € o tipo de cancer que mais acomete as mulheres tanto em
paises desenvolvidos quanto em paises em desenvolvimento. As taxas de incidéncia em 2012
foram maiores na Europa Ocidental (96 casos para 100 mil mulheres) e menores na Africa
Central e Asia Oriental (27/100 mil). No Brasil, em 2014, sio esperados 57.120 novos casos
de cancer de mama, com umrisco estimado de 56 casos para cada 100 mil mulheres [1].

A disseminacdo das células tumorais para fora do sitio primario, estabelecendo
novas colonias em orgdos distantes é definida como metastase, sendo esta a maior causa de
morbidade e mortalidade em pacientes com cancer de mama [7-8]. O processo metastatico é
composto por uma complexa cascata de eventos que se inicia com as células se desprendendo

do tumor primério. Para que este evento ocorra, as células tumorais necessitam modificar sua
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morfologia para facilitar a sua dispersdo e motilidade, processo chamado de transicao epitélio-
mesenquimal (EMT). Esse processo causa a desadesdo das células do tumor primario que
perdem a capacidade de se aderirem as suas Vvizinhas e adquirem caracteristicas migratorias e
invasivas necessarias para transpor barreiras fisicas e atingir seu sitio metastatico. O processo
de migracdo nas células tumorais pode ocorrer sob duas formas, individual e coletiva. Apds
atingirem o seu sitio metastatico, as células cancerigenas que passaram pelo EMT tém o
processo revertido voltando a expressar sua morfologia epitelial, processo chamado de
transicdo mesenquimal-epitelial (MET) [9].

Segundo Bacac and Stamenkovic [10] existem trés rotas principais para a
disseminacao tumoral: vasos linfaticos, sanguineos e superficies serosas. Entretanto, apesar da
presenca de uma rica rede vascular sanguinea no cancer de mama, a invasdo vascular ocorre
predominantemente via vasos linfaticos (96,4%) em oposi¢do aos sanguineos (3,5%) [7].
Resultados similares também foram encontrados em melanoma, no qual, 85,5% do total da
invasdo ocorre via sistema linfatico [11]. Além disso, em relacdo aos critérios clinico-
patoldgicos e de sobrevivéncia, a invasao vascular linfatica foi significativamente associada
com maior tamanho do tumor, presenca de metastase nos linfonodos, desenvolvimento de
recidiva regional e metastases para outros 6rgaos ou tecidos, bem como pior sobrevida global
[12-13, 7].

A modulagdo do microambiente tecidual através da degradacdo da matriz
extracelular (MEC), o processamento de fatores de crescimento e ativacdo de moléculas de
adesdo celular sdo essenciais para a proliferacdo e progressao das células de cancer [14-15].
Além disso, a degradacdo da matriz extracelular € um pré-requisito para o reparo tecidual,
migracao celular e liberacdo de fatores de crescimento e peptideos bioativos [16]. Diferentes
proteases tém sido coadjuvantes nesses processos, tais como, as metalopeptidases de matriz

(MMPs), outras familias de proteases (serino, cisteina e aspértica), as ADAMs (A Disintegrin
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And Metalloprotease) e as ADAMTSs (que apresentam o dominio trombospondina adicional)
[14, 16-17].

Membros da familia das ADAMSs estdo associados com metdstases de canceres
humanos, e diversas ADAMSs estdo superexpressas em tecidos de cancer metastatico
comparado com tecidos normais ou tumores benignos do mesmo Orgdo. Além disso,
parametros de formacdo, progressao e agressividade tumoral tem sido correlacionado com o
nivel de expressdo de algumas dessas proteinas, entre elas, ADAM9, ADAM12, ADAM15 e
ADAM17 [17-18-19].

A ADAMY9 (MDC9 ou meltrin y) € um importante membro desta grande
familia de glicoproteinas que, além de mediar respostas celulares em ambientes de estresse e
regular diversos processos celulares, tais como, adesdo celular, migracdo, invasao,
proliferacdo, ligacdo a MEC e clivagem de ectodominios [20-21], também tem sido
correlacionada com tumorigénese e metastase tumoral [22]. Prévios estudos do nosso
laboratdério mostraram que a ADAM9 tem um papel importante na invasdo das células de
tumor de mama MDA-MB-231, porém sem afetar a migracdo dessas células [23]. Entretanto,
FRY e TOKER [24] utilizando RNA. e diferentes células de tumor de mama verificaram que
a ADAMO-S (secretada) e ADAMOI-L (transmembrana) funcionam de forma opostas na
regulacdo da migragdo celular, ou seja, a ADAM9-S promove e a ADAM9-L atenua a
migracdo. PEDUTO e colaboradores [25] reportaram que, em modelos de carcinoma em
camundongos, entre eles, prostata, mama e intestinal, a expressdo da ADAM9 foi maior nas
regides dos tumores quando comparada com tecidos adjacentes normais.

Procurando contribuir para a compreensdo dos mecanismos de disseminagéo
tumoral, o presente estudo buscou avaliar o papel da ADAMY9 na interacdo de células de
tumor de mama com células endoteliais linfaticas e sanguineas, na busca de novos alvos e o

desenvolvimento de novas ferramentas terapéuticas antimetastaticas.
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2. MATERIAIS E METODOS

2.1. Cultura celular

As linhagens de tumor de mama (MDA-MB-231) foram gentilmente cedidas
pelo Dr. Michel Crépin (INSERM, Paris, Franca) e as endoteliais vasculares de cordao
umbilical humano (HUVEC) foram doadas pelo Dr. Gerson Jhonatan Rodrigues (UFSCar,
Sdo Carlos, SP). Ambas as linhagens foram cultivadas em meio DMEM (Dulbecco’s
Modified Eagle Medium — Vitrocell Embriolife), contendo 10% de soro fetal bovino (FBS),
L-glutamina (2 mM), penicilina (100 U/mL - Vitrocell Embriolife), estreptomicina (100
ug/mL - Vitrocell Embriolife) e anfotericina B (250 UG/mL - Gibco). As células primarias
HUVEC foram cedidas gentilmente pela Dra. Veronica Morandi (UERJ, Rio de Janeiro, RJ) e
isoladas através de digestdo do interior da veia umbilical por colagenase 0,2% e mantidas em
meio 199 (M-199) com HEPES (Sigma), suplementado com penicilina 100 Ul/mL,
estreptomicina 100 pg/mL, anfotericina-B 5 pg/mL, L-glutamina 2 mM e 20% soro fetal
bovino (Gibco). As células da linhagem HMEC-1 foram também cedidas pela Dra. Verdnica
Morandi (UERJ, Rio de Janeiro, RJ) e foram cultivadas em meio MCDB-131 (Gibco)
suplementado com 10% de soro fetal bovino (Gibco), L-glutamina 2 mM, hidrocortisona 1
mg/mL, fator de crescimento epidérmico (EGF) 10 pg/mL (Gibco) e antibioticos. As células
HMVEC-dLyAd-Der (n° catalogo 2810) ou HMVEC-dLyNeo-Der (n° catalogo 2812) foram
compradas da empresa Lonza e cultivadas em meio de cultura EBM-2 (n° catalogo CC-3156)
suplementado com o kit EGM-2 MV SingleQuots (n° catdlogo CC-4147). Todas as culturas
celulares foram mantidas em estufa com 5% de CO; a 37°C. As células da linhagem MDA-
MB-231, HUVEC e HMEC-1 foram utilizadas da passagem 15 a 35. As células de cultura
primarias HUVEC, HMVEC-dLyAd-Der e HMVEC-dLyNeo-Der foram usadas somente até

a passagem 5.
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Para os ensaios de Western Blotting foram utilizados os seguintes anticorpos:
anti-camundongo ADAM9 (1:1000) (Ectodominio — R&D Systems - n° catalogo AF949) e

anti-Beta Actina conjugado com HRP (1:200) (Santa Cruz - n’ catalogo sc1616).

2.2. Silenciamento de RNA (RNAI)

Para esta técnica foi utilizado um kit (Silencer® siRNA Starter Kit — Ambion).
O protocolo foi realizado de acordo com a metodologia ja padronizada e descrita por Micocci
et al. [23]. Apds 72 horas da transfeccdo, as células foram lavadas com tampédo fosfato-salino
- PBS (1X) e retiradas das placas para ensaios de expressao génica (utilizando o reagente
TRizol — Life Technologies). A eficiéncia do silenciamento com esiRNAADAM9 (2,5 nM)

em funcdo do tempo foi verificada pela analise do transcrito ADAMS9 por PCR em tempo real.

2.2.1. Desenho dos Primers de Silenciamento de RNA

Foram utilizados primers do dominio desintegrina (#104056) para ligacdo ao
éxon 13 (Silencer® Pre-designed siRNA, Ambion). As sequencias dos primers foram: senso
(5'-rCrCrArGrArGrUrArCrUrGrCrArArUrGrGrUrUrCrUrUrCTC-3") e  anti-senso  (5'-
rGrArGrArArGrArArCrCrArUrUrGrCrArGrUrArCrUrCrUrGrGrArA-3). O controle
negativo (scrambled) usado foi Silencer Select Negative Control No. 1 siRNA (Ambion).
Também testou-se novo primer para o silenciamento da ADAM9, o esiRNA human ADAM9
(Sigma-Aldrich, n° cat. EHU020151) e o controle negativo de silenciamento chamado de
esiRN A targeting EGFP (Sigma-Aldrich, n° cat. EHUEGFP). O esiRNA é uma mistura de
SiRNA tendo como alvo a mesma sequéncia do mRNA, sendo assim, esses multiplos primers

de siRNA levam a um silenciamento altamente especifico e eficaz.
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2.2.2. Extracdo de RNA e Sintese de cDNA

O RNA total foi extraido das células usando o reagente TRIzol (Invitrogen)
seguindo as intrucdes do fabricante. Todas as amostras foram tratadas com DNAse |
(Deoxyribonuclease I, Amplification Grade — Invitrogen). Ap6s a quantificacdo em NanoDrop
2000 (Thermo Scientific), um total de 1 ug RNA foi misturado com agua livre de RNAse e
DNAse para um volume final de 8 pL. Cerca de 0,5 puL de primer oligo-DT (0,5 pg/uL,
Promega) foi adicionado a essa mistura e incubado a 70°C por 5 minutos, seguido de um
resfriamento rapido por 5 minutos. Em seguida, foram adicionados 0,5 puL de Moloney
Monkey Leukemia virus reverse transcriptase (200 U/uL - M-MLV, Promega), 2,5 uL de
tampdo MMLV 5X (Promega), 2,5 uL. de ANTP mix (10 nM). A mistura foi incubada por 1

hora a 37°C e, emseguida, utilizada em gPCR.

2.2.3. Desenho dos primers parao RT-gPCR
Os oligonucleotideos para a analise da expressdo génica da ADAM9 e de
outros genes de interesse para a técnica do RT-gPCR foram desenhados utilizando o site

http://www.ncbi.nlm.nih.gov/tools/primer-blast/. As sequéncias dos primers foram checadas

pelo Blast (http://blast.ncbi.nlm.nih.gov/Blast.cgi). Abaixo estdo representadas as sequéncias

de primers:

Tabela 1. Primers Forward e Reverse utilizados.

Gene Primer Primer Produto
Forward Reverse amplifica

do (pb)
ADAM9 CTTGCTGCGAAGGAAGTACC AACATCTGGCTGACAGAACTGA 173
ADAM10 ACCTTCAGGAAGCTCTGGAGGAAT CTGGTGTGCACTCTGTTCCAGAAT 200
ADAMI2 AGCCACACCAGGATAGAGAC CGCCTTGAGTGACACTACAG 105
ADAM15 CAAATATAGGTGGCACTGAGGAG TAGCAGCAGTTCTCCAAAGTGTG 286
ADAM17 GATCTACAGACTTCAACACAT AGTGTACTCGCTTTCGTT 150
MMP2 AGGACCGGTTCATTTGGCGG TGGCTTGGGGTACCCTCGCT 200
MMP9 CGCTACCACCTCGAACTTTG GCCATTCACGTCGTCCTTAT 196
cMYC CCTTCICICCGTCCTCGGAT TTCTTGTTCCICCICAGAGTCG 128
OSTEOPON CTGACATCCAGTACCCTGATGC GGCCTTGTATGCACCATTCA 83

TINA (OPN)

COLAGENO GCTACTTACGGACTTCGGGG AGACAGGAGGGACCCATCTC 176
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XV (COL
XV1I)
VEGE-A | CACATTGITGGAAGAAGCAGCCCA | ACTCACACACACACAACCAGGTCT 165
VEGF-C | GCCACGGCTTATGCAAGCAAAGAT | AGTTGAGGTTGGCCTGTTCTCIGT 160
VEGF-D CGATGTGGTGGCTGTTGCAATGAA | GCTGTTGGCAAGCACTTACAACCT 164
VEFGRL CGACGTGTGGTCTTACGGAGTA CTTCCCTCAGGCGACTGC 107
HPRT TGACACTGGCAAAACAATGCA GGTCCTTTTCACCAGCAAGCT 97
GAPDH GATGCTGGTGCTGAGTATGTCG GTGGTGCAGGATGCATTGCTGA 197

2.2.4. PCR em Tempo Real

A expressdo do mRNA dos diferentes genes foi analisada utilizando o Corbett
Rotor Gene 3000 (Corbett Research). As reactes de RT-qPCR foram padronizadas com
volume final de 25 pL e com as proporcdes apresentadas nos materiais e metodos

suplementares 1 e 2.

2.3. Caracterizacdo da expressao de integrinas por citometria de fluxo

A expressdo de algumas integrinas na superficie das células HMEC-1, HUVEC
(linhagem) e HMVEC-dLy foram analisadas utilizando o citometro de fluxo FACscalibur ou
Accuri C6 (BD Biosciences). As células (1x10°) foram incubadas em gelo com 10 pg/mL de
anticorpo primario para diferentes integrinas [B1, Ba, v, 02, 04, 05, 05, 05, € oyB3 (Santa Cruz
e BD Biosciences)]. Ap6s 45 minutos, as células foram lavadas 2 vezes com PBS e incubadas
por 45 minutos em gelo com 5 ug/mL de anti-lIgG marcado com isotiocianato de fluoresceina
(FITC) (Santa Cruz - SC-2010). As células foram novamente lavadas com PBS (1X) e
analisadas em um citobmetro de fluxo. Para a linhagem MDA-MB-231, foi analisada a
expressdo da ADAMY utilizado o anticorpo Mouse ADAM9 Ectodomain Affinity Purified
Polyclonal Ab (1:1000) (R&D Systems - n° catalogo AF949) e o anticorpo secundario Donkey

anti-Goat Alexa Fluor 488 (n° catdlago A-11055 — Life Technologies).
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2.4. Transmigracdo Endotelial

As células endoteliais (HUVEC, HMEC-1 e HMVEC-dlyNeo-Der) foram
semeadas (7x10%) em insertos com poros de 8 pm (24 pogos) (BD Biosciences) recobertos
com gelatina 2% e/ou fibronectina (20 pg/mL), para a formacdo da monocamada. Apds 48 h,
as células MDA-MB-231 (controle, controle negativo e SiADAM9) foram marcadas com
PKH26 Red Fluorescent Cell Linker (Sigma) seguindo as instrucdes do fabricante. Apés a
marcacdo, as células tumorais foram contadas (5x10*) e semeadas na porcdo superior dos
insertos previamente recobertos pela monocamada em meio DMEM sem FBS e na face
inferior foi adicionado meio DMEM com FBS (quimioatraente). Apds 16 horas, as células
tumorais que permaneceram na face superior da cdmera foram removidas e as células que
transmigraram foram lavadas com meio de cultura DMEM sem soro e fixadas com
formaldeido 3,7%. Um total de 15 campos aleatoriamente foram fotografados (Carl Zeiss

GmbH, Jena, German - Objetiva de 20X) e contados comauxilio do programa Image J.

2.5. Inibicéo da Adeséo Celular

Para 0 ensaio de inibicdo da adeséo, colageno tipo I, colageno tipo IV, laminina
e fibronectina (1-10 pg/100ulpogo) foram imobilizados em placas de 96 pogos por 12 horas a
4°C. Todos os pogos foram bloqueados com solucdo de soroalbumina bovina (solugdo de
BSA 1% solubilizada em tampdo de adesdo: HEPES 20 mM acrescido de NaCl 150 mM,
MgCL 5 mM e MnCl, 0,25 mM, pH 7,4 — 200 uL/pogo) por 1 hora. BSA 2% foi adicionada
aos pocgos dos controles negativos. Ap6s o bloqueio, as células HMVEC-dLyAd-Der
(1x10°/tubo) foram previamente incubadas a 37°C durante 30 minutos com os anticorpos
bloqueadores anti-pB; (Santa Cruz - SC-13590), anti-B; (BD Biosciences- 555753), anti-f4
(Santa Cruz - SC-13543), anti-ay (Santa Cruz - SC-9969), anti-o, (R&D Systems -

MAB1233), anti-o4 (Santa Cruz - SC-23933), anti-os (Santa Cruz - SC-71419), anti-os (Santa
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Cruz - SC-71426), anti-avfs (Santa Cruz - SC-71450), anti- ayps (Santa Cruz - SC-7312).
Para o ensaio de adesdo celular as células HMVEC-dLyAd-Der foram plagueadas sem a
incubacdo com os anticorpos. As células foram transferidas para placas de 96 pogos e
incubadas por 45 minutos. Os pocos foram lavados 3 vezes com meio de cultura sem soro e as
células aderidas foram fixadas cometanol 70% por 10 minutos. As células foram coradas com
Cristal Violeta 0,5% por 20 minutos e os pog¢os foram lavados com PBS (1X) diversas vezes
para retirada do excesso de corante e as células coradas foram solubilizadas em SDS 1% (30

minutos). A leitura da placa foi feita a 540 nmem leitor da absorbancia Dynex.

2.6. Adeséo Celular Estatica e Sob Fluxo

Para 0 ensaio de adesdo esttica e sob fluxo as células endoteliais foram
previamente semeadas em placas de 24 pogos ou 3 cm previamente recobertas com gelatina
2% efou fibronectina (20 pg/mL) 48 horas antes do ensaio propriamente dito. No ensaio de
adesdo sob fluxo as células MDA-MB-231 foram marcadas com Cell Tracker Green CFSE
(Life Technologies) seguindo as instrucbes do fabricante. As células misturadas ao meio de
cultura DMEM sem soro (1x10° células em 4 mL) foram perfundidas com o auxilio de uma
bomba peristaltica sob condi¢cdes dindmicas de fluxo com uma taxa de cisalhamento de 5
dynes/cm® em uma camara de perfusdo durante 10 minutos.

Para 0 ensaio de adesdo estdtica as celulas endoteliais foram semeadas em
placas de 24 pocos (1x10° células/mL; 1,1x10° células/mL e 1,2x10° células/mL de HUVEC,
HMEC-1 e HMVEC-dlyAd-Der, respectivamente) e mantidas até atingirem a confluéncia. Os
pocos foram lavados com meio sem FBS e adicionado TNF-a (2,5 ng/mL; 5,0 ng/mL e 10
ng/mL, 1mL/poco) diluido em meio sem FBS e suplementado com 0,1% BSA, por 5 horas.
Apos ativagdo das células endoteliais, os pogos foram lavados 2 vezes com meio sem FBS e

foram adicionados & eles as células tumorais MDA-MB-231 marcadas com CFSE (3x10*
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células/poco em 500 pL/pogo) diluidas em seu proprio meio de cultura sem FBS
suplementado com 0,1% BSA, por 1 hora. Apds a perfusdo e adesdo, as células tumorais

aderidas as células endoteliais foram lavadas com meio de cultura DMEM sem FBS e fixadas
com formaldeido 3,7%. Foi usado o DAPI para marcacdo dos nucleos celulares. Foram
fotografados 15 campos aleatoriamente (Carl Zeiss GmbH, Jena, German- Objetiva de

20x) e as ceélulas foram contadas com auxilio do programa Image J.

2.7. Analise dos Resultados

Os ensaios foram analisados quanto a sua significAncia estatistica utilizando o
programa de estatistica GraphPad Prism 5. Cada experimento foi repetido no minimo trés
vezes em triplicata. Todos os valores apresentaram distribuicdo normal, por isso foi utilizada a
andlise de variancia ANOVA one-way e o0s testes Tukey ou Dunnett para multiplas
comparacdes. Em todos os célculos foram fixados o nivel critico 5% (p < 0,05), ou seja,

*p<0,05, **p<0,01 e ***p<0,001 foram utilizados como critério de significancia.

3. RESULTADOS

3.1. Silenciamento da ADAM9 detectado pelo nivel de mMRNA e proteina

Apds o silenciamento da ADAM9 sua expressdo foi reduzida nas células
MDA-MB-231 tanto em nivel proteico quanto ao nivel de mRNA (Figura 1A e C,
respectivamente) quando comparado com as células controles (sem tratamento e tratadas com
esiRNAEGFP = Controle Negativo).

O esiRNA sdo endoribonucleases preparadas de SsiRNAs que possuem 0
mesmo alvo, em nosso estudo, a ADAMY, e desta forma, levando a um silenciamento

altamente eficaz e especifico, porém transiente. O silenciamento da ADAM9 ocorreu do 3°
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ao 5° dia, entretanto, no 7° dia de silenciamento (P7) a expressdao aumentou de forma
exponencial atingindo valores semelhantes aos obtidos pelas células controle. Sendo assim,

conclui-se que o silenciamento perdeu sua eficiéncia apos o 7° dia (Figura 1B).

3.2. Silenciamento da ADAM9 afeta a expressdo génica da ADAM15 sem afetar os
transcritos da ADAM10, ADAM12, ADAM17

A expressdo génica da ADAM9 foi reduzida nas células MDA-MB-231
tratadas com o primer de siRNA (siADAM9D) (Figura 2A) comprovando assim a eficiéncia
da técnica, além disso, o silenciamento da ADAMS ndo foi capaz de afetar a expressdo génica
da ADAM10, ADAM12, ADAML17 (Figura 2B, C e D, respectivamente), porém reduziu de

maneira significante a expressdo da ADAM15 (Figura 2E) em aproximadamente 33,3%.

3.3. Silenciamento da ADAM9 afeta a expressdo génica da MMP2, mas ndo afeta a
expressao de c-MYC, OPN, MMP9, VEGF-A, VEGF-C e COL XVII

Observou-se que 0 SIADAM9 nas células MDA-MB-231 ndo afetou o nivel de
expressdo dos diferentes genes analisados, entre eles, c-MYC, OPN, MMP9, VEGF-A,
VEGF-C e COL XVII (Figura 3A, B, C, E, F e G, respectivamente), entretanto, houve um
aumento significativo de aproximadamente 90% na expressaio da MMP2 nas células

SIADAMGAD (Figura 3D).

3.4. Caracterizacdo da expressao génica nas células HMVEC-dLyAd-Der por RT-qPCR

Para analise da expresséao de diferentes genes nas células HMVEC-dLyAd-Der
foi utilizada a quantificacdo absoluta de transcritos descrita por Allen et al. [26]. Na figura 4
estdo representados os valores de expressdo de cada gene analisado em ng/pL. Os niveis de

expresséo de mRNA de ADAMs, c-MYC, MMP2, VEGF-A, VEGF-C, VEGF-D, e
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VEGFR1 foram normalizados pelos niveis de mRNA para HPRT e GAPDH, entretanto na
figura estdo apresentados apenas os valores obtidos para GAPDH, pois esse gene foi melhor
relacionado com a célula testada. Nota-se que praticamente todos o0s genes analisados
apresentaram concentracbes em ng/pL similares de 0,05 — 0,07 ng/pL, entretanto, apenas a
MMP2 apresentou uma expressdo maior nesta linhagem de aproximadamente 0,1 ng/pL, ou

seja, em torno de 40% maior que os demais genes analisados.

3.5. Caracterizacdo da expressdo de integrinas nas células MDA-MB-231, HMEC-1,
HUVEC e HMVEC-dLyAd-Der por citometria de fluxo

A expressdo de algumas integrinas foi analisada por citometria de fluxo nas
células utilizadas neste trabalho. Nossos resultados mostraram que as células apresentaram
diferentes perfis de integrinas (Figura 5), ou seja, as células MDA-MB-231 expressam mais
de 80% de cada subunidade de integrinas as, ag, ay € B1. As células HMEC-1 apresentam uma
alta expresséo das integrinas os, ay e 1. As células HMVEC-dLyAd-Der expressam mais de
80% os receptores as, og, oy, P1, B3, Pa € avPs. As células HUVEC apresentam um perfil de
expressdo semelhante ao da HMVEC-dLyAd-Der, entrentanto essas células apresentam uma

expressdo mais baixa da subunidade B3z (25%; ++) (Figuras Suplementares 1, 2 e 3).

3.6. Adesao das células HMVEC-dLyAd-Der a diferentes componentes da MEC

Na figura 6 estdo representadas imagens das monocamadas das celulas
HMVEC-dLyAd-Der fotografadas na passagem 2. Em (A) a monocamanda das células
HMVEC-dLyAd-Der foi fotografada com aumento de 4X e em (B) com aumento de 10X.
Essas células foram utilizadas somente até a passagem 5 (seguindo o manual de instrucdes da

empresa Lonza).
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As células HMVEC-dLyAd-Der foram adicionadas sobre diversos
componentes da MEC (1-10 pg/poco), entre eles, colageno tipo I (Col I), colageno tipo IV
(Col 1V), Fibronectina (FN) e Laminina (LA). Todas as proteinas da MEC testadas
promoveram a adesdo das células linfaticas significativamente quando comparadas com o

controle negativo (BSA 2%) (Figura 7).

3.7. Inibicdo da adesdo das células HMVEC-dLyAd-Der a diferentes componentes da
MEC
Nos ensaios de inibicdo da adesdo as células HMVEC-dLyAd-Der foram
primeiramente incubadas com diferentes anticorpos anti-integrinas (ay, oy, as, as, 1, B3, P4,
avPs e avPs), ant-FADAMY e anti-1gG. Apoés a incubacdo, essas células foram adicionadas
sobre componentes da MEC imobilizados em placas de 96 pocos, entre eles, LA, FN e Col.
IV (1-10 pg/poco). Observa-se que as células HMVEC-dLyAd-Der ndo foram capazes de
se ligarem a LA apenas quando incubadas com o anticorpo anti-p; (Figura 8A). Quando
utilizado a FN como proteina da MEC imobilizada, as células HMVEC-dLyAd-Der ndo
foram capazes de se ligar a esta proteina significativamente apenas quando incubada como
anticorpo anti-avfs (Figura 8B). As HMVVEC-dLyAd-Der incubadas com o anticorpo anti-
B1 ndo foram capazes de se ligar significativamente ao Col IV (Figura 8C), evento também

observado quando usado a LA como proteina imobilizada.

3.8. Efeito da pré-estimulagdo das células endoteliais com TNF-a na adeséio das células
MDA-MB-231
O efeito da pré-estimulacdo das células endoteliais HUVEC, HMEC-1 e
HMVEC-dLyAd-Der com diferentes concentracdes de TNF-a [0 (ndo tratada); 2,5; 5,0 e

10 ng/mL] foi testado na adesdo das células de tumor de mama MDA-MB-231. A pré-
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estimulacdo das células endoteliais com TNF-a por 5 horas ndo causou alteragdes na
adesdo das MDA-MB-231 a monocamada de HUVEC (9A) e HMEC-1 (9B), entretanto,
houve um aumento significativo quando comparado com as células HMVEC-dLyAd-Der

(9C) ndo estimuladas com as tratadas com 10 ng/mL de TNF-o.

3.9. Efeito do silenciamento da ADAM9 na adeséo das células de tumor de mama MDA-
MB-231 em condi¢fes dinamicas de fluxo

O efeito do SiIADAMY nas células MDA-MB-231 foi testado em condigdes
dinamicas de fluxo na tentativa de simular as etapas necessarias para a cascata metastatica que
ocorre in vivo. As células MDA-MB-231 foram silenciadas utilizando o primer de
silenciamento esiRNAADAMY e esiRNAEGFP foi utilizado como controle negativo.

As células tumorais silenciadas ou ndo para a proteina ADAM9 foram
perfundidas com o auxilio de uma bomba peristaltica sob condicGes dinamicas de fluxo com
uma taxa de cisalhamento de 5 dynes/cm’ e durante 10 minutos. Os resultados sugerem que o
SIADAM9 ndo afetou a adesdo das celulas tumorais MDA-MB-231 a células endoteliais
HUVEC (Figura 10A), HMEC-1 (Figura 10B) e HMVEC-dLyNeo-Der (Figura 10C),
entretanto, nota-se que nas ultimas células testadas ha uma tendéncia em diminuicdo da

adesdo a MDA-MB-231 silenciadas para ADAMY, porém ndo significativa.

3.10. Efeito do silenciamento da ADAMY na transmigracdo das células de tumor de
mama MDA-MB-231 em diferentes celulas endoteliais: HMEC-1, HUVEC e HMVEC-
dLyNeo-Der

O siADAMY nas células tumorais MDA-MB-231 inibiu significativamente a
transmigracdo dessas células as endoteliais HUVEC (Figura 11A), HMEC-1 (Figura 11B) e

HMVEC-dLyNeo-Der (Figura 11C). Nota-se que essa inibicdo foi mais acentuada quando
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utilizadas as células HUVEC como monocamada, ou seja, cerca de 50 % quando comparada
com as células controle e controle negativo. Quando utilizadas as células HMEC-1 e
HMVEC-dLy Neo a reducdo da taxa de transmigracédo das células tumorais sSiADAM9 foi de

40% e 32%, respectivamente.

4. DISCUSSAO

A principal causa de morte de pacientes com cancer é devido ao
desprendimento das células tumorais do foco primario para 6rgdos distantes [27-28]. A
disseminacdo metastatica € dependente da caracteristica do microambiente tumoral [29].
Interacbes complexas entre células do tumor e o micorambiente tumoral medeiam os
principais passos da cascata metastatica que envolve: EMT e passagem através da membrana
basal, disseminacdo das células da massa tumoral para fora do sitio primario; invasdo do
tecido vizinho; entrada nos vasos linfaticos ou sanguineos, onde terdo que sobreviver ao
ataque do sistema imune; saida dos vasos e extravasamento para um novo sitio, onde as
células terdo que se estabelecerem no sitio secundario [9, 30-31].

Pardmetros da disseminacdo tumoral e doengas agressivas foram
correlacionados com os niveis de expressdao de algumas ADAMSs. Resultados obtidos
utilizando modelos animais de metastase demonstraram que as ADAMs, incluindo a
ADAMY9, ADAM12, ADAM15 e ADAM17, estdo envolvidas na formacdo e progressao
tumoral. Algumas evidéncias implicam essas ADAMs na malignidade tumoral, entre elas, a
inibicdo da expressdo da ADAM17 diminui o crescimento de células de cancer da mama (T4-
2) in vitro e reverte sua aparéncia morfologica para células normais. A deficiéncia de algumas
ADAMs, tais como, ADAM9, ADAM15 e ADAM17, resulta na diminuigdo do crescimento

de células de tumor em modelos de metastase em ratos [18]. Além disso, estudo recente em
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nosso laboratério demonstrou que o silenciamento da ADAM9 inibiu a invasdo em matrigel
das células tumorais MDA-MB-231 (altamente metastatica) cerca de 70% quando comparado
como controle de silenciamento (scrambled) [23].

Para comprovar a eficiéncia do silenciamento da glicoproteina ADAM9 nas
células MDA-MB-231 foram realizadas analises por RT-gPCR, Western Blotting e citometria
de fluxo (dados ndo mostrados), utilizando o primer esiRNADAMY9. Notamos que nas
amostras silenciadas a expressdo génica e protéica da ADAM9 foi reduzida drasticamente
quando comparada com os dois controles: meio e negativo. Além disso, verificamos com a
curva de silenciameno que o tempo eficiéncia deste primer é do 3° ao 6° dia, desta forma,
todos experiementos foram realizados neste periodo.

Em seguida, foi analisada a expressdo de algumas ADAMs nas células de
tumor de mama MDA-MB-231 e nas células endoteliais HMVEC-dLyAd-Der, pois ndo
foram encontrados dados da expressdao de ADAMs nestas células linfaticas. Nas células
MDA-MB-231 o silenciamento da ADAM9 foi verificado em relacdo a sua influéncia na
expressdo génica de outras ADAMSs tambeém envolvidas na progressdo tumoral, entre elas,
ADAMI10, -12, -15 e -17. Os resultados obtidos mostram que a ADAM10, -12 e -17 ndo
tiveram alteragdo na expressdao génica quando a ADAM9 foi silenciada, entretanto a
expressdo da ADAM15 sofreu uma reducdo significativa de aproximadamente 40%.

MAUCH et al. [32] observaram um aumento na expressdao da ADAM10 e -17
durante o reparo da pele em camundongos knockout para a ADAM9. Os resultados de MOSS
et al. [33] sugerem que a inibichio da ADAM9 controla a atividade da ADAMI10
transmembrana, pois a inibicdo da ADAM9 levou a ativagdo da ADAM10 em células BT474.
Desta forma, os resultados obtidos neste trabalho diferem dos encontrados por MAUCH e
MOSS [32-33], porem as células analisadas sdo diferentes nos trés trabalhos podendo este ser

o diferencial para os resultados divergentes.
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cMYC € um proto oncogene que pode promover a tumorigénese em vasta
gama de tecidos e a sua expressdo aumentada inibe significativamente a migracdo e a
capacidade de invasdo de céelulas de cancer de mama MDA-MB-231, in vitro [34]. MMP-9 é
uma metalopeptidase de matriz que pode estar envolvida na invasao de células tumorais, além
disso, estudos relacionam o aumento dos niveis de MMP9 e MMP2 com o potencial de
invasdo neoplasico geral, aumento da angiogénese e metastase tumoral [35].

Neste trabalho também testamos se o silenciamento da ADAMY poderia afetar
a expressao do cMYC, MMP-2 e MMP-9. Os resultados mostram que o SIADAMS ndo afetou
a expressdo do cMYC e MMP9, entretanto houve um aumento de aproximadamente 90% na
expressdo da MMP-2 nas células MDA-MB-231 silenciadas. A MMP-2 é uma gelatinase A
que pode ser encontrada numa variedade de células normais, bem como, em algumas células
que sofreram transformacgdes, incluindo fibroblastos, queratindcitos, células endoteliais e
condrocitos [35]. Segundo JEZIERSKA & MOTYL [36] a MMP-2 degrada a matriz
extracelular levando a invasdo e metastase de células de cancer de mama, entre elas, a
linhagem MDA-MB-231. Além disso, a taxa de ativacdo de pr6-MMP-2 para MMP-2 ativa é
usado como um indicador de metastase tumoral e diminui¢do da sobrevida do paciente [36-
37].

Desta forma, o resultado obtido neste trabalho com siADAM9 afetando
positivamente a expressao da MMP-2 mostrou a estratégia de silenciamento para ADAM9
desfavoravel para o tratamento do cancer de mama, entretando, observando os resultados
obtidos por MICOCCI et al. [23], comprovou-se que o0 SIADAM9 inibiu em
aproximadamente 70% a invasdo das célula tumorais de mama MDA-MB-231 em matrigel.
Dessa forma, sugere-se que o aumento da expressdo de MMP-2 sozinha ndo é suficiente para
desencadear invasdo. Observamos tambem que o SIADAMY9 ndo afetou a expressao génica da

Osteopontina, Colageno XVII, VEGF-A e VEGF-C.
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Nas células HMVEC-dLyAd-Der os niveis de expressdo de mRNA para as
ADAMs, cMYC, VEGF-A, VEGF-C e VEGFR1 em ng/pL foram praticamente semelhantes,
ou seja, aproximadamente 0,05 - 0,07 ng/uL. Ja o VEGF-D apresentou expressao
praticamente nula e a expressdao da MMP-2 foi a maior, ou seja, aproximadamente 0,1 ng/pL.
Em relacdo a expressdo do VEGF nessas células, PRANGSAENGTONG e colaboradores
encontraram uma expressdo maior de VEGF-C quando comparado como VEGF-A e -D [38],
porém, em nossos experimentos encontramos uma maior expressdo de VEGF-A quando
comparado com o VEGF-C, e praticamente nula do VEGF-D.

Em condigdes normais, o cMYC esta envolvido em diversos processos
celulares, entre eles, crescimento celular e proliferacdo. Além disso, € um gene também
expresso em células endoteliais, sendo assim, o resultado obtido vai ao encontro dos
resultados encontrados nos artigos pesquisados [34; 39-40]. Nosso estudo é pioneiro na
avaliacdo da expressdo de ADAMs nas células HMVEC-dLyAd-Der.

As células endoteliais que revestem as paredes internas dos vasos estdo
continuamente expostas a estimulos mecénicos, tais como, estresse de cisalhamento e tensdo
de estiramento gerado pelo fluxo sanguineo e pressao arterial, respectivamente. Tal estresse
desempenha um papel importante na regulacdo de varios aspectos da fungdo das células
endoteliais, incluindo proliferagdo, mudancas na motilidade e migracdo celular, bem como,
mudancas na morfologia das células [41]. Alem disso, o estresse de cisalnamento gerado pelo
fluxo sanguineo nas paredes internas dos vasos afeta as caracteristicas dos receptores de
adesdo celular [42-43].

O processo metastatico é compreendido por etapas nas quais a adesdo celular é
de essencial importancia, pois as células cancerigenas interagem com as células adjacentes,
entre elas, as endoteliais, e com componentes da membrana extracelular e basal para

desencadear sinalizagbes mediadas por integrinas e assim disseminar o tumor [44-45]. Para
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verificar a necessidade de pré-estimulacdo com TNF-a nas células endoteliais sanguineas e
linfaticas realizou-se ensaios de adesdo estatica. Os nossos resultados mostraram que as
células HMVEC-dLyAd ou Neo-Der requerem preé-estimulacdo com TNF-a (10 ng/mL por 5
horas), diferentemente dos resultados obtidos com as células HUVEC e HMEC-1

Investigando a participagdo da ADAM9 na adesdo das células tumorais de
mama as endoteliais, observamos que o SIADAM9 ndo inibiu a adesdo dessas células
tumorais em condi¢Ges dindmicas de fluxo as endoteliais vasculares HUVEC e HMEC-1, bem
como, as linfaticas HMVEC-dLyNeo-Der. Esse resultado corrobora com o obtido por nosso
grupo em trabalho prévio, no qual, observamos que o SIADAM9 ndo afetou a adesdo estatica
das células MDA-MB-231 a diferentes componentes da MEC, entre eles, colageno tipo I,
fibronectina e laminina [23]. Sendo assim, apesar do envolvimento dessa proteina na adeséo
de diversos tipos de cancer, entre eles, carcinoma de pulmdo e melanoma [46-47-48], a
ADAM9 parece ndo participar da adesdo das células tumorais de mama as endoteliais
sanguineas e linfaticas utilizadas neste trabalho, podendo ser esta a funcdo de outra classe de
receptores de adesdo presentes nas superficies das células MDA-MB-231.

Durante a disseminacdo metastatica as células tumorais ficam expostas a forcas
mecanicas que podem afetar a sua sobrevivéncia. Para povoar um novo sitio essas celulas
precisam interagir com as paredes dos vasos e atravessa-los, sendo que nesta fase a adesdo
entre as células é de suma importancia, e sdo as integrinas os principais mediadores deste
processo [27; 49]. ORR et al. [50] observaram que o fluxo é capaz de ativar nas células
endoteliais adrtica bovina as integrinas avPs, azP1 € aspi. Além disso, GOMES et al. [27]
mostraram que ocorre uma cooperagao entre as integrinas oy pPs plaquetaria e onps tumoral
para promover a adesdo a matriz subendotelial em condic¢Ges dinénicas de fluxo, entretanto, as
células MDA-MB-231 ndo expressam a integrina oypPs, sendo assim, essa fungédo principal

seria dada a integrina ayf3, porém, a inibi¢ao da integrina ayf3 ndo foi suficiente para abolir a

75



Manuscritos

adesdo da célula MDA-MB-231 a MEC, ou seja, ocorreu uma reducdo de somente 45%.
Desta forma, os autores sugerem a participacdo de outros receptores no processo de adesdo
sob fluxo, tais como, 0zB1 € asPi. Segundo Gomes et al. [49] a expressdo de integrinas esta
relacionada com a progressdo tumoral, e, em especial a a\fp3 que é altamente expressa nas
células MDA-MB-231. Esses autores observaram que a modificacdo aguda no estresse de
cisalhamento induz a liberacdo de trombospondina-1 (TSP-1) e fator de Willebrand (VWF)
endotelial na MEC contribuindo assim para o aumento da adeséo da células MDA-MB-231 a
MEC, principalmente via integrina ayfs na celula tumoral.

Os nossos resultados sugerem que possivelmente essas integrinas estejam
sendo ativadas nas trés linhagens de células endoteliais e/ou células tumorais durante o
processo de fluxo, reforcando assim a adesdo entre elas, e desfavorecendo a fungdo da
ADAM9 como molécula adesiva.

A primeira etapa do processo de extravasamento na progressao metastatica é
similar ao observado durante a diapedese de leucocitos: células de cancer comegam rolando
sobre a superficie do endotélio de maneira dependente de selectina e entdo se aderem
firmemente através de integrinas. Esta primeira etapa é seguida pela transmigracdo endotelial
por meio da rota transcelular ou paracelular [44]. Conhecendo a importancia desta etapa no
processo de metastase, procuramos testar também se o SIADAM9 poderia influenciar a
transmigracdo de células de tumor de mama por entre as células endoteliais.

Os resultados obtidos sugerem que o SIADAM9 pode modular a transmigracéao
das céelulas tumorais MDA-MB-231 a células endoteliais HUVEC, HMEC-1 e HMVEC-dLy,
ou seja, a transmigragdo das células MDA-MB-231 siADAM9 diminuiu significativamente
em 50%, 40% e 32%, respectivamente. Além disso, essa interacdo entre a ADAM9 das
células tumorais e ligantes das células endoteliais parece ser mais efetiva nas células

sanguineas em relagdo as linfaticas. COMINETTI et al. [51] mostraram que a ADAM9D
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recombinante se liga as integrinas B1, as, B3, a5 € o, emdiferentes linhagens celulares, e
pela primeira vez, mostrou-se a interacdo do dominio desintegrina da ADAM9 humana com a
integrina awvB3. Entretanto, SAFUAN et al. [8] demonstraram que as células MDA-MB-231

apresentam maior afinidade pelas células endoteliais sanguineas em relacdo as células
linfaticas.

Em sintese, n0s demonstramos que a ADAMY parece ndo participar da adesao
estatica e sob fluxo das células tumorais MDA-MB-231 as endoteliais sanguineas (HUVEC e
HMEC-1) e linfaticas (HMVEC-dLy), entretanto, parece ter um papel importante na
transmigracdo dessas células as endoteliais. Sendo a invasdo uma etapa fundamental para a
ocorréncia de metastase, nossos resultados apontam o silenciamento da ADAM9 como

estratégia para minimizar o processo de extravasamento na progressao metastatica.
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Figura 1 — Silenciamento da ADAM9. (A) Expressdo do mRNA da ADAM9 nas células
MDA-MB-231 analisada por RT-gPCR. Os valores estdo em unidades arbitrarias (UA) e o
valor de P foi determinado usando ANOVA seguido do teste Tukey comparando controle,
controle negativo (CN) e células tratadas com esiRNAADAMY (*** p<0.001). (B) Curva de
silenciamento: O silenciamento da ADAM9 usando esiRN As é transiente sendo eficaz somente
do terceiro ao sexto dia. Os valores estdo representados em unidades arbitrarias (UA). (C)
Analise da expressdo protéica da ADAM9 por Western blotting em lisados extraidas das células
MDA-MB-231: Controle, Controle Negativo e silenciadas para a ADAM9 usando anticorpo

primario antiFADAMY. O anticorpo anti-Beta actina foi usado como controle endégeno.
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Figura 2 — Expressdo do mRNA da ADAM9 (A), ADAM10 (B), ADAM12 (C) e ADAML17
(D) e ADAM15 (E) analisada por RT-gPCR nas células MDA-MB-231. Os valores estdo em
unidades arbitrarias (UA) e o valor de P foi determinado usando ANOVA com o teste Tukey
comparando controle, scrambled e células tratadas com sSiADAM9D (**p<0,01). Os Genes

normalizadores utilizados foram HPRT e GAPDH.
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Figura 3 — Expressdo do mRNA da c-MYC (A), OPN (B), MMP9 (C), MMP2(D), VEGF-A
(E), VEGF-C (F) e COL XVII (G) analisada por RT-qPCR nas células MDA-MB-231
(controle, scrambled e tratadas com siADAMID). Os valores estdo em unidades arbitrarias
(UA) e o valor de P foi determinado usando ANOVA com o teste Tukey comparando
controle, scrambled e células tratadas com SIADAMID (**p<0,01). Os Genes

normalizadores utilizados foram HPRT e GAPDH.
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Figura 4

0.15-

Figura 4 — Expressdo do mRNA da ADAM9, ADAM10, ADAM15, ADAM17, c-MYC,

MMP2, VEGF-A, VEGF-C, VEGF-D e VEGFR1 analisada por RT-qPCR utilizando a

guantificacdo absoluta nas células HMVEC-dLyAd-Der. Os genes normalizadores utilizados

foram HPRT e GAPDH.
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Figura 5
Linhagem
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o oy as s oy avBs | avPs | P B3 Ba
MDA-MB-231 + + +++ + + + + +++ + ++
HMVEC-dLy +++ + +++ |+ | | A | | | A |
HMEC-1 ++ ++ +++ ++ +++ + + +++ ++ +++
HUVEC +++ + +++ | ++H+ |+t + +++ | +++ ++ +++

Figura 5 — Andlise de integrinas por citometria de fluxo nas células MDA-MB-231, HMEC-

1, HUVEC e HMVEC-dLyAd-Der. +: 1% a 10%, + +: 11% a 50%, + + +:51% a 100%.
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Figura 6

50 um

Figura 6 — Monocamada das células HMVEC-dLyAd-Der. (A) Fotografadas na passagem 2 e
com objetiva de 4X; (B) Fotografadas na passagem 2 e com objetiva de 10X. Escala de 50

um.
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Figura 7 — Ensaio de adesdo das células HMVEC-dLyAd-Der a componentes da MEC. As
células foram adicionadas sobre diversas proteinas da MEC: colageno tipo I (Col 1), colageno
tipo IV (Col IV), Fibronectina (FN) e Laminina (LA). Os valores de absorbancia para o cristal
de violeta com significancia estatistica foram atribuidos para p<0,05, sendo ***p<0,001

(ANOVA/DUNNETT).

88



Manuscritos

Figura 8
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Figura 8 - Ensaio de inibicdo da adesdo das células HMVEC-dLyAd-Der. As células
foram previamente incubadas com diferentes anticorpos (10 pg/mL) e posteriormente
adicionadas sobre proteinas da MEC imobilizadas em placas de 96 pogos, Laminina (LA -
1pg/poco) (A), Fibronectina (FN - 10pg/poco) (B), e Colageno tipo IV (Col 1V -
10pg/poco) (C). Os valores de absorbancia para o cristal de violeta com significancia
estatistica  foram  atribuidos para  p<0,05, sendo  *p<0,05; ***p<0,001

(ANOVA/DUNNETT).
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Figura 9
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Figura 9 — Efeito da pré-estimulacdo das células endoteliais HUVEC (A), HMEC-1 (B) e HMVEC-dLyAd-Der (C) com diferentes
concentragcbes de TNF-o na adesdo das células de tumor de mama MDA-MB-231. As células endoteliais foram tratadas com diferentes
concentragOes de TNF-a: 0 (ndo tratada); 2,5; 5,0 ¢ 10 ng/mL por 5 horas. Em seguida, as células MDA -MB-231 foram marcadas com CFSE e
semeadas sobre a monocamada das células endoteliais para aderirem. Apos 40-45 minutos as células foram fixadas com formaldeido 3,7% e 15
campos aleatérios foram fotografados como o axilio do microscépio da Carl ZEISS (Axio Vision - Objetiva de 20x) e a Camera (Axio Vision
CAM) para posteriores analises. Os valores com significAncia estatistica foram atribuidos para p<0,05, sendo **p<0,01; ***p<0,001

(ANOVA/TUKEY’S) (A). Imagens representativas da pré-estimulagdo com diferentes concentraces de TNF-a. Escala de 50 pm (B).
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Figura 10
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Figura 10 — Efeito do silenciamento da ADAM9 na adesdo das células MDA-MB-231 atraves da monocamanda das células endoteliais HUVEC

(A), HMEC-1 (B) e HMVEC-dLyNeo-Der (C) em condicbes de fluxo. As células tumorais silenciadas ou ndo foram misturadas ao meio de

cultura DMEM sem soro. As células MDA-MB-231 foram marcadas com CFSE e submetidas a perfusdo sobre placas de Petri (3 cm) recobertas

com células endoteliais. O tempo de perfusdo foi de 10 minutos a um fluxo de 5 dynes/cm?, e logo apés a perfusdo as células foram fixadas com

formaldeido 3,7% para posteriores analises. As células HMVEC-dLyNeo-Der foram pré-estimuladas com TNF-a (10 ng/mL) por 5 horas.
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Figura 11 — Efeito do silenciamento da ADAM9 na transmigracdo das células MDA-MB-231 através das células endoteliais HUVEC (A), HMEC-1 (B)

e HMVEC-dLyNeo-Der (C). As células tumorais silenciadas ou ndo e foram plaqueadas na parte superior dos insertos previamente recobertos com uma
monocamada de células endoteliais e deixadas por 16 horas em estufa 37°C e 5% de CO; para transmigrarem. Em vermelho = células MDA-MB-231
coradas com PKH26 Red Fluorescent Cell Linker (Sigma); Azul = nucleos das células tumorais ou endoteliais corados com DAPI. As células HMVEC-
dLyNeo-Der foram pré-estimuladas com TNF-a (10 ng/mL) por 5 horas. Os valores com significAncia estatistica foram atribuidos para p<0,05, sendo

*p<0,05; **p<0,01 e ***p<0,001 (ANOVA/TUKEY’S).( Objetiva de 20x - Escala de 50 pum)
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MATERIAIS E METODOS SUPLEMENTARES

Suplementar 1 — Padronizac@es do volume final das reaces.

REACAO ADAMY, ADAM10, ADAM12, ADAM17, MMP2, MMP9, cMYC, Colageno

XVII, Osteopontina (OPN), VEGF-C, VEGF-D, HPRT, GAPDH: 10,0 pL agua DEPC,

12,5 yL SYBR Green, 0,5 pL cDNA, 2,0 pL Primers Forward e Reverse. TOTAL DA
REACAO =25 L.

REACAO ADAMI5 : 11,0 pL 4gua DEPC, 12,5 UL SYBR Green, 0,5 pL cDNA, 1,0 pL

Primers Forward e Reverse. TOTAL DA REACAO = 25 L.

REACAO VEGF-A E VEGFR1: 9,5 pL agua DEPC, 12,5 uL SYBR Green, 0,5 L cDNA,

2,5 UL Primers Forward e Reverse. TOTAL DA REACAO =25 pL

Suplementar 2 — Padronizag¢des do ciclo de amplificacdo e temperatura de Melting de cada

gene testado.

ADAM9

95 °C, 10 minutos
Ciclos (40 repeticoes) Etapa 1: 95 °C, 15 segundos
Etapa 2: 55 °C, 5 segundos

Etapa 3: 72 °C, 20 segundos

Melt (72-95 °C), 45 segundos na etapa 1, 5 segundos nas
etapas seguintes

ADAM10

95 °C, 10 minutos
Ciclos (40 repeticdes) Etapa 1: 95 °C, 15 segundos
Etapa 2: 66 °C, 60 segundos
Etapa 3: 72 °C, 20 segundos

Melt (72-95 °C), 45 segundos na etapa 1, 5 segundos nas
etapas seguintes

MMP9, ADAM12, COL XVII
95 °C, 10 minutos
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Ciclos (45 repeticdes)

Etapa 1:

95 °C, 15 segundos

Etapa 2:

59 °C, 30 segundos

Etapa 3:

72 °C, 30 segundos

Melt (72-95 °C), 45 segundos na etapa 1, 5 segundos nas
etapas seguintes

ADAM15

95 °C, 10 minutos

Ciclos (40 repeticdes)

Etapa 1:

95 °C, 15 segundos

Etapa 2:

61 °C, 30 segundos

Etapa 3:

72 °C, 30 segundos

Melt (72-95 °C), 45 segundos na etapa 1, 5 segundos nas
etapas seguintes

ADAM17

95 °C, 10 minutos

Ciclos (40 repeticdes)

Etapa 1:

95 °C, 15 segundos

Etapa 2:

57 °C, 30 segundos

Etapa 3:

72 °C, 30 segundos

Melt (72-95 °C), 45 segundos na etapa 1, 5 segundos nas
etapas seguintes

cMYC

95 °C, 10 minutos

Ciclos (46 repeticdes)

Etapa 1:

95 °C, 15 segundos

Etapa 2:

64 °C, 30 segundos

Melt (72-95 °C), 45 segundos na etapa 1, 5 segundos nas
etapas seguintes

Etapa 3:

72 °C, 30 segundos

MMP2

95 °C, 10 minutos

Ciclos (40 repeticdes)

Etapa 1:

95 °C, 15 segundos

Etapa 2:

68 °C, 30 segundos

Etapa 3:

72 °C, 30 segundos

Melt (72-95 °C), 45 segundos na etapa 1, 5 segundos nas
etapas seguintes

VEGF-A

95 °C, 10 minutos
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Ciclos (40 repeticdes)

Etapa 1:

95 °C, 15 segundos

Etapa 2:

57 °C, 30 segundos

Etapa 3:

72 °C, 20 segundos

Melt (72-95 °C), 45 segundos na etapa 1, 5 segundos nas
etapas seguintes

VEGF-C

95 °C, 10 minutos

Ciclos (40 repeticdes)

Etapa 1:

95 °C, 15 segundos

Etapa 2:

63 °C, 30 segundos

Etapa 3:

72 °C, 20 segundos

Melt (72-95 °C), 45 segundos na etapa 1, 5 segundos nas
etapas seguintes

VEGF-D e OPN

95 °C, 10 minutos

Ciclos (45 repeticdes) — VEGF-D

Etapa 1:

95 °C, 15 segundos

Ciclos (40 repetices) — OPN

Etapa 2:

65 °C, 30 segundos

Etapa 3:

72 °C, 20 segundos

Melt (72-95 °C), 45 segundos na etapa 1, 5 segundos nas
etapas seguintes

VEGFR1

95 °C, 10 minutos

Ciclos (40 repeticdes)

Etapa 1:

95 °C, 15 segundos

Etapa 2:

55 °C, 30 segundos

Etapa 3:

72 °C, 20 segundos

Melt (72-95 °C), 45 segundos na etapa 1, 5 segundos nas
etapas seguintes

HPRT

95 °C, 10 minutos

Ciclos (40 repeticdes)

Etapa 1:

95 °C, 15 segundos

Etapa 2:

58 °C, 15 segundos

Etapa 3:

72 °C, 20 segundos

Melt (72-95 °C), 45 segundos na etapa 1, 5 segundos nas
etapas seguintes

GAPDH

95 °C, 10 minutos

96



Manuscritos

Ciclos (40 repeticdes)

Etapa 1: 95 °C, 15 segundos

Etapa 2: 56 °C, 15 segundos

Etapa 3: 72 °C, 20 segundos

Melt (72-95 °C), 45 segundos na etapa 1, 5 segundos nas
etapas seguintes
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FIGURAS SUPLEMENTARES

Figura Suplementar 1 - Analise da expressdo de diferentes integrinas nas células HUVEC
por citometria de fluxo.
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Figura Suplementar 2 - Anélise da expressao de diferentes integrinas nas células HMEC-1

por citometria de fluxo.
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Figura Suplementar 3 - Analise da expressdo de diferentes integrinas nas células HMVEC-

dLyAd-Der por citometria de fluxo.
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ABSTRACT

ADAM9 (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 diseases, 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 silencing
RNAs that were tested for cell adhesion, proliferation, migration and invasion assays. In
RNAIi-mediated ADAM9 silenced MDA-MB-231 cells, the expression of ADAM9 was lower
from the third to the sixth day after silencing and inhibited tumor cell invasion in matrigel by
approximately 72% when compared to control cells, without affecting cell adhesion,
proliferation or migration. In conclusion, the generation of MDA-MB-231 knockdown clones
lacking ADAM9 expression inhibited tumor cell invasion in vitro, suggesting that ADAMO is

an important molecule in the processes of invasion and metastasis.

Key words: ADAMY, integrin, RNA silencing, disintegrin, cell adhesion, cancer, metastasis.

Research Highlights
» RNAi-mediated ADAM9 silencing inhibits MDA-MB-231 cell invasion »ADAM9
silencing had no effect on the migration or proliferation of MDA-MB-231 cells » ADAM9

can be a target for the design of drugs against breast cancer
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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
aggregation of integrin receptors, ligand occupancy and tyrosine Kkinase-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 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 cytoplasmic tail [8]. The ADAM9 disintegrin domain binds to numerous integrins, such
as agP1 integrins in fibroblasts [9], avPs in myeloma cells [10] and avfBs 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 human ADAM9 mediate cellular
adhesion through B; integrins. Furthermore, the disintegrin-like and cysteine-rich domains of
ADAM-9 mediate interactions between melanoma cells and fibroblasts [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 ADAM9 is elevated in skin melanoma but is
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restricted to the invading front [24]. Peduto et al. [25] found a correlation between ADAM9
titer and cancerous changes in mouse models of prostate cancer, especially in well-
differentiated tumors. Increased expression of ADAM9 led to increased structural
abnormalities and growth of early-stage tumors compared to controls.

The ADAM9 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 Illb (FGFR2IIIb) being a feature of prostrate tumor progression [27].
Transfection of FGFR2I1Ib into malignant tumors is enough to inhibit their growth [28].
Therefore, it is potentially significant that over-expression of ADAMS increases shedding of
FGFR2IIIb from cells, which is expected to disrupt FGFR2I1Ib signaling and reduce its
function [25]. Additionally, over-expression of ADAMY9 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 ADAMO9-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 ADAM9-S [31]. Taken together, these studies
suggest that ADAM9 has a significant role in tumorigenesis and metastasis.

To better understand the role of ADAMO9 in breast cancer progression, 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
ADAMO 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
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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-RP2ADAMY) 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'-
rCrCrArGrArGrUurArCrUrGrCrArArUrGrGrurUrCrururCTC-3’)  and  antisense  (5'-
rGrArGrArArGrArArCrCrArUrUrGrCrArGrUrArCrUrCrUrGrGrArA-3°).  The  negative
control (scrambled) used in the assays was Silencer® Select Negative 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.
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2.3. ADAM9 RNA silencing

On the day before transfection, 2x10° 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 ul OPTI-MEM serum-free medium (Invitrogen) and
incubated at room temperature for 5 minutes. A total of 10 nM of RNA silencing primer was
diluted in OPTI-MEM, added to the Lipofectamine/OPTI-MEM mixture and incubated for 20
minutes at room temperature. This mixture was then added to the cells. The medium was
changed 24 hours after transfection. Controls comprised non-treated cells, cells treated with
transfection reagent only (lipofectamine), 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 MgCl,, 1% Triton X-100, 0.1% SDS, protease inhibitor cocktail (Sigma), 100 mM NaF
and 100 mM NasVOy]. 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-RP2ADAMS9 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 performed after

the third day of siRN A transfections.

2.4. Extraction of RNA and synthesis of cDNA

Total RNA was extracted from cells using Trizol reagent (Invitrogen)
following the manufacturer's instructions. All samples were treated with DNase |
(Deoxyribonuclease I, Amplification Grade, Invitrogen). After quantification, a total of 1 pg

of RNA was mixed with 0.5 pl ofoligo dT (0.5 pg/pl) (Promega) and nuclease-free water to a

106



Manuscritos

volume of 7 pl and incubated at 70°C for 5 minutes, followed by 5 minutes on ice. Next, 0.5
pul of 200 units/ul of Moloney Monkey Leukemia virus (MMLV) reverse transcriptase
(Promega), 2.5 pl of 5x MMLYV buffer (Promega), and 2.5 pl of 10 mM dN TP mix was added
to the reaction. The whole mixture was incubated at 37°C for 1 hour, and was used posteriorly

for gPCR.

2.5. Design of gPCR primers

ADAMY9 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 ADAMIDF1 (5°CTT GCT GCG AAG GAA GTA CC); and ADAMOIDRI
(5’AAC ATC TGG CTG ACA GAA CTG A). Primers targeting HPRTIF1 (5’TGA CAC
TGG CAA AAC AAT GCA), HPRTIRI (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 thermocycling conditions: 95°C for 10 minutes,
followed by 40 cycles of amplification at 95°C for 15 seconds, 55°C for 5 seconds and 72°C
for 20 seconds. The master mix in each well consisted of 12.5 pl ABsoluteTM QPCR SYBR
Green mix (6 mM MgCl,, reaction buffer, DNA polymerase and SYBR green dye) (Advanced
Biotechnologies), 1.25 pleach of 5 uM forward and reverse primer and 10.5 pl of nuclease-

free water in a total volume of 25 pl
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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 hours. The cells were then washed with PBS and incubated in 50 pl of
0.5 mg/ml MTT in culture medium at 37°C for 4 hours. 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 ADAMO 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 NaCl, 5 mM KCI, 1 mM MgSO, 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 hour. Cells were counted and their
concentration was adjusted in proportion to 5x10%/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 minutes 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 minutes at room temperature. Subsequently, the
ethanol was removed and 60 pl of crystal violet (0.5%) was added and incubated for 20
minutes 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
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and incubated for 30 minutes at room temperature. The reading of absorbance was performed
at a wavelength of 595nm, and three treatments were compared, including cells without any
treatment, cells treated only with lipofectamine, 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 1x10° 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 (Oh) were again taken after 16 and 24h. 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
ADAMOD protein [11]. Photographs were analyzed using ImageJ software and the formula of

% ofwound closure [34].

2.10. Cell migration

Cell migration was assessed in 24 well Boyden chambers (BD Biosciences).
MDA-MB-231 (5x10%) cells were seeded on the upper chamber in FBS-free DMEM medium.
DMEM containing FBS (10%) was added to the bottom chamber and acted as a
chemoattractant. Tumor cells were allowed to migrate for 22 hours 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
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were fixed with methanoland stained with 1% toluidine blue in 1% borax. Cells were counted
using the Image J 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 transfected with SiRNAs.

2.11. Matrigel invasion assay

Cellular invasion assays were carried out using BioCoat Matrigel Invasion
Chambers (BD Biosciences) with 8-pm pores in 6-well plates. A total of 2.5x10* cells were
added to each chamber. Complete medium was used as a chemoattractant in the lower
chamber. After incubation for 22 hours 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 ADAMS9 silencing on the proteolytic activity of MDA-MB-231
cells was determined by zymography [35]. MDA-MB-231 cells (2x10°) 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-HCI (0.2 M) (pH 7.4) and Triton X-100 (0.2%). The
cell lysates were centrifuged (10 minutes at 13,000 x g and 4°C), and the supernatants were
separated. The total protein concentration in each sample was measured using the BCA

colorimetric detection kit (BCA Protein Assay, Pierce). Protein samples (20 pg) were
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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
CaClk and 0.02% NaNs] at 37°C for 20 hours. To confirm the metalloproteinase activity,
EDTA in a final concentration of 15mM was added to the samples and substrate buffer.
Proteins were stained with Coomassie brilliant blue for 1.5 hours and destained with an acetic
acid, methanol and water mixture (in a 1:45 v:v:v ratio). Gels were photographed with a
Canon G6 Power 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 transfected with SiIRNAs.

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 using 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 mMRNA and protein levels.
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ADAMY gene expression was dramatically decreased in MDA-MB-231 cells
treated with sSiRNAs at both the mRN A and protein (Fig. LA and B, respectively) levels when
compared to the controls (MDA-MB-231 cells without treatment and lipofectamine or
scrambled-treated cells). qPCR analysis showed a down regulation of 91.35 + 6.32% of
ADAM9 expression in RNAi-mediated knockdown 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 2x10° MDA-MB-231 cells were silenced. One plate was removed
randomly each day to determine the efficiency of ADAMY 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 is shown in Figure 1C. The highest efficiency of
ADAMO 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 ADAMO9 expression increased exponentially and reached similar levels to

those obtained by control cells (Fig. 1C).

3.2. ADAMO silencing does not affect MDA-MB-231 cell proliferation or adhesion
ADAMBO silencing had no effect onthe proliferation of MDA-MB-231 cells on
the third (Fig. 2A) or sixth (Fig. 2B) days after silencing in 24 or 48 hours of incubation. No
significant differences were observed among the groups. ADAMO 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).
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3.3. ADAMO 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 hours that the wounds
were made (Fig. 4B). ADAMS9 knockdown cells were incubated with different concentrations
of ADAMSID, the disintegrin domain of ADAM9 [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 (Fig. 4B) hours of incubation. Photographs were taken
after 0, 16 or 24 hours after wound (Fig. 4C).

To ensure these results we also performed migration assays using Boyden
chambers. RNAI-mediated ADAM9 silencing had had no effect on MDA-MB-231 cell
migration when compared with control cells or lipofectamine-treated cells after 22 hours of
incubation (Fig. 5AB).

On the other hand, RN Ai-mediated ADAM9 knockdown MDA-MB-231 cells
strongly inhibited the invasion in an in vitro matrigel assay by 71.51 + 8.02% when compared
to control untransfected cells (Fig. 6A). Lipofectamine and negative control-transfected cells
(scrambled) remained invasive and no statistically significant differences were observed when
compared to untrasfected cells (Fig. 6A). Photographs were taken after 22 hours of incubation

(Fig. 6B).

3.4. MMP-2 and MMP-9 concentration and activity
In order to investigate the mechanisms involved in the inhibition of the
invasion ability of RNAi-mediated ADAM9 silencing of MDA-MB-231 cells, we performed

zymography assays to evaluate the activity of MMP-2 and MMP-9. There was no variation in
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the total concentration of MMP-2 or MMP-9 among the three treatment types analyzed in this
study, as demonstrated by 1% gelatin-SDS-PAGE (Fig. 7A). The incubation with EDTA
resulted in the inhibition of MMP-2 and 9 activities confirming the nature of metalloprotease
activity (Fig. 7B). The average activity of MMP-2 and MMP-9 was measured as indicated in
section 2.12 and plotted on a graph (Fig. 7C and D, respectively). This result suggests that

RNAIi-mediated ADAMO 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 interactions 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
subsequent 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 ADAMY in the metastatic process, in this
study we have generated knockdown clones of MDA-MB-231 human breast tumor cells that
lack ADAM9 expression 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 quantitative PCR and western blotting analysis. The expression of ADAM9 was easily

silenced using a relatively small (10 nM) concentration of ADAM9 siRNAs. A similar result
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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 ADAM9 had no effect on MDA-MB-231 cell adhesion, migration, proliferation,
or MMP-2 and 9 activities. Our results showed that ADAM?9 silencing had no impact on
MMP-2 and MMP-9 expression or gelatinase activity indicating that reduced invasion in cells
expression ADAM9 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 ADAM9 has been reported to cleave laminin [31], a major
constituent of matrigel.

Shintani et al. [40] showed that the overexpression of ADAMS9 enhances
adhesion and cell invasion in lung cancers, via modulation 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 penetration into the brain matrix.

Our results are in agreement with Mazzocca et al. [31] who showed that
ADAMBOI-S, an alternatively spliced variant secreted by activated hepatic stellate cells, induces
colon carcinoma cell invasion in vitro and that this process requires both protease activity and
binding to the agPs and a2B1 integrins.

Contradictorily to our results, Fry & 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 ADAMS9-S is responsible for increasing cell migration in BT549 cells
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through its metallopeptidase domain. Moreover, they also showed that ADAMO-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 ADAMO-S and L isoforms and the effects of isoform silencing in this cell line will
be further investigated.

Some ADAMSs 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]. Izumi 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 ADAMY 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 ADAM9 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 potential cell line (SACC-LM) when compared to a low
metastatic potential cell line (SACC-83) [19].

Klessner et al. [39] demonstrated that ADAM9 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 ADAMs can also interact with 31 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
ADAMO9 and that siRNA-based knockdown of ADAMY in pancreatic cancer cells resulted in

reduced cellular migration, invasion, and induction of epithelial marker E-cadherin.
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Taken together, the literature results and the data found in the present study
suggest that ADAMO 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 B integrin, present on the surface of MDA-MB-231 cells (data not
shown) or by interacting with other regulators such as miRNAs. A more conclusive
demonstration that ADAM9 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, ADAMO can be pointed as an interesting target for the design of drugs
involved in the treatment or prevention of breast cancers. We conclude that AD AM9 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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Figure 1 — Silencing of ADAM9. (A) Expression of ADAM9 mRNA in RNAi-mediated
ADAMO silenced MDA-MB-231 cells was analysed by gPCR. 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
ADAMO 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
antiFADAMOIRP2 primary antibody and goat anti-rabbit 1gG 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 inarbitrary units (AU).
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Figure 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 hours or 48 hours 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%.

122



Manuscritos

Figure 3
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Figure 3 — Adhesion assay. RNAi-mediated ADAM9 silencing had no effect on the adhesion

of the MDA-MB-231 under different extracellular matrix proteins, suchas Collagen I (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 minutes. 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.
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Figure 4
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Figure 4 — Migration of MDA-MB-231 cells after wounding. Effects of ADAM9 silencing
and ADAMS9OD recombinant protein on MDA-MB-231cells migration were plotted as a
percentage of wound closure in 16 (A) or 24 hours (B) after wounding. Representative photos
of wounds were taken at time zero, 16 h, and 24 hours 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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Figure 5
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Figure 5 — Effect of RNAi-mediated ADAMO9 silencing on migration of MDA-MB-231 cells.
(A) A transwell migration assay was used to determine the effect of ADAMY silencing
migration of MDA-MB-231 cells. Control cells, lipofectamine-treated cells or SiRNA-
ADAMO cells were allowed to migrate towards medium containing 10% FBS for 22 hours.
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-ADAMO treated cells (sSIRNA) migrating toward a
10% FBS containing medium. The negative control (C-) was control cells migrating toward a

FBS-free medium. Bar represents 10 pm.
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Figure 6
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Figure 6 — Effect of RNAI-mediated ADAM9 silencing on the invasion of MDA-MB-231
cells. ADAMO 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 sSiRNA-ADAMY treated cells (SIRNA).

Bar represents 10 pm.
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Figure 7
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Figure 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 ADAMY 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 (IOD) obtained for the intermediate

bands. Gels were analyzed by densitometry, and activity was expressed as arbitrary units.
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5. CONSIDERACOES FINAIS

Com base nos resultados do presente estudo, foi possivel concluir que:

» SIADAM9 das células MDA-MB-231 foi eficaz, pois houve o silenciamento génico e
protéico da proteina.

» SIADAM9 nas células MDA-MB-231 ndo provocou mudancas no padrdo de adeséao
dessas células a proteinas da MEC testadas e também ndo afetou a taxa de proliferacéo
das mesmas, sugerindo o ndo envolvimento dessa proteina em ambos processos
celulares na linhagem testada.

» SIADAM9 ndo foi capaz de inibir a migracdo transwell das células MDAMB-231.
Resultado também observado quando realizado o ensaio de wound healing, sugerindo
que a ADAM9 ndo participe da migracdo dessas células. Entretanto, A ADAM9 é
essencial para a invaséao das células MDA-MB-231 em matrigel.

» SIADAM9 alterou a expressdo génica da ADAM15 e MMP2, mas ndo teve efeito
sobre a expressdo da ADAM10, ADAM12, ADAM17, VEGF-A, VEGF-C, MMP9,
cMYC, Osteopontina e Colageno XVII.

» A expressao de diferentes genes foi analisada nas células HMVEC-dLyAd-Der e
praticamente todos os genes testados apresentaram concentragcbes em ng/pL similares,
comexcessdo da MMP2 que teve uma maior expressdo nessa célula.

» Celulas endoteliais linfaticas (HMVEC-dLyAd-Der) foram capazes de aderirem a
todas as proteinas da MEC testadas.

» As ceélulas HMVEC-dLyAd-Der incubadas com o anticorpo anti-; ndo foram capazes
de se ligarem ao Col. IV e LA. Entretanto, quando utilizado FN como proteina
imobilizada, essas células ndo foram capazes a se ligarem a esta proteina quando
incubadas com o anticorpo anti-oyfs.
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» SIADAM9 nas células MDA-MB-231 ndo provocou mudangas no padrdo de adesao
das células MDA-MB-231 em condi¢des dindmicas de fluxo as endoteliais vasculares
(HUVEC e HMEC-1) e linfaticas (HMVEC-dLyNeo-Der).

» SIADAMY inibiu a transmigracdo das celulas tumorais MDA-MB-231 as células

endoteliais vasculares (HUVEC e HMEC-1) e linfaticas (HMVEC-dLyNeo-Der).

Desta forma, conclui-se que o SiADAM9 pode ser utilizado como uma
estratégia para minimizar o processo de invasdo e extravasamento durante a progressdo

metastatica.
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Abstract

v

The indiscriminate use of anabolic-androgenic
steroids has been shown to induce left ven-
tricular dysfunctions. The main objective of the
present study was to investigate the effects of
nandrolone decanoate on matrix metallopro-
tease (MMP-2) activity and protein level in the
left ventricle (LV) of rats after 7 weeks of mechan-
ical load exercise. Wistar rats were grouped into:
sedentary (S); nandrolone decanoate-treated

sedentary (AAS); trained without AAS (T) and
trained and treated with AAS (AAST). Exercised
groups performed a 7-weeks water-jumping
program. Training significantly increased the
MMP-2 activity by zymography and the protein
level by Western blotting analysis. However, the
AAS treatment abolished both the increase in
MMP activity and protein level induced by exer-
cise. These results suggest that AAS may impair
cardiac tissue remodeling which may lead to the
heart malfunction.

Introduction

v

The illicit use of anabolic androgenic steroids
(aas) has been associated with cardiovascular
diseases [3]. The most widespread cardiovascular
consequences of AAS include atherosclerosis
(secondary to changes in cholesterol metabolism
and platelet function), atrial fibrillation, hyper-
tension, stroke, cardiac hypertrophy, myocardial
infarction, ventricular thrombosis, impaired car-
diac function, disorders of the haemostatic system
and sudden death [1,3,5,10,13,15,21,23,36].
Impaired heart remodeling can lead to myocar-
dial ischemia and cardiomyopathy [35]. Studies
using current imaging techniques have sup-
ported a left ventricular (LV) diastolic dysfunc-
tion [19] and subclinical LV systolic impairment
including reduced systolic strain with normal LV
ejection fraction in AAS users [9].

Moreover, rocha et al. [34] have evaluated the
effects of swimming and anabolic steroids on
ventricular function, collagen synthesis, and the
local renin-angiotensin system in rats. The AAS
exacerbated the cardiac hypertrophy in exercise
trained rats and induced defective adaptive
remodeling and further deterioration of the car-
diac performance. Additionally, the aerobic exer-
cise combined with AAS treatment increased
cardiac collagen content associated with activa-
tion of the local renin-angiotensin system.

The cardiac remodeling is accompanied by
increases in the synthesis and deposition of
extracellular matrix (ECM) components as well
as increases in extracellular protease activity,
especially of matrix metalloproteinases (MMPs)
which break down ECM components [20]. How-
ever, a decrease in MMP-2 activity in the diabetic
heart can contribute to the increased collagen
accumulation [37]. Additionally, Linthout and
colleagues [37] have reported that the cardiac
fibrosis is associated with a dysregulation in
extracellular matrix degradation. According to
these authors, this condition is attributed to
reduced MMP-2 activity, concomitant with Smad
7 and TIMP-2 protein increases and decreased
MT1-MMP protein expression.

MMP-2 has been reported to be a direct media-
tor of ventricular remodeling as well as systolic
dysfunction [4]. Previous studies supported by
our research group have shown that AAS admin-
istration or the association of AAS with load
exercise inhibits the activity of MMP-2 impair-
ing tendon [24,27] and skeletal muscle remode-
ling [25,30]. Several previous papers have
demonstrated the negative effects of AAS on the
cardiovascular system, however, the effects of
AAS on cardiac remodeling, especially on the
activity and protein content of MMP-2 has not
been previously investigated and it is poorly
understood. Accordingly to these findings, the
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hypothesis of this study was that AAS treatment or the combina-
tion of ASS and mechanical load exercise can decrease the activ-
ity and protein levels of MMP-2 in LV which would impair ECM
remodeling while the load exercise could minimize these harm-
ful effects improving the ECM turnover. Therefore, this study
focused the presence and activity of MMP-2 in the LV after 7
weeks of mechanical load exercise and aas administration.

Materials and Methods

v

Animals

20 male rats (Wistar, Rattus norvegicus albinus; approximately
200+ 17 g) were housed at room temperature with access to food
and water ad libitum. All animal procedures were performed in
accordance with the U.S.A. National Research Council’s Guide for
the Care and Use of Laboratory Animals. The authors also con-
firmed that the present study meets the ethical standards of the
International Journal of Sports Medicine [14]. The experimental
procedures of this study were approved by the institutional Eth-
ics Committee in Animal Research of the University (Protocol no.
004/2006).

Experimental groups

Rats were randomly distributed into 4 experimental groups (5
animals/group): sedentary without AAS administration (S);
sedentary with AAS administration (AAS); trained (T); and
trained with AAS administration (AAST). Animals in the seden-
tary groups were not submitted to any type of physical activity.
Animals in trained groups were exposed to jump training in a
plastic tube of 25cm in diameter filled with water at constant
temperature of 30+2 °C to a height of 30 cm. After a pre-training
week, the animals started the experimental training protocol,
which consisted of 7 weeks of training with 5 training days
(1 session per day) per week.

AAS administration

Rats received 5 mg/kg of body mass (supraphysiological dose) of
Deca-Durabolin (nandrolone decanoate; Organon do Brasil, Sao
Paulo, Brazil) administered subcutaneously in their backs, twice
a week. This dosage is comparable to the dosage frequently used
by athletes [32]. The experimental groups with no AAS treat-
ment (S and T) received the vehicle only (peanut oil with benzyl
alcohol). The treatment started in the first training week, and
continued for 7 weeks.

Training protocol

To reduce stress, the animals were adapted to water in the pre-
training week. This adaptation consisted of sessions of weight
lifting (50% body weight load), once a day for 5 days in water at
30+2°C. The jump training was induced by the instinctive reac-
tions of rats: when animals are underwater they make an effort
to jump for breathing. The overload was attached to the animal’s
chest by means of a vest fitted to its body. The numbers of sets
(2-4) and repetitions (5-10) were adjusted daily and gradually
increased. All sessions were performed in the afternoon after
4p.m. After the pre-training week, animals were exposed to the
experimental training protocol, which consisted of jumps in
water at 30°+2°C, with the overload adjusted according to the
animal’s body weight, as previously described [8,24]. Briefly, the
training protocol consisted of a first training week, in which the

animal performed 4 sets of 10 jumps with a rest period of 30s
between sets and overload at 50% of body weight. In the next 6
weeks, the training protocol consisted of the same number of
sets (4), jumps (10), and resting intervals (30s between sets),
but with increased overload (5% increase per wk), so that in the
last week it was 80% of body weight. An observer was present
during all the training sessions. All animals were weighed 3
times/wk. The depth of the water column and the overload con-
stituted barriers to avoid the rats to rest on their tails.

Tissue preparation

After 7 experimental weeks, animals were euthanized by decap-
itation immediately after the last training session. Next, the
hearts were removed and left ventricle was isolated, frozen in
liquid nitrogen and stored at —80 °C for analysis.

Gelatin zymography

Gelatin zymography of MMP-2 was performed as previously
described for cardiac muscle extracts [8]. Frozen LV were washed
3 times with cold saline and then 25 mg of LV were incubated in
2mL of extraction buffer (10mM cacodylic acid [pH 5.0]; 0.15M
NaCl; 1uM ZnCly; 20mM CaCly; 1.5mM NaNs; 0.01% Triton
X-100 [v/v]), at 4°C for 24 h. After this period, the solution was
centrifuged for 10min (13000x g at 4°C). 20 g of total protein
measured with the BCA Protein Assay Kit (Pierce, Rockford, IL,
USA) were loaded and applied in each lane of sodium dodecyl
sulfate (SDS)-10% polyacrylamide gels prepared with 1 mg/mL
gelatin. After electrophoresis, the gels were washed twice for
20min in 2.5 % Triton X-100 to remove the SDS. Gels were rinsed
and incubated in buffer substrate (50mM Tris-HCI (pH 8.0);
5mM CaCly; 0.02% NaNs) at 37°C for 20h. Gels were stained
with Coomassie brilliant blue for 1.5h and destained with acetic
acid:methanol:water (1:4:5) for visualization of the activity
bands. The gels were photographed with a Canon G6 Power Shot
7.1 mega pixels camera.

Densitometric quantitative analysis of the MMP-2 protein bands
seen in the zymography gels were performed using the Gene
Tools version 3.06. software (Syngene, Cambridge, UK).

Western blotting

MMP-2 protein content was determined by Western blotting.
The cardiac tissue was homogenized in lysis buffer as previously
described by Marsolais and colleagues [28]. 100ug of protein
from the LV homogenate were separated on a 12% SDS-polyacr-
ylamide gel electrophoresis (SDS-PAGE). MMP-2 (2C1: sc-13594;
Santa Cruz) and anti-a-actin (sc-1616, Santa Cruz) were detected
with each specific antibody. The « -Actin expression levels were
used to normalize the results. The bands were analyzed using
the Gene Tools version 3.06 software (Syngene, Cambridge, UK).

Statistical analysis

Data were presented as mean +SEM. The statistical analysis was
initially performed by the Shapiro-Wilk test for normality and
the homoscedasticity test (Bartlett criterion). All variables
showed normal distribution and homoscedasticity and the
2-way ANOVA was used (taking into consideration the interven-
ing variables T vs. AAS) followed by the Tukey post hoc test for
multiple comparisons. In all calculations, a critical significance
level of 5% (P<0.05) was fixed. All data were analysed using the
Statistica 7.0 software package (Stat. Soft. Tusa Inc., OK, USA).

Marqueti RC et al. AAS, Training and MMP-2 in LV of Rats... Int] Sports Med 2012; 33: 181-185

Downloaded by: Koebenhavns Universitetsbibliotek. Copyrighted material.



Results

v

Gelatinolytic activities in ventricles were detected by zymogra-
phy in 3 well-defined bands (75kDa pro-MMP-2, 72kDa inter-
mediate-MMP-2 and 62kDa active-MMP-2 [6] in all evaluated
groups (© Fig. 1a). This activity was probably due to the action
of matrix metallopeptidases (MMPs) because it was inhibited by
ethylenediamine tetraacetic acid (EDTA; not shown). The pro
and intermediate-MMP-2 did not change significantly in any
group (p>0.05) (© Fig. 1b). However, the training significantly
increased the band of active-MMP-2 in zymography (S, p=0.008;
AAS, p=0.001; and AAST, p=0.003) as well as its protein content

Physiology & Biochemistry

by Western blotting analysis (¢ Fig. 2) (p<0.001, in all groups).
Taken together, these results suggest that AAS treatment abol-
ished the increase in MMP-2 activity and protein level induced
by exercise.

Discussion

v

The present study provides new information regarding the nega-
tive effects of AAS on the heart. We identified for the first time
that the AAS associated with exercise induce an inappropriate
cardiac remodeling by restraining the increase in MMP-2 activ-
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Fig. 1 Effect of training and AAS treatment on pro-(latent), intermediate and active MMP-2 bands by zymography in 1% gelatin-SDS-PAGE on LV. Before

Coomassie staining, the gel was incubated for 20 h in substrate buffer at 37 °C.

a Bands of MMP activity in gelatin zymograms; b Gels were analyzed by den-
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ity and protein level in the LV. These findings have clinical rele-
vance since they indicate further risk factors to cardiac events
for AAS users in sports field.

The direction and extent of cardiovascular remodeling is deter-
mined by an active and dynamic process in the extracellular
matrix including the role of MMPs [17,18]. Numerous studies
have shown that alteration in the degradation of extracellular
matrix (ECM) by MMPs, especially the MMP-2, is involved in car-
diovascular disorders, including atherosclerosis, congestive
heart failure, myocardial infarction and cardiomyopathy [2,11].
Additionally, studies have reported that adverse cardiac events
and AAS abuse are linked in many case reports of young athletes
including acute myocardial infarction [12,13,23], sudden car-
diac death [16], ventricular fibrillation with exercise [29], atrial
fibrillation and development of dilative cardiomyopathy [21].
Chronic treatment with anabolic steroids in rats, impairs tonic
cardiac autonomic regulation, which may induce arrhythmia
and sudden cardiac death [31]. Interestingly, heavy resistance
exercise can expose AAS users to highly increased pressure loads
and lead to a state of systolic failure [1] and cardiac ischemia by
exaggerated oxygen demand at peak exercise [35]. Moreover, in
AAS users an enlarged interventricular septal wall thickness on
echocardiography was observed compared to nonusers and con-
trols [19]. We speculate that these changes may be associated to
poor cardiac remodeling.

Our results clearly demonstrated that AAS combined with exer-
cise inhibit the increase of both MMP protein levels and activity
and thus impair tissue remodeling. Increased MMP-2 activity is
important to maintain tissue turnover and normal cardiac func-
tion after exercise training as a physiological mechanism to
adaptation [38]. In the same way, our data showed that exercise
training increased MMP-2 activity and protein level on LV. How-
ever, the combination of AAS and exercise impair the ECM car-
diac remodeling and this fact could be related to cardiac
dysfunction events as intensively described in the literature.
Previous studies using the same experimental model of this cur-
rent work showed that the combination of 2 types of AAS caused
changes in morphology, as peripheral fibrosis, and decreases in
the activity of MMP-2 impairing calcaneal tendon remodeling
[24]. Only nandrolone treatment not only caused a reduction in
MMP-2 but also inhibited the effect of training thus impairing
calcaneal tendon (CT), superficial flexor tendon (SFT), deep
flexor tendon (DFT) [27] and skeletal muscle remodeling [25].
Finally, the biomechanical analysis showed that the combination
of AAS and training led to greater stiffness in all 3 tendons evalu-
ated which may weaken tendons and predispose to future inju-
ries and ruptures [26]. These data taken together suggest that
not only tendon and skeletal muscle but also LV, as focused on in
this work, are negatively affected by AAS especially when these
drugs are combined with exercise.

Interestingly, training associated with the AAS negatively
affected the vascularization of CT, SFT and DFT (data not pub-
lished). Although the effect of AAS on the blood vessels is still
unclear, the training alone increased the mRNA of VEGF mRNA
expression in the soleus muscle in rats, the combination of train-
ing and AAS administration inhibited this effect [30]. Since VEGF
plays a critical role in endothelial cell proliferation and angio-
genesis which is strongly needed to respond to the increased
oxygen demand induced by the exercise [33], these findings are
suggestive of impaired neovascularization in AAS users. It is pos-
sible to speculate that AAS could reduce the VEGF expression on

LV impairing the cardiac circulation. However, more studies are
necessary to clarify this hypothesis.

In summary, our data have shown that the AAS treatment in
association with training suppressed the training-induced
increase of MMP-2 activity and protein level, which may com-
promise the cardiac tissue turnover and may lead to the failure
of heart functionality, possibly in order to increase the ECM stiff-
ness. We suggest that several cardiac problems linked to misuse
of AAS can occur in response to poor remodeling related to
reduced MMP-2 function. However, these mechanisms are unclear
up to now and this hypothesis needs to be better studied.
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» PAMAM inhibited proliferation and cell adhesion more pronouncedly than SWCNT.
» First nanotoxicological study with C2C12 cells and SWCNT and PAMAM nanomaterials.
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Single-wall carbon nanotubes (SWCNTSs) and polyamidoamine dendrimers (PAMAM) have been proposed
for a variety of biomedical applications. The combination of both molecules makes this new composite
nanomaterial highly functionalizable and versatile to theranostic and drug-delivery systems. However,
recent toxicological studies have shown that nanomaterials such as SWCNTs and PAMAM may have high
toxicity in biological environments. Aiming to elucidate such behavior, in vitro studies with different cul-
tured cells have been conducted in the past few years. This study focuses on the effects of SWCNT-PAMAM
nanomaterials and their individual components on the C2C12 murine cell line, which is a mixed pop-
ulation of stem and progenitor cells. The interactions between the cells and the nanomaterials were
studied with different techniques usually employed in toxicological analyses. The results showed that
SWCNT-PAMAM and PAMAM inhibited the proliferation and caused DNA damage of C2C12 cells. Data
from flow cytometry revealed a less toxicity in C2C12 cells exposed to SWCNT compared to the other
nanomaterials. The results indicated that the toxicity of SWCNT, SWCNT-PAMAM and PAMAM in C2C12

cells can be strongly correlated with the charge of the nanomaterials.

© 2013 Elsevier Ireland Ltd. All rights reserved.

1. Introduction

Nanotoxicology is a field that uses concepts from nanobio-
sciences to understand the potential toxic impacts of nanomaterials
on biological systems. (Arora et al., 2012; Boulaiz et al., 2011; Love
etal., 2012). Some properties of nanomaterials have been shown to
change their biological or toxicological effects in biological systems.
A comprehensive characterization of these systems is required
for better understanding of how different nanomaterial proper-
ties affect their biological responses (Warheit, 2008). It is known
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that the interaction between nanomaterials is, in many cases, facil-
itated by the compatibility of their sizes and also by the charges of
their surface modifications (Aillon et al., 2009; Ebbesen and Jensen,
2006). To promote the safe development of nanomedicine, espe-
cially in drug-delivery and theranostic (therapeutic and diagnostic)
systems, it is essential to evaluate the potential adverse health con-
sequences. This requires a systematic investigation of the influence
of properties such as the composition and the size of nanomaterials
using different methodologies for cytotoxicity studies.

Special attention has to be paid to the toxicity of carbon nano-
tubes (CNTs) because research in the areas of biomedical devices
has focused on using this nanomaterial in biosensors and as drug
and vaccine delivery vehicles (Monteiro-Riviere et al., 2005; Smart
et al.,, 2006). The toxicity of CNTs is strongly correlated with their
physicochemical properties, for example, their structure, length,
surface area, metallic contamination and surface functionaliza-
tion (Baughman et al., 2002; Pastorin, 2009). One of the major
problems encountered in the investigation of CNT toxicity is the
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tendency to aggregate (Smart et al., 2006). This tendency increases
with the enlargement of the surface area, which gives the nano-
material a greater contact area and thus a higher capacity for the
absorption and transport of toxic substances, especially when long-
term contact occurs, increasing the chances of damage to biological
organisms (Kunzmann et al., 2011; Smart et al., 2006).

In the context of biomedical applications, the chemical func-
tionalization of CNTs or the adsorption of biomolecules shows the
most promise. Current studies have shown that upon changing
some physical characteristics of CNT functionalized for drug or vac-
cine delivery, a lower toxicity is observed, compared to unmodified
ones. In addition, it is also interesting to determine which func-
tionalizations are most effective at enhancing the biocompatibility
of CNTs in specific applications. One of the promising functional-
ized molecules that could decrease the toxicity of CNT is dendrimer
molecules.

Dendrimers, first described in 1985, are well-defined, highly
branched macromolecules in the nanoscale range with precisely
controlled chemical structures. They are used extensively as carri-
ers for drug delivery due to the high level of control over aspects of
dendritic architecture such as size, branching density and surface
functionality (Crespilho et al., 2007; Menjoge et al., 2010; Mintzer
and Grinstaff,2011). PAMAM dendrimers are one of the most inten-
sively investigated members of this class from a technological and
toxicological point of view. Some studies showed that cationic den-
drimers could induce disruptions in cell membranes resembling
pore structures (Cancino et al., 2013; Jones et al., 2012). Further-
more, cationic dendrimers were shown to induce apoptosis and
negatively influence proliferation in a murine macrophage cell line
(Sharifi et al., 2012).

Despite the intensive research efforts of various groups world-
wide, information about cytotoxicity in biological systems exposed
to nanomaterials is often inconsistent and even contradictory.
Barktur et al. characterized the effects of exposure to SWCNTs on
interleukin-8 (IL-8) expression in human alveolar epithelial cells
(A549). When A549 cells were exposed to low concentrations of
SWCNTSs, IL-8 expression progressively increased; the induced IL-8
expression kept increasing even after the removal of SWCNTs from
the medium (Baktur et al.,2011). Worle-Knirsch et al. used the MTT
assay to show that A549 cells incubated with carbon nanotubes
exhibited a strong cytotoxic effect, reaching approximately 50% by
24 h(Worle-Knirsch et al., 2006). Chen et al. studied the exposure of
a pancreatic cancer cell line (BXPC3) to single-walled carbon nano-
tubes modified with PAMAM dendrimers (SWCNT-PAMAM). The
results showed that SWCNT-PAMAM complexes could be trans-
fected into human pancreatic cancer cells by the process of cell
pinocytosis and could be located in the cytoplasm, lysosomes and
in the nuclei. Accordingly to the authors, although SWCNT-PAMAM
were inside the cells, they did not exhibit toxicity to pancreatic can-
cer cells, which means that they can be applied in drug-delivery
systems (Chen et al., 2010). Although a considerable number of
nanotoxicological studies have been conducted using different cell
lines, it is still important to investigate the effects in primary cell
cultures because these model systems are more similar to the in vivo
situation (Kunzmann et al., 2011).

Skeletal muscle satellite cells are a mixed population of stem
and progenitor cells located under the muscle fiber sarcolemma
(Martinello et al.,, 2011). They respond to damage induced by
disease or exercise and become activated, proliferating and differ-
entiating to form new or repair existing myotubes, in regeneration
that strictly recapitulates the embryonic myogenic processes
(Martinello et al., 2011; Taketo and Sonoshita, 2002). Their suc-
cessful participation in this vital process is influenced by their
immediate cellular microenvironment. To our knowledge, the
interactions between this satellite cell line and SWCNT-PAMAM
nanomaterials have not been studied.

This paper aims to explore the interactions between the C2C12
murine cell line and SWCNT-PAMAM nanomaterials or their indi-
vidual components. The interactions between a cell line and the
nanomaterials have been studied with different techniques follow-
ing the methodologies and theoretical interpretations of previous
research on similar compounds, including morphological analysis,
a proliferation assay, an assay for the inhibition of cell adhesion,
DNA damage and flow cytometry measurements.

2. Materials and methods
2.1. Chemicals

All experiments were performed in a sterile atmosphere to eliminate the chances
of contamination that may interfere with the toxicity profiles of the nanomateri-
als. All chemicals used in the synthesis of the nanomaterials were purchased from
Sigma-Aldrich (Sdo Paulo, Brazil). Water for preparing the solutions was supplied
by a water purification system (MilliQ-Plus®) and had a resistivity of 18.2 MQ cm
and pH of 5.5. DMEM, fetal bovine serum and antibiotics for the culture media
were purchased from Sigma-Aldrich and Vitrocell (Campinas, Brazil). The second-
generation polyamidoamine dendrimers (PAMAMs) and the single-wall carbon
nanotubes (SWCNTs) functionalized with carboxylic groups were purchased from
Sigma-Aldrich (Sdo Paulo, Brazil). All other reagents were of analytical grade purity
(pa).

2.2. SWCNT-PAMAM nanomaterial synthesis

The SWCNTs were further functionalized with second-generation polyami-
doamine dendrimers (PAMAM-G2). Functionalization was performed based on
previously reported methods (Cancino et al., 2013; Zeng et al., 2007). Briefly,
SWCNTs were added to a 0.1 M PAMAM aqueous solution to produce a final concen-
tration of 2.0 mg/mL of SWCNT. The resulting SWCNT-PAMAM solution was gently
homogenized by stirring in an ultrasonic bath for 30 min. The pellet obtained from
centrifugation was collected and resuspended for use in all the experiments. The
effects of the nanomaterials on the C2C12 cell line were studied by exposing the cells
to 10,25, 50,100 and 120 pg/mL concentrations in the proliferation assay and a fixed
concentration of 50 pg/mL of SWCNT, SWCNT-PAMAM or PAMAM nanomaterials
for all other assays (Cancino et al., 2013).

2.3. Cell culture

The C2C12 cell line was a supplied by Dr. Raquel Agnelli Mesquita Ferrari
(UNINOVE, Sdo Paulo, Brazil). The C2C12 murine myoblast cells were cultured
in Dulbecco’s modified Eagle medium (DMEM) supplemented with fetal bovine
serum (Gibco, Grand Island, NY, USA) and antibiotics (100 units/mL penicillin and
100 pg/mL streptomycin (Sigma, Saint Louis, MO, USA). The cells were maintained
in a 5% CO, incubator at 37 °C. Stock solutions of the nanomaterials (2 mg/mL) were
prepared in sterile distilled water and diluted to the required concentrations using
the cell culture medium. Appropriate concentrations of each nanomaterial stock
solution were added and incubated for 12, 24, 36 or 48 h. The plates were observed
under a light microscope (Olympus CK 40) to detect morphological changes and
photographed using an Olympus C7070WZ camera.

2.4. Cytotoxicity assays

Cytotoxicity was assessed using the crystal violet assay. C2C12 cells were grown
in 96-well plates from an initial plating of 1 x 10° cells per well, for 12, 24, 36 or
48 h, after which the growth medium was removed and replaced with 0.1 mL of
fresh growth medium. Each nanomaterial was added to the cells at concentrations
of 10, 25, 50, 100 and 120 wg/mL and incubated for 12, 24, 36 or 48 h. Next, 100 L of
ethanol solution (70%) was added to each well for 10 min. Sixty microlitters of crystal
violet was added to each well. After the C2C12 cells were incubated for 30 min in the
presence of 0.5% violet crystal, the wells were washed exhaustedly with phosphate
buffered saline (PBS), and 100 L of 1% SDS was added to each well for 30 min of
incubation. Following solubilization of the crystal violet, the optical densities at
540 nm were measured with an ELISA reader (Dynex). Cell viability was expressed
as the percentage relative to the untreated control cells.

2.5. Inhibition of the cell adhesion assay

For the inhibition of cell adhesion tests, fibronectin (10 pg/well) was immo-
bilized on 96-well plates for 12h at 4°C. The wells were blocked with a bovine
serum albumin solution (1% BSA solubilized in 200 mL/well of the buffer solution:
HEPES 20 mM, NaCl 150 mM, MgCl, 5 mM and 0.25 mM MnCl,, pH 7.4 200 mL/well)
for 2 h. The blocking step was performed to assure that the cell adhesion proteins
were immobilized only in the wells because BSA does not affect cell adhesion. The
second step consisted of incubating the C2C12 cells (1 x 10° cells/well) with the
nanomaterials for 30 min at 37 °C in Eppendorf tubes. These C2C12 cells were trans-
ferred to 96-well plates and incubated for 60 min at 37 °C. After washing the wells
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Fig. 1. Optical micrographs of untreated C2C12 cells and cells treated with 50 j.g/mL of each nanomaterial, SWCNT, SWCNT-PAMAM or PAMAM. Incubation times: 12 and

24h.

with adhesion buffer to remove the non-adherent cells, the remaining cells were
fixed with 70% ethanol (100 mL) for 10 min. The adherent cells were stained with
0.5% crystal violet (60 wL for 20 min). Then, the wells were washed several times
with PBS to remove the excess dye. Finally, the stained cells were solubilized in
1% SDS (100 mL) for 30 min. The optical densities at 540 nm were measured in an
ELISA reader (Dynex). All experiments were performed in quadruplicate in three
independent experiments.

2.6. Alkaline single-cell gel electroforesis (comet assay)

Alkaline comet assay or DNA damage was performed as described by Singh
et al. (Singh et al., 1988) with slight modifications. The negative control was not
exposed to nanomaterials under the same conditions. C2C12 cells were cultured in
12-well culture plates and tests were treated with the nanomaterials at 50 pg/mL
concentration for 24h (37°C, humidified atmosphere with 5% CO;). Microscope
slides were prepared and coated with 1% normal melting point agarose (NMA)
12 h before the assay. After incubation, the cells were harvested, mixed with low-
melting-point agarose, placed on these microscope slides, covered with coverslips
and incubated at 4 °C for 10 min. After solidification of the suspension, the coverslips

were removed. The slides were immersed (in the dark) in cold lysis solution (2.5 M
NaCl, 100 mM EDTA, 10 mM Tris [pH 10], 1% Triton X-100 and 10% DMSO) at 4°C
overnight. The electrophoresis was performed for 20 min at 4°C (25V/300mA) in
fresh alkaline electrophoresis buffer (300 mM NaOH, 1 mM EDTA, pH > 13). Follow-
ing electrophoresis, the samples were neutralized by incubation in 0.4 M Tris buffer
solution, pH 7.5, for 15 min, dried at room temperature followed by dehydration in
100% ethanol for 5 min and stained with 20 pg/mLethidium bromide in the dark. The
DNA damage was immediately visualized under 20x objective magnification using
a fluorescence microscope (Nikon Eclipse E200, Japan) equipped with an excitation
filter of 515-560 nm and a barrier filter of 590 nm, connected to a digital camera
(Nikon DS Qi1®, Japan). One hundred fifty nucleoids were analyzed per treatment
(50 cells from each slide). Comets were classified visually as belonging to one of five
classes according to tail size. Undamaged cells showed as intact nuclei without tails
(score 0), whereas damaged cells showed the appearance of a comet (scores classes:
1-4; score 1=1ow damage; 2 =medium damage; 3 = high damage; and 4 = almost all
DNA in the tail or maximally damaged). The comet assay was analyzed by a single
analyst by classical visual scoring. The DNA damage index was given by the formula:
DNA damage index=(0 x n0)+(1 x n1)+(2 x n2)+(3 x n3)+(4 x n4), and it is based
on the length of migration and on the amount of DNA in the tail.
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Fig. 2. Cytotoxicity assays of C2C12 cells after incubation with SWCNT, SWCNT-PAMAM or PAMAM nanomaterials for 12, 24, 36 or 48 h. The values were assigned with
statistical significance at P<0.05; indicated confidence values are 95% *, 99% ** or 99.9% *** (ANOVA one-way/Tukey). Nanomaterials at concentrations of 10, 20, 50, 100 and

120 pg/mL. The number of cells distributed per well was 1 x 10° cells/mL.

2.7. Flow cytometry - FITC annexin V and propidium iodide (PI)

After the C2C12 cells were incubated with the nanomaterials at 50 wg/mL
concentration for 24 h, the treated cells were washed twice with cold PBS and resus-
pended in buffer at a concentration of 1 x 10° cells/mL. In a separate tube, 100 p.L of
C2C12 cells was added to 5 wL of FITC Annexin V and mixed. Next, 5 L of PI staining
was added. The tubes were incubated in a rotating shaker for 15 min, at room tem-
perature, (25°C) in the dark. After incubation, 400 L of buffer was added to each
tube. Analysis by flow cytometry was performed within 1h. Apoptotic cells were
defined as annexin V-FITC positive/PI negative cells and necrotic cells as Annexin V-
FITC positive/PI positive cells. Live cells show no staining by either the PI solution or
Annexin V-FITC conjugate. Data were acquired with a FACSCalibur® flow cytometer
(Becton Dickinson, San Jose, CA), and the acquisition and analyses were performed
using BD CellQuest Pro software.

2.8. Data analysis

The results were calculated as the mean+standard deviation from three
independent experiments conducted in quadruplicate. Statistical analysis was per-
formed using Graph Pad Prism program software version 5.0 and using One-Way
Analysis of Variance (ANOVA) followed by post hoc Tukey’s Multiple Comparison
Test. The statistical significance was set at p <0.05.

3. Results
3.1. Effect on cell morphology

The first and most readily noticeable effect of exposure to toxic
materials was the alteration of cell shape, or morphology, in the
monolayer cultures. Fig. 1 shows optical micrographs of C2C12 cells
treated with SWCNTs, SWCNT-PAMAM or PAMAM. The images
revealed that C2C12 cells treated with SWCNTs or SWCNT-PAMAM
had not undergone any distinct morphological changes during the
time (12 and 24 h) of exposure to the nanomaterials compared to

the control cells, indicating that the cells were as healthy as the
controls.

Although C2C12 cells treated with PAMAMSs showed a few float-
ing cells over time, suggesting the possibility of widespread cell
death due to necrosis or apoptosis, the morphologies of C2C12
cells exposed with PAMAM dendrimer did not modified as much
as observed when C2C12 cells were in contact with SWCNT and
SWCNT-PAMAM.

3.2. Cytotoxicity assay

Cytotoxicity assays are crucial to understand the cellular
responses to a toxic agent. The cytotoxicity responses to 10, 25,
50, 100 and 120 pwg/mL of SWCNT, SWCNT-PAMAM or PAMAM
nanomaterials over time (12, 24, 36 and 48 h) are shown in Fig. 2.
One may observe a short time-dependent decrease in the relative
intensity of absorbance for the cells exposed to the nanomaterials
compared to C2C12 control cells.

As observed in Fig. 2, PAMAM and SWCNT-PAMAM inhibited
C2C12 cells more than SWCNTs, leaving more than 80% of the
C2C12 cells alive. While SWCNT apparently induced the death of
approximately 10% of C2C12 cells for any incubation time, the per-
centage of SWCNT-exposed C2C12 cells remained constant along
the time and concentration studied, which suggested a low toxic-
ity. SWCNT-PAMAM did not influence the proliferation of C2C12
cells by time and dose dependent, it was observed that the prolif-
eration percentage reached a constant value, with approximately
85% of the cells alive even in high concentrations. After not observ-
ing any distinct behavior of the C2C12 upon varying time and dose
of exposition, the following experiments were done with a fixed
concentration of 50 g/mL of each nanomaterial.
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Fig. 3. Percentage of myoblasts adherent to fibronectin after incubation with
SWCNT, SWCNT-PAMAM or PAMAM nanomaterials. The numbers of adherent cells
were measured, and the values were normalized as a percentage relative to controls.
Results were expressed as mean of three independent experiments conducted in
quadruplicate. The nanomaterial concentration was 50 pg/mL. Values were assigned
statistical significance at P<0.05, with a confidence value of 95% * (one-way/Tukey
ANOVA).

3.3. Inhibition of cell adhesion

The adhesive ability of C2C12 cells treated with SWCNT,
SWCNT-PAMAM or PAMAM nanomaterials was evaluated as the
ratio of adherent treated cells to the adherent control cells. The rel-
ative adhesion was tested with treated and untreated C2C12 cells
growing on a fibronectin layer. Wells coated with BSA were used
for the negative control of adhesion. The adhesion to fibronectin
without nanomaterials was regarded as 100% (positive control). The
results are shown in Fig. 3.

Treatment with SWCNT or SWCNT-PAMAM nanomaterials
resulted in a slight inhibition of adhesion to fibronectin. The extent
of observed inhibition was not statistically significant due to the
high standard deviation. However, the adhesive ability of cells
exposed to PAMAM decreased by 44%.

3.4. Analysis of apoptosis or necrosis by flow cytometry and DNA
damage

To assess the extent of effects, FITC-Annexin V and PI staining,
and DNA damage assays were performed. The data from the FITC-
Annexin V and PI staining experiments indicated that exposure
to 50 pg/mL of SWCNT, SWCNT-PAMAM or PAMAM nanomateri-
als did not increased the amount of cells undergoing apoptosis or
necrosis, as shown in Fig. 4. Statistical data were extracted from
the histogram plots obtained using CellQuest Pro software on the
BD FACSCalibur data, based on the percentages of unstained cells
(viable cells) and those labeled with FITC annexin-V (apoptotic
cells) and PI (necrotic cells).

The statistical analysis from flow cytometry data depicted in
Fig. 4B revealed a low percentage of positive, apoptotic cells among
those exposed for 24h to the nanomaterials at a concentration
of 50 pg/mL. After exposure to SWCNT, 3.6% of the population of
C2C12 cells was under apoptosis while 0.4% was under necrosis.
After SWCNT-PAMAM treatment, 4.2% of the cells were in an apop-
totic state and 0.6% in necrosis, an increase of only 0.6% of cells
undergoing apoptosis compared to cells exposed to SWCNTs for
24 h. It was observed that almost 90% of the C2C12 cells exposed
to SWCNT-PAMAM were alive, demonstrating the low toxicity
to C2C12 cells upon exposure to SWCNT-PAMAM. Moreover, it
was observed that 4.5% of the C2C12 cell populations exposed to
PAMAMSs undergone apoptosis compared to control cells and 0.7%

in necrosis process. These values were similar to that observed for
proliferation assay.

The DNA damage index for SWCNT-PAMAM and PAMAM at
50 wg/mL of each one in C2C12 cells were statistically significant
(p<0.05), compared to the negative control, whereas SWCNT at the
same concentration did not show a significant effect. Comet assay
analyses were conducted to study the DNA damage, as shown in
Table 1.

4. Discussion

We evaluated the effects of SWCNTs, SWCNT-PAMAM and
PAMAMs on the morphology, cytotoxicity and adhesion ability of
C2C12 cells, as well as whether they caused cell death by an apop-
totic or necrotic process, as assessed by flow cytometry and DNA
damage. There is limited information about the possible impact
of carbon nanotubes on human health or environment. Further-
more, there are no studies in the literature investigating the toxic
effects of SWCNT-PAMAM or regarding the cyto or genotoxicity
by comet assay of SWCNT to C2C12 cells. To our knowledge, this
is the first study in which C2C12 murine myoblasts were used to
evaluate the toxicological effects of SWCNTs, SWCNT-PAMAM and
PAMAMs. Besides, in the present study, we advanced from this area
to investigate the toxic effects of these nanomaterials in C2C12
cells.

PAMAM dendrimer was capable of inducing some changes in
morphology of C2C12 cells. However, it was not observed any
significant changes in cell morphology following exposure to SWC-
NTs or SWCNT-PAMAM, although we observed that SWCNT did
not cause significant changes in the proliferation percentages of
C2C12 cells. Our observations reveal that when PAMAM dendrimer
was incubated with the cells, alone or combined with SWCNT,
it changed cells characteristics, as observed via flow cytometry,
DNA damage and especially in cell proliferation essays that were
statistically significant (p <0.05) compared with the control and
SWCNT treated cells. SWCNT-PAMAM and PAMAM expressed a
tendency to inhibit the proliferation of C2C12 cells, inducing cell
apoptosis and decreasing cellular adhesive ability more strongly
than did SWCNTs. SWCNT induced the death of approximately 10%
of C2C12 cells independent of time and dose, suggesting reduced
toxicity. SWCNT-PAMAM and PAMAM influenced the proliferation
of C2C12 cells and more than 80% of the C2C12 cells were still
alive; after 48 h. The latter is probably related to the highly pos-
itive charge density from dendrimer molecule surface (Chen et al.,
2010; Jain et al., 2010; Jones et al., 2012). Interestingly, Baktur and
co-workers observed no significant changes in cell proliferation
from exposure to the same concentration of SWCNTs during 24 h,
which they explained as the likely damages to the cellular com-
ponents not preventing cell proliferation (Baktur et al., 2011). We
also observed a significant difference in the cell adhesion proper-
ties when PAMAMs were incubated with C2C12 cells. According
to Cui et al, cell adhesion to a substrate controls the behaviors of
cells such as cell morphology, migration, growth, apoptosis and
differentiation (Cui et al., 2005). Our data showed that the adhe-
sion ability of C2C12 cells decreased with PAMAM exposure. Fig. 4
revealed that almost 44% of the C2C12 cells had damaged cell adhe-
sion properties. These results showed that PAMAM had diminished
cell adhesion in a different way than was observed for the same
concentrations of SWCNTs and SWCNT-PAMAM. Cui et al. showed
that the adhesion of HEK293 cells decreased with increased con-
centrations and times of exposure to SWCNTSs (Cui et al., 2005). The
authors observed the same behavior as that seen in our studies: that
a24 hexposure to 50 pg/mL of SWCNT did not affect cell adhesion.

Such behaviors can be explained by the biokinetic interactions
of the nanomaterials and biomolecules often being dependent on
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Fig. 4. Individual log fluorescence dot plot cyto-fluorometric analysis of FITC-Annexin V and PI stained of C2C12 control cells (1) and those present after 24 h exposure to
50 pwg/mL of each nanomaterial: SWCNT (2), SWCNT-PAMAM (3) or PAMAM (4). Most of the cells are present in the lower left quadrant, exclude PI, are negative for annexin
V, and can be considered healthy cells. Some apoptotic, annexin V Positive-PI negative, C2C12 cells can be observed. Low necrotic cells, PI positive (upper right quadrant),

are present.

the physicochemical properties of the materials as well as the
opportunity for increases in their uptake and their interactions
with biological tissues (Johnston et al., 2010; Maynard et al., 2011;
Oberdorster et al., 2005). According to Nel et al., the most impor-
tant characteristics of nanomaterials is their size, and they fall in
the transition zone between atoms and molecules and the corre-
sponding bulk materials (Nel et al., 2006). The combination of these
aspects can generate adverse biological effects on living cells, which
would not occur were the same materials of a larger form, which is

probably the case for the adhesion ability of C2C12 cells exposed to
PAMAMSs, which are densely positively charged. This difference in
the C2C12 cell adhesion to fibronectin in the presence of PAMAMs
may be related to the positive charges on the dendrimer surface.
Fibronectin is one of a family of glycoproteins of high molecu-
lar weight, containing approximately 5% carbohydrate and protein
components that bind to cell membrane receptors. In this case,
the PAMAM dendrimer has a large number of amine groups on its
surface that can minimize cell adhesion to fibronectin. Combining

Table 1

DNA damage index obtained by comet visual score in C2C12 cells pretreated with SWCNT, SWCNT-PAMAM and PAMAM at 50 pg/mL and the negative control.
Treatments Comet Classes Damage index +SD Frequency (%)

0 1 2 3 4

Negative control 99 31 16 4 0 257+ 3.0 34.0
SWCNT 71 53 19 6 1 37.7 £ 118 52.6
SWCNT-PAMAM 56 40 29 24 1 58.0 + 7.9° 62.7
PAMAM 33 40 30 37 10 83.6 + 14.5 70.6

Data are reported as means + standard deviation (SD) of triplicate experiments. One hundred fifty nucleoids were analyzed per treatment in C2C12 cells.
" Statistically significant from negative control (ANOVA, Tukey’s Multiple Comparison Test, p <0.05).
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SWCNTs with PAMAMSs neutralizes them sufficiently to inhibit the
non-occurrence of adhesion.

The flow cytometry and DNA damage aimed at exploring the
effects of SWCNTs, SWCNT-PAMAM and PAMAMs on C2C12 cells
revealed some differences. When cells were exposure to 50 p.g/mL
of SWCNT-PAMAM or PAMAM, the DNA damage was statistically
induced (p<0.05), as an indicative of genotoxicity. Interestingly
the DNA damage occurs when PAMAM molecules were presented
and these findings may result from the positively charged PAMAM
forming complexes. Our findings corroborate the results from
Yamashita and colleagues (Yamashita et al., 2010), who studied
DNA damage in the A549 cell line after exposure to 50 pg/mL of
SWCNT or MWCNT for 24 h. The results showed that MWCNTs
cause DNA damage and could increase the risk of cancer activ-
ity. This may be related to the length and thickness of MWCNTs.
In contrast to it was observed for MWCNTs, the results indicate
that SWCNTSs did not cause DNA damage (Duke et al., 1986). Cui
and collaborators also obtained the same result with respect to
DNA damage in HEK293 cells exposed to SWCNTs (Cui et al., 2005).
Therefore, from the results of the DNA damage assays, it is possible
to state that SWCNT-PAMAM and PAMAM behaviors were related
to the positive charge of the nanomaterias that easily undergo cell
uptake through diffusion. The general mechanism of in vitro tox-
icity due to exposure to nanomaterials consists in the induction of
reactive oxygen species (ROS), and ROS may cause the oxidation of
DNA, DNA strand breaks or lipid peroxidation (Singh et al., 2009;
Moller et al., 2010). But in some cases, the cell cycle arrest pro-
vides enough time to repair the DNA damage and it mechanism
was reported by Mroz et al. (2007) for carbon black nanoparticles
(Mroz et al., 2007). Naya et al. (2011) have reported that SWC-
NTs have no genotoxic potential in the battery of genotoxic assays
(Naya et al., 2011). On the other hand, some investigators have
reported genotoxic results obtained in comet assays or DNA dam-
age induced by carbon nanutubes (Patlolla et al., 2010; Migliore
etal., 2010; Di Giorgio et al., 2011). Lindberg et al. (2009) and Kisin
et al. (2007) observed that carbon nanotubes induced DNA damage
after 24 h treatment. Our results of SWCNT-PAMAM and PAMAM
agree with the above mentioned studies regarding genotoxic effect
by in vitro comet assay, for distinct carbon nanotubes and cell
lines. In vitro and in vivo assays of genotoxic effects of SWCNTs
and MWCNTs are available in the literature, but they are incon-
sistent and it is very difficult to confirm conclusions, especially
on the physico-chemical features of nanomaterials that promote
genotoxicity.

Flow cytometry using the marker FITC annexin-V and PI was
used to determine quantitatively the percentage of cells within a
population actively undergoing apoptosis and necrosis. This stain-
ing results from the loss of membrane asymmetry as the cell begins
apoptosis (Koopman et al., 1994). In apoptotic cells, the phospho-
lipid phosphatidylserine (PS) in the membrane is displaced from
inside the plasma membrane to outside it, thereby exposing PS to
the external environment (Kuypers et al., 1996). Some authors have
been reported that apoptosis is a major mechanism of cell death in
exposure to nanomaterials (Pan et al., 2007). Cells that are positive
for FITC annexin-V are in an apoptotic state, and cells that are posi-
tive for PI are in necrosis state. The results shown in Fig. 4 could be
interpreted as the cells having an increased resistance to death. In
this case the apoptosis process was more evidenced than necrosis
when C2C12 cells where incubated with SWCNT, SWCNT-PAMAM
and PAMAM. Corroborating with our previous studies, C2C12 cells
exposed to SWCNT-PAMAM and PAMAM increased the apoptosis
and necrosis ability. Recent studies have identified apoptosis as a
primary mechanism of cell death from exposure to SWCNT nano-
materials and their components (Mailaender and Landfester, 2009).
Pulskamp et al. observed that the percentage of apoptotic human
lung epithelial cells (A549) exposed to 50 pg/mL of SWCNT did not

significantly exceed those of the control cells as indicated by the
parameters assessed over time (Pulskamp et al., 2007).

Recent reports discussed whether SWCNTSs are toxic per se; in
most cases, the functionalization of SWCNT has been reported to
increase their toxicity but, in some, to reduce it (Xia et al., 2010).
These disparities in the toxic effects observed are due to differences
in SWCNT functionalization and the degree of functionalization
(Al-Jamal et al., 2012; Pichardo et al., 2012; Sharifi et al., 2012).
Jones et al. demonstrated that PAMAM G7 dendrimers dramatically
altered the morphology of platelets (Jones et al.,2012). According to
the authors, these changes to platelet morphology altered platelet
functions, such as increased aggregation and adherence to surfaces.
The controversy comes from the variability of parameters, includ-
ing cell lines used in toxicity assays, concentrations, surface charge
and coatings (Martinez Paino et al., 2012). Our analyses provided
evidence of the less toxic effect of SWCNT-PAMAM and PAMAM
compared with SWCNT, indicating that surface charge may be a
major determinant of how nanomaterialsimpact cellular processes.

5. Conclusion

We showed that PAMAM and SWCNT-PAMAM had different
effects compared to SWCNT, in terms of citotoxicity and genotox-
icity. It is possible that the combination of SWCNT and PAMAM
increased toxicity to the cell cultures because of the positive charge
from dendrimer molecules surface. The results indicate that the
toxicity of SWCNTs, SWCNT-PAMAM and PAMAMs to C2C12 cells
was strongly connected to the charge and the type of material.
Controlling these properties is extremely important for the future
design of theranostics and drug-delivery systems based on SWCNT
and PAMAM dendrimers.
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Abstract

Although many pre-clinical studies have implicated B3 integrin receptors (avp3 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 contribution of B3-expressing tumour and stromal
cell populations in different cancers. Here we aimed to clarify the function and relative
contribution to metastasis of tumour versus stromal 3 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 B3
integrin. Tumour B3 integrin promoted migration, protease expression and trans-endothelial
migration in vitro and increased vascular dissemination in vivo, but was not necessary for
bone colonisation in experimental metastasis assays. We conclude that tumour rather than
stromal B3 expression is essential and is required early for efficient spontaneous breast cancer

metastasis to bone and soft tissues. Accordingly, differential gene expression analysis in
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cohorts of breast cancer patients showed a strong association between high B3 expression,
early metastasis and shorter disease-free survival in patients with oestrogen receptor-negative
tumours. We propose that 33 inhibitors may be more efficacious if used in a neoadjuvant

setting rather than after metastases are established.

Key words: Breast cancer, 3 integrin, bone metastasis, syngeneic mouse model, vitronectin,
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Introduction

B3 integrins (avp3 and allbP3) mediate cellular adhesion to extracellular matrix (ECM)
substrates including vitronectin, bone sialoprotein, osteopontin and fibrinogen, and are
attractive therapeutic targets for metastatic cancers [1]. Studies employing av or B3
inhibitors demonstrate that avp3 integrin regulates multiple cellular responses required for
metastasis including cell survival, migration, invasion through the ECM and angiogenesis [2].
However, while high B3 integrin expression is reported in several cancer types [3-8], its
prognostic significance is still unclear. Tumour expression of avp3 integrin correlates
inversely with invasive and metastatic behaviors in some melanoma and ovarian cancer lines
[9,10] and is associated with better survival in ovarian cancer patients [10]. Enhanced avf33
levels in bone metastases compared to matched 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] correlates with increased adhesion to
cortical bone and an increased number of osteolytic lesions in mice compared to parental
cells, following tail vein injection. We showed previously that exogenous expression of 3
integrin in weakly metastatic 66¢cl4 mammary carcinoma cells that otherwise do not express
avB3 or spread to bone from the mammary gland is sufficient to promote their spontaneous
metastasis to bone without altering orthotopic tumour growth in immunocompetent mice
[13]. While the above studies employing B3 overexpression showed that tumour avp3
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
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important since the effectiveness of therapies targeting tumour avp3 and their impact on
bone metastasis and patient survival will be dictated by the dependency of tumours on av[33

integrin for successful metastasis. To our knowledge, the efficacy of avp3 integrin

antagonists specifically against bone metastases has not been evaluated in patients.

Discrepancies also exist with regard to the precise contribution of B3 integrin expressed on
stromal lineages to tumour growth and metastasis [14-20]. MMTV-c-neu transgenic mice
null for either B3 or B3 and B5 integrins show no apparent changes in mammary tumour
growth and vascularisation compared to normal MMTV-c-neu mice [20]. This contrasts with
the anti-tumour/anti-angiogenic effects of av or 3 inhibitors against subcutaneous melanoma
and breast tumours [21-23] and with the enhanced growth and angiogenesis of transplanted
melanoma, lung and colon tumours in B3-null mice [16,19]. Moreover, while experimental
melanoma metastasis to bone is decreased in B3-null compared to wildtype mice [17], loss of
B3 integrin has no impact on spontaneous metastasis of mammary tumours to lung in
MMTV-c-neu mice null for 3 [20]. Importantly, since none of these models metastasise
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, vascularisation 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 B3 integrin inhibitors in patients with metastatic cancer may require a reappraisal

of the precise contribution of B3-type receptors to the growth and metastasis of each tumour

type.
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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 B3 null mice, we demonstrate that 3
integrin in tumour cells but not in stromal cells is essential for spontaneous breast cancer
metastasis and is required early for vascular dissemination to bone and other tissues. These
findings have important implications for the design of therapies targeting 3 integrin in breast

cancer patients.
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Materials and methods

Cell culture

66¢l4 mammary carcinoma cells stably expressing 3 integrin (66cl4pBabeB3high) and control
empty pBabe-puro retroviral vector (66¢cl4pBabe) were described previously [13]. Bone-
metastatic 4T1.2 with hygromycin-resistance and 4T1BM2 with mCherry expression were
derived from 4T1 cells [35-38]. All lines were maintained for up to 4 weeks in atMEM/5%
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 B3 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 (AGTACTGCTTACGATACGG) was
used as control. Viral supernatants from infection of PT67 packaging cells were used to
infect 4T1.2 (sh1 hairpin) and 4T1BM2 (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]. Primary

antibodies used are described in the Supplementary Methods.

In vitro assays
Proliferation, adhesion and migration assays [13,35,36,39], zymography [40] and
immunoblotting [41] are described in Supplementary Methods. For trans-endothelial

migration, bEnd.3 cells (1x10°) were seeded in triplicate Transwell inserts and incubated at
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37°C for 24h to form a monolayer. Adherent cells were washed with PBS and calcein-
labelled tumour cells (2x10°) added to the insert in 200ul serum-free aMEM/glutamine
(2mM)/BSA (0.05%)/sodium pyruvate (1mM) and antibiotics. Medium containing 10% FCS
was added to the bottom chambers as chemoattractant. After 48h incubation at 37°C,
migrated tumour cells on the underside [green (calcein) cytoplasm and red (propidium iodide)
nucleus] (3 random 20x fields) were photographed on an Olympus BX-61 microscope and

counted using Metamorph (Molecular Devices).

Tumour growth and metastasis

Procedures involving mice completed in accordance with National Health and Medical
Research Council ethics guidelines and approved by the Peter MacCallum Animal Ethics
Committee. Wildtype female Balb/c mice were purchased from the Walter and Eliza Hall
Institute (Australia). B3-null mice [42] were backcrossed to Balb/c background (10

generations).

For spontaneous metastasis assays, 8-10 week old mice were inoculated with 10> cells into
the 4™ mammary fat pad. Tumour growth was measured with electronic calipers [13,35] and
mice 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 Supplementary
Methods. 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,
5x10* (4T1.2 and 4T1BM2 cells) or 1x10° (66¢l4) cells/100 ul PBS were injected into the
left cardiac ventricle [44]. Mice were harvested as a group on day 15 or earlier if showing

signs of distress. Specific primers and probes are detailed in Supplementary Methods. When
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comparing metastatic burden from two tumour lines, RTB values were adjusted for reporter

gene copy number calculated from the level in genomic DNA in cultured 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 completed. Proliferation
assays were evaluated by two-way ANOVA with Bonferroni post-test. For in vivo assays, a
Fisher’s exact test was used for metastatic incidence and a Mann-Whitney test was completed

for metastatic burden analysis. p <0.05 was considered significant.
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Results

Knockdown of p3 integrin in bone metastatic tumour cells

Exogenous expression of B3 in weakly lung-metastatic 66¢cl4 cells contributes to their
spontaneous metastasis from the mammary gland to bone [13]. However, this approach does
not reveal an essential requirement 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 in 4T1.2 (shl) and 4T1BM2 (sh2)
cells. These models were chosen for their clinical relevance, with both expressing avfp3
integrin and, unlike xenograft models, metastasising spontancously to bone with high

incidence from mammary tumours in immunocompetent mice [36,37].

B3 expression was substantially reduced in 4T1BM2-B3lo compared to 4T1BM2p3-ctrl and
parental 4T1BM2 cells and accompanied by down-regulation of av integrin at the cell surface
(Figures 1A-1B and Supplementary Figure 1A). Suppression of B3 transcript levels in
4T1BM2-B3lo cells was confirmed by qRT-PCR (Figure 1C). Despite reduced surface levels
of av integrin, av mRNA expression was not decreased (Figure 1D). Moreover, western blot
analysis of whole cell lysates showed that total av protein levels in 4T1BM2-ctrl and
4T1BM2-B3lo cells were similar to parental cells (87% and 85% of parental cells
respectively) and not significantly different from each other when normalised to tubulin
(Figure 1E). Thus, surface localisation rather than expression of av integrin is impaired by
suppression of B3 integrin. Sustained coordinated downregulation of surface 3 and av
integrins was also observed using a different f3-targeting shRNA in 4T1.2 bone-metastatic
cells (Supplementary Figure 1B). The overall expression pattern of other integrins was
comparable between 4T1BM2 and 4T1.2 parental lines (Supplementary Figures 2A and 2B),
with the exception that a2 was expressed at low levels in 4T1.2 but not in 4T1BM2 cells.
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The expression of a2, a3, a5, a6, B1, p4, B5 and P6 integrin subunits was not significantly
altered in 4T1BM2-B3lo cells compared to 4T1BM2-ctrl cells whereas 4T1.2 cells showed a

small increase in a6 and p4 subunits following 3 downregulation.

Suppression of fi3 integrin inhibits spontaneous metastasis to bone and soft tissues without
altering primary tumour growth

Adhesion of all lines to uncoated plastic (30min) was negligible irrespective of B3 integrin
levels (Figure 2A and Supplementary Figure 3A). As expected, adhesion of 4T1BM2-f3lo
and 4T1.2-B3lo 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. Similarly, haptotactic migration towards
vitronectin but not LM-511 was significantly inhibited by B3 suppression (Figure 2B and
Supplementary Figure 3B) indicating that reduced adhesion and migration of cells with low
B3 expression are substrate-specific.  Proliferation of 4T1IBM2 and 4T1.2 cells was

unaffected by B3 integrin downregulation (Figure 2C and Supplementary Figure 3C).

In vivo, 4T1BM2-ctrl and 4T1BM2-B3lo tumours grew at the same rate (Figure 2D and 2E).
However, visual examination of mice at harvest and quantitation of metastatic burden using a
sensitive qPCR-based assay [35] revealed a dramatic effect of B3 downregulation 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-B3lo tumours, indicating a
lower overall lung metastatic burden (Figure 2F, right panels). These observations were

confirmed and quantitated by qPCR, with 4T1BM2-B3lo metastatic burden in lung, femur,

This article is protected by copyright. All rights reserved



spine and bone (combined femur and spine) (Figures 2G-2J) 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 (Supplementary Figures 3D-3G). These results demonstrate conclusively
that expression of B3 in mammary tumour cells is required for efficient spontaneous

metastasis to multiple organs.

Loss of stromal fi3 integrin expression does not alter orthotopic primary tumour growth or
metastasis

Conlflicting results exist regarding the contribution of stromal cell populations expressing 33
integrin to primary tumour growth [16,19-21] and metastasis [17,20]. Importantly, no study
has investigated the role of stromal 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 (Supplementary Figure 4) in B3 null versus wildtype
littermates. We found no difference in primary tumour growth (Figure 3A and Supplementary
Figure 4A), final tumour weight (Figure 3B and Supplementary Figure 4B) or metastatic
burden in lung, femur, spine or bone (combined femur and spine) (Figures 3C-3F and

Supplementary Figures 4C-4F respectively) between integrin 3-null and wildtype mice.

The lack of effect of stromal B3 deletion on primary tumour growth contrasts with enhanced
subcutaneous growth and vascularisation of melanoma, colon and lung carcinomas in $3 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 wildtype and B3-null mice. Orthotopic 4T1BM2 tumours grew at

the same rate in wild type and B3-null mice (Figures 3G-31). Importantly, while subcutaneous
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growth of 4TIBM2 tumours in wildtype or B3-null mice was visibly slower than in the
orthotopic site (compare Figures 3G and 3J), it was significantly enhanced in 3-null mice
compared to wildtype littermates (Figures 3J-3L). Moreover, quantitation of microvascular
density revealed no difference in orthotopic tumours growing in wildtype and B3-null mice
(Figure 3M) but a significant increase in microvascular density in subcutaneous tumours
growing in B3-null compared to wildtype mice (Figure 3N). Collectively, these results
indicate that, unlike subcutaneous tumours, orthotopic growth and vascularisation of

mammary tumours are not affected by stromal B3 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 primary tumours by inoculating 4T1BM2 cells directly into the left cardiac
ventricle of wildtype mice. In contrast to the strong reduction in spontaneous bone metastasis,
suppression of tumour B3 integrin did not reduce experimental metastasis to femur, spine or
bone (femur and spine combined) (Figures 4A-4C). We also compared the bone metastatic
ability of 66014[33high cells that overexpress 3 integrin and metastasise 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 (Figures 4D-
4F) was observed regardless of B3 expression. Thus, tumour B3 integrin is not essential for

homing, survival and colonisation of bone.

Next, we compared the ability of 4T1BM2-ctrl and 4T1BM2-B3lo or 4T1.2-ctrl and 4T1.2-
B3lo cells to migrate towards a gradient of serum, a rich source of soluble vitronectin [45].
Integrin B3 suppression impaired migration towards serum by approximately 50% (p<0.001)

(Supplementary Figures 5A and 5B). To further confirm that serum chemotaxis was
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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 4T1BM?2 towards vitronectin but not towards collagen-1V, demonstrating its
specificity towards ovP3 integrin substrates (Supplementary Figure 5C). Importantly,
chemotactic migration towards serum was also inhibited by DisBa-01 in a dose-dependent

manner (Supplementary Figure 5D).

4T1-derived tumour lines secrete abundant MMP9 that contributes to their migration and
invasion [13,36]. We found that 4T1BM2-B3lo and 4T1.2-B3lo cells secrete significantly
less MMP9 than control cells (Supplementary Figures 6A and 6B). Moreover, migration
across a monolayer of endothelial cells was enhanced significantly by elevated B3 expression
in 66¢l4 cells (Figure 5A) and was inhibited by suppression of 3 integrin in 4T1BM2 cells
(Figure 5B). Reduced chemotaxis, protease secretion and trans-endothelial migration
following B3 downregulation 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-B3lo tumour-bearing
mice (mean value = 1.132) compared to control mice (mean value = 16.22) (p = 0.01) (Figure

5C).

In a second series of experiments, blood was collected by cardiac puncture when tumours
were small (~0.5¢cm’) and viable tumour cells scored by colony formation in vitro. Tumour
weights were similar in both groups (p = 0.944) (Figure 5D) and while macro-metastases
were not visible in either group at this early stage, qQPCR quantitation revealed a higher lung
(p=0.05) and spine (p = 0.012) tumour burden in control mice (Figure SE). Importantly, only

blood from 4T1BM2-ctrl-bearing mice gave rise to colonies (p = 0.0006) (Figure S5F)
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confirming that downregulation of tumour B3 significantly impairs the ability 4T1BM2-f3lo

cells to enter the vasculature.

Since avp3 integrin controls an early step required for metastatic dissemination to multiple
sites, high B3 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], focusing on clinical outcome in breast
cancer patients (fold-change > 1.5, p value < 0.05). In all, 10/13 analyses indicated that high
B3 was associated with metastasis and recurrence (Supplementary Figures 7A-7B). The
prognostic value of B3 integrin expression was further investigated in molecular subtypes of
breast cancer using the BreastMark prognostic biomarker analysis tool [48]. High 3 integrin
expression was correlated with shorter disease-free survival in patients with estrogen receptor
negative (ER") tumours (Figures 6A and 6B) or with lymph node metastasis (LN") (Figure 6E
and 6F). No significant association was found between B3 expression and progesterone
receptor (PR) status (Figures 6C and 6D), 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 ER/PR™ (Figure
6H), ER/LN" (Figure 61) and ER/LN"/Gr3" tumours (Figure 6J). These observations in
human breast tissues are consistent with the lack of ER and PR in 4T1BM2 primary tumours

and the aggressive nature of this mouse model of metastasis (Supplementary Figure 7C).
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Discussion

The diversity of experimental approaches, animal models 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 4TIBM2 and 4T1.2 models used herein have the unique ability to metastasise
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 several bone-derived ECM proteins and is thought to be a
critical for homing and colonisation of bone [13,49,50]. Unexpectedly, we found that (3
downregulation in 4TIBM?2 and 4T1.2 decreased spontaneous but not experimental bone

metastasis. Moreover, exogenous expression of P3 in 66cl4p3™Me"

cells which promotes
spontaneous metastasis to bone [13], did not enhance experimental bone metastatic burden
compared to control cells. Clearly, 66¢l4 cells do not require avB3 to home and colonise
bone since they formed experimental 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 essential primarily during the early rather than late steps of breast cancer metastasis.

Suppression of tumour B3 reduced MMP9 secretion, 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 further
supported by decreased circulating tumour cells observed in 4T1BM2-B3lo tumour-bearing
mice. Consistent with this, the expression of the avf3 ligand, vitronectin, 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
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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 clinical relevance of our findings in mouse
models is strongly supported by the correlation observed between high B3 expression,

metastatic disease and poor clinical outcome in ER-negative breast cancer patients.

Our data appear at odds with earlier reports showing increased experimental bone metastasis
in B3-overexpressing MDA-MB-231 variants [5,12]. However, it should be noted that while
mice inoculated 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-overexpressing groups. Tumour avf3 integrin does not
directly stimulate metastatic growth in bone but promotes the recruitment of active
osteoclasts in proximity of metastatic lesions [5,13]. Degradation of the bone matrix and the
subsequent release of growth factors could provide a growth stimulus for breast tumour cells
in bone. Consistent with this, B3 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 osteoclast activity. The extent to which avp3-expressing osteoclasts
contribute to bone colonisation is likely to vary between tumours. MDA-MB-231 cells are
aggressively osteolytic compared to 4T1 or 66cl4 cells, and presumably their growth in bone
may be more dependent on the release of bone-derived growth factors. Collectively, data
from the above studies and ours indicate that while there is heterogeneity amongst tumour
lines in their dependency on osteoclasts to colonise bone, tumour avB3 is not essential for

bone metastases to develop.
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Most surprising was the lack of effect of stromal B3 ablation on tumour growth,
vascularisation and spontaneous metastasis, given the numerous studies that have implicated
endothelial cells or platelets in these processes [16,19,52-54]. Studies employing
subcutaneous tumour transplantation models reported enhanced tumour growth and
vascularisation following stromal B3 deletion [16,19]. While we could replicate these
observations in mammary tumour cells implanted into the subcutis, stromal deletion of 3
integrin did not alter tumour growth in the mammary gland. These observations indicate that
stromal B3 regulates tumour growth and angiogenesis in a tissue-specific manner and argue
against a critical role for endothelial B3 in promoting the orthotopic growth and angiogenesis
of breast tumours. Our data support those reported in the MMTV-c-neu/B3'/' transgenic
model of breast cancer metastasis [20] and resolve the apparent conflicts with earlier tumour

transplantation studies employing B3-null mice [55].

Most studies supporting the role of platelet allbp3 in metastasis have made use of in vitro
surrogate assays or in vVivo experimental metastasis models in which tumour cells are injected
directly into the vasculature [5,12,52,53,56]. In one study, pharmacological inhibition of
platelet allbp3 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 minimise tumour cell clumping and non-specific tumour-platelet interactions in our

experimental metastasis assays, the number of cells injected (5 x 10* to 1 x 10°) was
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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 allbp3

integrin inhibition on spontaneous metastasis were not investigated in this study.

Current experimental and clinical evidence indicate that not all tumour types (or anatomical
sites) could benefit from therapies employing avp3 integrin antagonists such as cilengitide
[25,61]. Our study demonstrates for the first time that tumour rather stromal 3 integrin is a
critical determinant of metastatic potential in breast cancer and is essential for efficient
spontaneous metastasis to multiple sites, including bone. Regulation of early steps of
metastasis to multiple organs by tumour 3 integrin is consistent with the association between
high B3 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 B3 inhibitors in patients with advanced metastatic disease [26-30].
We propose that to achieve optimal efficacy in breast cancer patients, 33 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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Figure legends

Figure 1. Stable suppression of B3 integrin expression induces coordinated downregulation
of av integrin subunits at the cell surface. Parental 4T1BM2 cells (Parent) and cells
expressing a non-targeting (Control) or a B3-targeting shRNA (f3lo) were analysed for the
expression of B3 (A) and av (B) integrin by standard flow cytometry. Solid grey = isotype
control antibody. B3 (C) and av (D) mRNA transcripts were analysed by qRT-PCR. Graph
shows mean transcript abundance relative to GAPDH + SEM of 9 independent replicates.
*p<0.05, one-way ANOVA, Tukey’s multiple comparison test. (E) Representative western
blot analysis of total integrin av and tubulin (loading control) detected in whole cell lysates
(left panel) and quantitation of triplicate samples of 4T1BM2-ctrl versus 4T1BM2-B3lo (right

panel) by densitometry are shown. n/s, not significant, p = 0.700.

This article is protected by copyright. All rights reserved



A B

109 111 I

BS Control oV Parent

E 82 E 83 Control e
E] S
8 55 8 56
% % p3lo
S % S

0
10° 10" 10° 10° 10* 10° 10' 10° 10° 10°
Fluorescence intensity

)
(=]
(=]

B3|—|

Relative transcript (O
abundance
o 8 8 8
Relative transcript
abundance
[ S N
88888
Q
<
%, J%

o
©®

100% 87% 85% |

Integrin av

i = L1 8
R S

Tubulin e ““

0.24

Relative protein
expression
o ° o
° > 9
H

t d A t. 1
o
7 B,
)}0%
%
2, .
%, 7
%
o
7
o 2
%, %
Y,
%

Q) Carter et al Figure 1

O Figure 2. Downregulation of avp3 integrin impairs vitronectin-mediated adhesion and
O 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 % of total cell input = SD of representative experiments
(n = 3), each completed in triplicate (***p < 0.001, one-way ANOVA Tukey’s multiple
comparison test). (B) Haptotactic migration towards vitronectin or LM-511 was measured in
Transwell chambers after 4 hours at 37°C in the absence of serum. Data show mean number

of migrated cells + SEM of 9 replicate images (3 random fields of view per Transwell
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membrane x 3 membranes) (*** < p 0.001, one-way ANOVA Tukey’s multiple comparison
test). (C) Proliferation was measured in 96-well plates in the presence of 5% serum and
quantitated every 24 hours using a sulforhodamine B colorimetric assay. Data are presented
as means = SEM of 6 replicate wells/condition and are representative of 3 independent
experiments (n/s = not significant, p = 0.634). (D) 4T1BM2-ctrl and 4T1BM2-B3lo
orthotopic tumour growth was monitored thrice weekly by caliper measurements (p = 0.254,
2-way ANOVA). (E) Tumour weight at harvest (day 26, p = 0.782, Mann Whitney test).
Data in (D) and (E) show means = 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 qPCR 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 show 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).
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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 vascularisation.

Parental 4T1BM2 cells (1 x 10°) were inoculated orthotopically into wildtype (n = 20) or

Accepted Article

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 of 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, 2-way ANOVA), tumour end weight (p = 0.895, Mann Whitney test)
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or metastatic burden between WT and KO mice were observed in lung (p = 0.056), femur (p
=0.578), spine (0.793) or bone (p = 0.530), Mann Whitney test. Parental 4T1BM2 cells (1 x
10°) were inoculated orthotopically (IMFP) (G-I) or subcutaneously (SC) (J-L) into wildtype
or 3 knockout mice (5 mice/group) as indicated. (G, J) Tumour growth was monitored over
19 days and differences in growth rate analysed by 2-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 means = SD of 5
replicates/group. (I, L) Images showing size comparison between orthotopic (I) or
subcutaneous tumours (L) growing in wildtype and B3 knockout mice. Scale bar = lcm.
Microvascular density in orthotopic (M) and subcutaneous tumours (N) was analysed by IHC
detection of CD31. Data show mean pixels £ SEM from 15 replicates (3 fields/section £+ 5
section/tumour) (n = 5 mice/group; n/s, p = 0.444, *p < 0.05, Mann Whitney test).
Representative CD31 staining in wildtype and B3 knockout mice are shown in the right

panels. Scale bar, 100pum.
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Figure 4. Experimental bone metastasis is not affected by changes in tumour B3 integrin

expression. Balb/c mice were inoculated into the left ventricle of the heart with 4T1BM2-ctrl

versus 4T1BM2-B3lo cells (5 x 10*/mouse, n = 11 and 13 mice/group respectively) (A-C) or

66cl4pBabe versus 66¢14B3™" cells (10°/mouse, n = 13 mice/group) (D-F). Mice were

sacrificed after 14 days and metastatic burden in femurs (A, D), spine (B, E) or bone (C, F)

analysed by genomic qPCR detection of mCherry or puromycin resistance gene relative to

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 4T1BM2-ctrl and

4T1BM2-B3lo femur (p = 0.368), spine (p = 0.495) or bone (p = 0.511) and between

66cl4pBabe and 66¢l4B3high femur (p = 0.140), spine (p = 0.964) or bone ( p = 0.315) (Mann

Whitney test).
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Figure 5. Integrin avp3 promotes trans-endothelial migration and intravasation of tumour
cells. (A) B3 integrin overexpression enhances trans-endothelial migration in vitro. (B) B3
integrin suppression inhibits trans-endothelial migration in vitro. Migration of tumour cells
(1 x 10° cell/well) through a monolayer of bEnd.3 endothelial cells was measured after 48
hours. Data in (A) and (B) show mean number of migrated cells = SD of 9 replicate images
(3 random fields of view per Tanswell membrane x 3 membranes) from a representative
experiment (n = 3; *** <p 0.001, Mann Whitney test). (C) B3 integrin suppression inhibits
intravasation in vivo. 4T 1BM2-ctrl and 4T1BM2-B3lo tumour cells (1 x 10%) were inoculated
orthotopically into syngeneic Balb/c mice and blood collected by cardiac puncture after 26
days. Relative number of circulating tumour cells was quantitated by genomic qPCR
detection of mCherry gene relative to vimentin. Data show one point for each mouse and
mean (horizontal bar) £ SEM, n = 13 mice/group. **p = 0.01, Mann Whitney test. (D-F) B3
integrin suppression delays vascular dissemination. Mice were inoculated with 4T1BM2-ctrl
(n = 7) and 4T1BM2-B3lo cells (n = 6) as above. Blood was collected by cardiac puncture
when mammary tumours reached ~0.5cm’ and viable circulating tumour cells scored by
colony formation in culture (0.5ml/dish). (D) Tumour weight at harvest. (E) Metastatic
burden in lung and spine was determined by genomic qPCR. (F) Colony formation assay.
The number of colonies after 10 days (>50 cells) was counted and the data expressed as the
number circulating tumour cells/ml of blood. Data in (D-F) show one point per 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).
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Figure 6. Association between B3 integrin expression and disease-free survival. The
association between B3 expression and disease free survival (DFS) in human breast tumour
samples was interrogated in public databases using BreastMark prognostic biomarker
analysis tool [48]. B3high and B3l°w (median cut-off) are shown in blue and red respectively.
Dotted lines show confidence intervals. (A) Estrogen receptor-positive (ER+) tumours. (B)
Estrogen 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)
Estrogen receptor-negative/progesterone receptor-negative (ER-/PR-) tumours. (I) Estrogen
receptor-negative/lymph node-positive (ER-/LN+) tumours. (J) Estrogen receptor-

negative/lymph node-positive/grade 3 (ER-/LN+/Gr3) tumours.
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