UNIVERSIDADE FEDERAL DE SAO CARLOS
CAMPUS SAO CARLOS

PROGRAMA INTERINSTITUCIONAL DE POS-GRADUACAO EM
CIENCIAS FISIOLOGICAS PIPGCF UFSCar — UNESP

TAIS MAROLATO DANILUCCI

Inibicdo do cross-talk entre alfa (v) beta (3) e VEGFR2 na

angiogénese pela desintegrina DisBa-01

SAO CARLOS

2018



UNIVERSIDADE FEDERAL DE SAO CARLOS
CAMPUS SAO CARLOS

PROGRAMA INTERINSTITUCIONAL DE POS-GRADUACAO EM
CIENCIAS FISIOLOGICAS PIPGCF UFSCar — UNESP

TAIS MAROLATO DANILUCCI

Inibicdo do cross-talk entre alfa (v) beta (3) e VEGFR2

na angiogénese pela desintegrina DisBa-01

Tese apresentada ao Programa
Interinstitucional de Pds-Graduacéo
em Ciéncias Fisioldgicas Associagcao
Ampla UFSCar/ UNESP, para
obtencdo do titulo de Doutor em
Ciéncias, Area de Concentracdo
Ciéncias Fisiologicas.

Orientacdo: Profa. Dra. Heloisa
Sobreiro Selistre de Araujo

SAO CARLOS

2018



Marolato Danilucci , Tais

Inibigdo do cross-talk entre alfa (v) beta (3) e VEGFR2 na angiogénese
pela desintegrina DisBa-01 / Tais Marolato Danilucci . -- 2018,
92 1. : 30 cm.

Tese (doutorado)-Universidade Federal de Sio Carlos, campus Sio Carlos,
Sio Carlos

Orientador: Heloisa Sobreiro Selistre de Aratjo

Banca examinadora: Mércia Regina Cominetti, Gerson Jonathan
Rodrigues, Monica Rosas da Costa lemma, Andrei Leitio

Bibliografia

1. DisBa-01. 2. alfavbeta3 VEGFR2. 3. cross-talk. 1. Orientador. I1.
Universidade Federal de Sao Carlos. II1. Titulo.

Ficha catalogrifica elaborada pelo Programa de Geraglio Automitica da Secretaria Geral de Informatica (SIn).
DADOS FORNECIDOS PELO(A) AUTOR(A)
Bibliotecario(a) Responsavel: Ronildo Santos Prado — CRB/B 7325



UNIVERSIDADE FEDERAL DE SAO CARLOS

Centro de Ciéncias Bioldgicas e da Salde
Programa Interinstitucional de Pos-Graduagéo em Ciéncias Fisiologicas

Folha de Aprovagao

Assinaturas dos membros da comiss@o examinadora que avaliou e aprovou a Defesa de Tese de Doutorado da candidata
Tals Marolato Danilucci, realizada em 23/05/2018:

Profa. Dra. Heloisa Sobreiro Sélistre de Araujo
UFSCar

Profa. Drd. Marcia Regina Cominetti
UFSCar

UFSCar

" ﬁmm

Profa. Dra. Ménica Rosas da Costa lemma
UNIARA

Prof. Dr. Andrei Leitdao
IQSC/USP

ol bl
/



U vrnica caisa que impaovta € calocay em prdtica, corm
sincevidade e sevenidade agquila em que se acvedita’

Dalai Lama



Dedico esse trabalho aos meus queridos pais José Luiz e Adriana, com todo
meu amor e gratidao, por tudo que fizeram e fazem por mim. Desejo poder ter

sido merecedora do esforco dedicado por voceés.

Amo vocés!



AGRADECIMENTOS

Ha 4 anos, foi me dada uma grande oportunidade, cursar o Doutorado. Fazer parte do
Laboratério de Bioquimica e Biologia Molecular e da UFSCar foi muito especial e grandioso,
aprendi muito e pude conhecer pessoas gque se tornaram parte da minha vida. Por isso, minha
eterna gratiddo a Prof? Dr? Heloisa Sobreiro Selistre de Aradjo, minha orientadora, por ter me
aceitado em seu laboratério e por me oferecer conhecimento. Professora Heloisa, muito
obrigada por tudo o que a senhora fez por mim, pela paciéncia e por ter me dado a
oportunidade de desenvolver esse trabalho.

Aos meus pais, que ndo mediram esforcos para que eu pudesse estudar e realizar
meu sonho. Obrigada pelos conselhos, pelos ensinamentos de vida e pela ajuda financeira.
Agradeco por me educarem no caminho do bem e por me ensinarem a lutar, a ser forte e
nunca desistir. Sem vocés nao seria possivel chagar até aqui. Obrigada Bruno, meu irmao,
pelos momentos em familia, os quais foram muito importantes durante esses anos.

Aos meus avOs paternos Sérgio (in memoriam) e Julia pela educagdo e amor
oferecidos a mim. Vocés me ensinaram que para vencer na vida é preciso lutar com
humildade. Peco desculpas a minha avé Julia por estar ausente nos momentos em que ela
mais precisou dos meus cuidados e por seus choros de saudades. Muito obrigada por tudo o
que voceés fizerem por mim, minha gratidao seréa eterna.

Aos meus avés maternos, ldson e Dete, pelo amor e carinho que sempre tiveram por
mim. Obrigada por cuidarem de mim, do Miguel e da Madhu. Sem a ajuda de vocés teria sido
mais dificil. Jamais esquecerei a ajuda que me deram, principalmente por ficarem com a
Madhu quando eu precisei me dedicar mais ao trabalho.

Miguel, meu futuro marido, meu companheiro, muito obrigada por entender os meus
altos e baixos, os problemas, as aflicdes, o estresse e a minha loucura. Vocé com toda
paciéncia, sempre esteve ao meu lado me apoiando e me ajudando a vencer.

Obrigada a todos da minha familia que sempre torceram por mim e por entenderem
minha auséncia.

Aos docentes do Departamento de Ciéncias Fisiolégicas, em especial:

Ao Prof. Dr. Gerson Jonathan Rodrigues por muitas vezes ter disponibilizado o
Laboratério de Farmacologia e por todos os esclarecimentos.

Ao Prof. Dr. Sérgio Eduardo de Andrade Perez, por ter disponibilizado o Laboratério
de Fisiologia do Exercicio.

Aos funcionarios do Departamento de Ciéncias Fisiol6gicas, em especial, Bete (Irene),
Sr. Angelo, Tati, Carmem e Alaxendre, secretario da pos-graduacdo. Muito obrigada por

sempre serem solicitos e por me tratarem muito bem, sempre com muito carinho e atengéo.



A técnica do LBBM e amiga Graziéle, por todos 0s momentos que passamos juntas,
por toda paciéncia e cooperacdo. Muito obrigada por tudo!

A Prof2. Dr2 Marcia Regina Cominetti, por ter disponibilizado o Laboratério de Biologia
do Envelhecimento e por sempre ser muito solicita.

Aos Professores Doutores Hernandes Faustino de Carvalho (Unicamp/Campinas) e
Andrei Leitdo (USP/Sao Carlos), pelos esclarecimentos e ensinamentos.

A técnica Roberta do Laboratério Multiusuario de Microscopia Confocal (USP/Ribeiréo
Preto), por sempre nos atender com prontiddo e eficiéncia.

A Prof2. Dr* Monica Rosas da Costa lemma (UNIARA/Araquarara), por sempre me
apoiar, me ajudar e torcer por mim.

A todos do LBBM: Cyntia, Kelli, Leonardo, Sabrina, Vinicius, Uliana, Bruna, Milene,
Carol Bellani, Wanessa, Karolzinha, Antonio, Ana Carol, Anelyse e Julia. Muito obrigada por
fazem parte dessa jornada, de alguma maneira vocés foram muito importantes. Agradego em
especial a Patty e ao Rafael, que se tornaram meus amigos desde o primeiro dia no LBBM.
Obrigada pela amizade, pela cooperagéo e pelo carinho.

As minhas aluninhas de iniciac&o cientifica, Bianca e Tayna. Muito obrigada por me
aceitarem como co-orientadora e pela cooperagéo.

Aos integrantes do Laboratério de Farmacologia e do Laboratério de Biologia do
Envelhecimento. Em especial a Carol Martin, por me ensinar e por abrir as portas da sua casa
gquando eu precisei. Muito obrigada!

Agradeco as Professoras Doutoras Russolina B. Zingali (UFRJ) e Christina Barja-
Fidalgo (UERJ) que possibilitaram a Bolsa CAPES.

A CAPES e a Fapesp pelo auxilio financeiro concedido para realizacdo deste trabalho.

A Deus por me sustentar na fé e por me permitir viver essa experiencia maravilhosa,

a qual me trouxe conhecimentos e amigos.



RESUMO

Angiogénese € o processo de formacao de novos vasos sanguineos a partir de vasos
preexistentes, o qual ocorre tanto em condic¢des fisiologicas quanto patoldgicas. O
equilibrio inadequado entre fatores pro- e anti-angiogénicos pode levar ao
aparecimento de disfuncdes fisiopatologicas, notadamente no desenvolvimento de
tumores e metastases. A integrina av33 € considerada um dos receptores regulatorios
da angiogénese devido ao seu cross-talk com o receptor do fator de crescimento
endotelial vascular 2 (VEGFR2). Compreender como esses componentes interagem
funcionalmente como repressores € de extrema importancia para a identificacdo de
novas estratégias terapéuticas. As desintegrinas sao pequenos peptideos ricos em
cisteina, derivadas do veneno de serpentes, com capacidade de ligarem-se
especificamente as integrinas bloqueando suas fungbes. A DisBa-01, uma
desintegrina recombinante RGD (Arginina - Glicina - Acido aspartico) de Bothrops
alternatus, possui alta afinidade por av33 e exibe propriedades anti-metastaticas e anti-
angiogénicas. Porém, sua interacdo no cross-talk entre a integrina avs e o VEGFR2
e sua acdo sobre as vias de sinalizacdo de tais receptores ainda ndo foram
exploradas. Neste trabalho, apresentamos evidéncias in vitro da associacdo direta
entre DisBa-01 e o complexo avBs/VEGFR2 em células endoteliais umbilicais
humanas. A DisBa-01 inibiu significativamente a viabilidade, a migracédo, a invasao, a
adesdo a vitronectina e tubulogénese, diminuindo assim a resposta angiogénica. O
tratamento com DisBa-01 ndo afetou a expressdo de B3, no entanto, regulou
negativamente a expressao proteica de VEGFR2. A fosforilagdo mediada por VEGF,
de ambos os receptores, foi inibida, promovendo a regulacdo negativa das vias de
sinalizacdo ERK1/2 e PI3K. Além disso, a modulacdo positiva das vias
FAK/Src/Paxillin resultou na reorganizagao do citoesqueleto de actina e na inibicao da
migracao e da adesao celular. Em concluséo, DisBa-01 compromete o cross-talk entre
avBse VEGFR2 em HUVECS, o que interfere nas vias de sinalizacdo de ERK1/2, PI3K,
FAK, Src e Paxillin, resultando em acdo anti-angiogénica e alteragcdes morfoldgicas
celulares. Estes resultados comprovam ainda que a integrina av33 controla a resposta

angiogénica ao VEGF.



ABSTRACT

Angiogenesis, a process by which new capillaries are formed from pre-existing
vasculature, is essential in both physiological and pathological conditions. Inadequate
balance between pro and antiangiogenic factors can contribute to the progression of
tumors and development of metastases. The avf33 integrin is considered an angiogenic
regulatory receptor due to its cross-talk with vascular endothelial growth factor receptor
2 (VEGFR2). Understanding how these components functionally interact as angiogenic
repressors is crucial for the identification of new therapeutic strategies. Disintegrins
comprise a family of low molecular weight, cystein-rich peptides from snake venoms
that specifically bind to integrins, inhibiting their functions. DisBa-01, a recombinant
RGD (Arginine - Glycine - Aspartic acid)-disintegrin from Bothrops alternatus venom,
has high affinity for avBs, exhibiting anti-metastatic and anti-angiogenic properties.
However, its role in the cross-talk between B3 integrin and VEGFR2 in addition to its
involvement in downstream signaling pathways, has not been explored. The present
study has shown in vitro evidences regarding the direct association between DisBa-01
and the B3s/VEGFR2 complex in human umbilical endothelial cells. DisBa-01 inhibited
VEGF-induced viability, migration, invasion, adhesion to vitronectin and tubulogenesis,
thus decreasing the angiogenic response. DisBa-01 treatment did not affect 33
expression, however, it decreased VEGFR2 protein expression. VEGF-mediated
phosphorylation of both receptors was inhibited, causing downregulation of ERK1/2
and PI3K signaling pathways. DisBa-01 positively regulated FAK/Src/Paxillin
downstream signal, affecting actin cytoskeleton reorganization, cell migration and
adhesion. In conclusion, DisBa-01 impairs the Bs/VEGFR2 cross-talk in HUVECS,
which interferes in the signaling pathways of ERK1/2, PI3K, FAK, Src and Paxillin,
resulting in anti-angiogenic action and cellular morphological alterations. Moreover,
these results indicate a strong regulatory role of avBs integrin on VEGF-induced
angiogenesis.
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1. INTRODUCAO

1.1Viséo Geral da Angiogénese

A angiogénese € o processo pelo qual novos vasos se formam a partir de vasos
sanguineos pré-existentes em uma area vascular. O termo foi elaborado ha dois
séculos pelo cirurgido escocés Dr. John Hunter, o qual descreveu a importancia da
formacao de novos vasos para a expanséo de tecidos (HUNTER, 2015). Em 1907, o
professor Goldmann, visualizou uma extensa formacéo de vasos sanguineos durante
a progressao tumoral (GOLDMANN, 1907). Dentre meados dos anos 30 a 70, alguns
autores hipotetizaram que a liberacéo de fatores especificos tumorais e a malignidade
seriam capazes de estimular o crescimento de vasos e concluiram que o crescimento
tumoral poderia estar intimamente correlacionado com o desenvolvimento de uma
rede intrinseca vascular (ALGIRE GH, CHALKLEY HW, 1945; GREENBLATT,;
PHILIPPE, 1968; IDE AG, WARREN SL., 1939; YANG et al., 2017). Em 1971, Folkman
e colaboradores forneceram as primeiras evidéncias da dependéncia do crescimento
tumoral na neovascularizacdo, além de postularem que a inibicdo da angiogénese
poderia ser terapéutica (FOLKMAN, 1971; RIBATTI, 2008). Desde entao, informacdes
intrigantes foram obtidas sobre os mecanismos moleculares da modulacdo da

angiogénese em processos fisioldgicos e patoldgicos.

Os vasos sanguineos surgiram evolutivamente para fornecerem nutrientes,
oxigénio e outras moléculas, bem como sangue e células imunes a todos os tecidos
do organismo. A formacdo dos vasos sanguineos ocorre por dois mecanismos
diferentes, a vasculogénese e a angiogénese. Na sua forma de realizacdo mais
simples, o processo de desenvolvimento vascular envolve 0s seguintes passos:
formacdo; estabilizacdo; ramificacdo, remodelacdo e poda; e especializacdo dos
vasos (JAIN, 2003).

Durante o desenvolvimento embrionario, os componentes vasculares sao
formados por meio da vasculogénese, em que h& a formagédo de um plexo vascular
primario de origem mesodérmica por progenitores endoteliais, chamados angioblastos
(RISAU, 1997). Os angioblastos se diferenciam em células endoteliais (CEs) que se
agregam para formar vasos primitivos como tubos endoteliais sem cobertura celular

gue, subsequentemente, formam uma rede de capilares maduros por brotamento
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(angiogénese germinativa) ou intussuscepcdo (angiogénese nao-germinativa)
(POTENTE; GERHARDT; CARMELIET, 2011; RISAU, 1997).

A angiogénese germinativa inicia-se com a dissolu¢do da membrana basal e o
consequente descolamento do capilar de células associadas com as paredes dos
vasos sanguineos, denominadas pericitos. Em seguida, as CEs migram para o espaco
extracelular dando origem a um broto endotelial e proliferam formando um Iimen que
se entrelaca a outro vaso. Em uma etapa final, os pericitos sao recrutados para o novo
vaso e a membrana basal é formada (FIGURA 1a) (CARMELIET; JAIN, 2011).

A intussuscepcdo, processo em que um Unico capilar se divide
longitudinalmente em dois pela formacdo de um septo, é responsavel pela
remodelacdo vascular. As células endoteliais de lados opostos do vaso se estendem
intraluminalmente até entrarem em contato formando um septo, levando ao
surgimento de dois vasos (FIGURA 1c). Este processo ocorre quando o sistema
capilar se expande “dentro dele mesmo” como, por exemplo, no crescimento
intersticial no tecido cartilaginoso (CARMELIET; JAIN, 2011; ZECCHIN et al., 2017).

Existe outro mecanismo de formacdo de vasos sanguineos, o qual esta
relacionado tanto com o reparo de vasos adultos quanto a expansdo de vasos
patolégicos, sendo auxiliado pelo recrutamento de células derivadas da medula 6ssea
(BMDCs) e/ou células progenitoras endoteliais da parede vascular (EPCs), as quais
séo incorporadas no revestimento endotelial e se diferenciam em CEs (FIGURA 1b)
(ZECCHIN et al., 2017).
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FIGURA 1 - Mecanismos de formacéo de vasos sanguineos

a Vasculogenesis b Sprouting angiogenesis

3

. - Pericyte Tip cell
A " ] )
Ly . EPCs dfferentiate

& 'r L—“ “ into endothelial cells
i -,

Endothelial cell Bassal
membrane

Fonte: CARMELIET; JAIN, 2011

A formacdo de vasos pode ocorrer através da angiogénese germinativa (a); pela vasculogénese,
processo no qual ocorre o recrutamento de células progenitoras endoteliais (EPCs) derivadas da
medula 6ssea e/ou residentes na parede vascular, as quais se diferenciam em células endoteliais (CEs)
(b); ou por diviséo de brotamentos, processo conhecido como intussuscepc¢éo (c).

Apbs a formacédo dos vasos, ha o processo de maturacdo e especializacdo, o
qual é determinado pelo crescimento, ramificacdo e poda de seus diferentes
seguimentos por fatores intra e extra luminais angiogénicos e componentes da
membrana basal e da matriz extracelular (MEC) (JAIN, 2003; POTENTE;

GERHARDT; CARMELIET, 2011; RISAU, 1997).

O processo angiogénico é regulado por fatores estimuladores e inibidores
(TABELA 1). Os fatores pro-angiogénicos participam do controle da formacdo de um
novo capilar, e incluem os fatores de crescimento, as moléculas de adesé&o celular, os
sinais de diferenciacdo, os quimiotaxicos e as enzimas proteoliticas (CARMELIET,
2003; CARMELIET; JAIN, 2011; KLAGSBRUN, 1991). Os inibidores fornecem
equilibrio para manter as células endoteliais inativas, porém altamente responsivas
para sinais anulatérios, que quando ativados, podem levar a uma resposta

angiogénica deletéria. Os inibidores agem atenuando ou bloqueando a proliferacéo, a



20

transducdo de sinais, a migracdo e a sobrevida celular (CARMELIET; JAIN, 2011;
KLAGSBRUN, 1991).

TABELA 1 - Fatores angiogénicos

Nome Angiogénese EC - EC -
migracao proliferacéo
FGF* + i +
VEGF/VPF* + + +
PDGF* + + +
TGF-ao* + + +
Angiogenina + 0 0
Angiotroponina + + 0
TGF-B* + - -
TNF-a* + -
Interferon-y - - -
Protamina - Nd -

Fonte: KLAGSBRUN, 1991; POTENTE; GERHARDT,; CARMELIET, 2011

Abreviacdes: + = ativador; 0 = ndo; - inibidor; nd = ndo determinado; CE = célula endotelial; *FGF=
Fator de crescimento de fibroblastos; *VEGF/VPF = Fator de crescimento endotelial vascular/Fator de
permeabilidade vascular; *PDGF = Fator de crescimento derivado de plaquetas; *TGF-a/p = Fator de
crescimento transformador alfa/beta; *TNF-a = Fator de necrose tumoral alfa.

Em humanos adultos, os vasos saudaveis estabelecidos sédo revestidos por
uma unica monocamada de CEs quiescentes e estimulos como isquemia (privacao
de nutrientes), hipdxia (privacdo de oxigénio) e/ou lesdo tecidual (inflamacédo) sao
capazes de mudar rapidamente o perfil dessas células para um estado
proliferativo/angiogénico (FOLKMAN, 2007a; JAIN, 2003). A angiogénese e a
maturacdo dos vasos contribuem para diversos processos fisioldgicos, incluindo
cicatrizacdo de feridas, ciclo reprodutivo, formacao da placenta e maturacdo ocular
(FOLKMAN, 2007a).

Em situacdes patoldgicas, o crescimento dos vasos é desregulado e contribui
para diversas desordens, tais como crescimento tumoral, metastases e doencas
inflamatérias, como retinopatia diabética, artrite reumatoide, aterosclerose,
endometriose, doenca de Crohn, psoriase, dentre outras (CARMELIET, 2003;
FOLKMAN, 1995a, 2007b). Em contrapartida, o crescimento insuficiente e a regressao
anormal de vasos podem causar isquemia cardiaca e cerebral, neurodegeneragéo,
hipertenséo, pré-eclampsia e osteoporose (CARMELIET, 2003; FOLKMAN, 1995a,
2007b).
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1.2 Angiogénese tumoral

O céancer tem a capacidade de se espalhar para 6rgdos adjacentes ou
distantes, 0 que torna a sua presenca um alto risco para a vida. As células tumorais
podem penetrar vasos sanguineos ou linfaticos, circular através do fluxo intravascular
e proliferar em outro local por um processo denominado metastase (FOLKMAN,
2003). O fendtipo angiogénico dos tumores é regulado pelo microambiente tumoral, o
qual é composto por uma variedade de tipos celulares e moléculas que influenciam a
resposta angiogénica (DE PALMA; BIZIATO; PETROVA, 2017; WEIS; CHERESH,
2011a).

Uma vez que uma lesdo tumoral exceda alguns milimetros de diametro, a
hipéxia e a isquemia desencadeiam a producédo de fatores pré-angiogénicos para
permitir que o tumor progrida. As células tumorais exploram seu microambiente
liberando citocinas e fatores de crescimento e ativam CEs quiescentes, as quais
iniciam uma cascata de eventos que, rapidamente, se torna desregulada (FOLKMAN,
2002; SIA et al., 2014).

Embora a indugdo da angiogénese possa inicialmente fornecer ao tumor mais
oxigénio e nutrientes, a resposta final € ruim, pois 0s vasos sanguineos dos tumores
sdo desorganizados, disfuncionais e com desenvolvimento anormal. A vasculatura
tumoral ndo possui a hierarquia organizada de um leito vascular normal, e
compreende uma rede cadtica de vasos estrutural e funcionalmente defeituosos. Além
disso, os vasos tumorais sdo vazados, tortuosos e possuem um Iimen irregular.
Portanto, o fluxo sanguineo € arbitrario e lento com ma perfuséo, o que, juntamente
com uma barreira endotelial com vazamento, promove 0 escape metastatico das
células cancerigenas (ROHLENOVA et al., 2017; WEIS; CHERESH, 2005).

Durante a angiogénese tumoral, os fatores de crescimento estimulam o
surgimento e a proliferacdo de CEs, enquanto os locais de lamina basal, expostos
durante o vazamento vascular, recrutam e ativam plaquetas que liberam fatores
angiogénicos e de permeabilidade para aumentar a resposta local. Quantidades
aumentadas do fator de crescimento derivado de plaquetas (PDGF) recrutam e ativam

células perivasculares, as quais ndo fornecem vasos maduros e estaveis devido aos
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sinais estimulatérios persistentes do microambiente tumoral (FIGURA 2) (HELDIN;
HELLBERG; OSTMAN, 2010; WEIS; CHERESH, 2005).

7

A resposta de remodelacédo do vaso é impulsionada pelo recrutamento de
fibroblastos associados a tumores, que depositam de forma anormal proteinas da
MEC e liberam fatores estimuladores. As metaloproteinases de matriz (MMPSs) clivam
e remodelam a MEC para formar fragmentos ou expor epitopos previamente ocultos
e as células inflamatorias se movem para essa “ferida”, liberando fatores que modulam
negativamente a resposta angiogénica (FIGURA 2) (ELICEIRI; CHERESH, 1999;
WEIS; CHERESH, 2011).

Figura 2. O microambiente tumoral favorece o crescimento dos vasos sanguineos.
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Fonte: FOLKMAN, 2007c

Eventos ambientais ou genéticos transformam células epiteliais normais em células tumorais. A hipéxia
e a privacdo de nutrientes desencadeiam a angiogénese. As células tumorais liberam fatores de
crescimento sollaveis, quimiocinas e citocinas, que criam um gradiente de concentracao acarretando
na proliferacdo de células endoteliais anteriormente quiescentes e no surgimento de vasos sanguineos
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vizinhos. Esses sinais também recrutam fibroblastos, os quais depositam um repertério de proteinas e
enzimas da MEC na tentativa de remodelar e reparar o local. Este microambiente continuamente evolui
a medida que o tumor se desenvolve, criando focos localizados de hipoxia, inflamacéo e renovagédo da
MEC, afetando assim o crescimento, a remodelacdo e a maturagéo dos vasos sanguineos.

1.3Familia VEGF

Desde a descoberta de que o desenvolvimento do cancer requer o crescimento
de novos vasos sanguineos, muitas moléculas foram relacionadas a este evento como
reguladores da angiogénese, sendo o VEGF a mais importante dentre elas
(FERRARA; GERBER; LECOUTER, 2003a). O VEGF é um poderoso agente
angiogénico em tecidos neoplasicos, bem como em tecidos normais. Sob a influéncia
de certas citocinas e outros fatores de crescimento, membros da familia VEGF
aparecem no tecido tumoral e no estroma adjacente e desempenham funcéo
importante na neovascularizacdo (FOLKMAN, 1995a, 1995b, 2003). A expresséao de
VEGF e de seu receptor € induzida por hipdxia através do fator induzido por hipdxia 1
alfa (HIF-1a). Ao obterem nutrientes dos novos vasos sanguineos, as células tumorais
produzem mais VEGF, secretando-o0 no tecido circundante (FERRARA; GERBER,;
LECOUTER, 2003b)

Nos mamiferos, existem cinco tipos de VEGF: VEGF (ou VEGFA), VEGFB,
VEGFC, VEGFD, VEGFE e fator de crescimento placentario (PIGF). Dentre eles,
VEGFA, VEGFB, VEGFC e VEGFE promovem a neovascularizacdo, enguanto
VEGFC e VEGFD estéo envolvidos na linfangiogénese (FERRARA et al.,, 1992;
NISHIDA et al., 2006). Os VEGFs se ligam com especificidade a trés receptores
endoteliais tirosina-quinases (RTKs), conhecidos como VEGFR1, 2 e 3, bem como a
co-receptores, incluindo neuropilinas 1 e 2 (NRP1 e NRP2) e proteoglicanos de
heparan sulfato (FIGURA 3). Além disso, algumas formas de VEGFs podem se ligar
a componentes da MEC e a algumas integrinas (FERRARA; GERBER; LECOUTER,
2003a; ROSKOSKI, 2008).

O VEGFA também conhecido como VEGF/Fator de permeabilidade vascular
(VPF) é uma glicoproteina ligante de heparina que ocorre em pelo menos seis
isoformas moleculares, as quais consistem de 121, 145, 165, 183, 189 e 206
aminoacidos (FERRARA et al., 1992; GERBER et al., 1998). O VEGF é um mitégeno
potente e muito especifico para CEs. Ele se liga a dois RTKs, VEGFR1 e VEGFR2, e
em NRP1 e NRP2, estimulando a cascata completa de eventos intracelulares
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necessarios para a angiogénese, sendo superexpresso em uma variedade de tumores
(DVORAK, 2002; FERRARA; GERBER; LECOUTER, 2003a). O VEGF é produzido
como uma proteina pré-angiogénica ou anti-angiogénica, dependendo da escolha do
local de splicing no oitavo exon. A selecédo do local de splicing proximal no exon 8
origina isoformas pro-angiogénicas, tais como o VEGF165, e a selecédo do local de
splicing distal resulta em isoformas anti-angiogénicas, tais como VEGF165b (NOWAK
et al., 2010). Por ser secretado pela maioria das células e tecidos animais e por
desencadear respostas biolégicas importantes e distintas nas células endoteliais, o
VEGFA é notavelmente o mais estudado dentre as multiplas isoformas do VEGF
(FIGURA 3) (SMITH et al., 2015).

O VEGFB existe em duas isoformas proteicas, VEGF-Bis7 € VEGF-Baiss, € liga-
se especificamente ao VEGFR1. Ele pode formar um heterodimero com o VEGFA,
alterando a interacdo com seus receptores biologicos e modificando seus efeitos
fisiologicos normais. Embora o VEGFB seja amplamente expresso no coracao,
musculo esquelético e células vasculares, sua funcéo biologica permanece incerta.
Os niveis de VEGFB aumentam tanto durante o desenvolvimento embrionario quanto
ap0s o0 nhascimento, correlacionando-se estreitamente com a progressao da
angiogénese cardiaca (FIGURA 3) (OLSSON et al., 2006; SMITH et al., 2015).

O VEGFC tem uma forma madura que possui um dominio de homologia ao
VEGFA, sendo 30% idéntico a sequéncia de aminoacidos do VEGF1es. Sua expressao
parece estar restrita ao desenvolvimento inicial e a certas configuracdes patoldgicas,
como a angiogénese tumoral e a linfangiogénese (FIGURA 3) (FERRARA; GERBER,;
LECOUTER, 2003a; TOIl; MATSUMOTO; BANDO, 2001).

O VEGFD é conhecido como o fator de crescimento induzido por c-FOS (FIGF),
e sua forma madura possui 61% de identidade com a sequéncia de aminoacidos do
VEGFC, o que permite que ambos se liguem aos mesmos receptores (VEGFR2 e 3)
nas células endoteliais humanas. Ao interagirem e ativarem o VEGFR3, VEGFC e
VEGFD regulam a linfangiogénese, bem como a angiogénese nos estagios
intermediarios da embriogénese (FIGURA 3) (NISHIDA et al., 2006).

Com relacédo ao VEGFE (ou fator codificado por virus orf), sua interagdo com

seu receptor promove a proliferacdo de células endoteliais. Existe uma sobreposi¢ao
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significativa entre o sitio de ligacdo de VEGFA e VEGFE no VEGFR2, sugerindo uma
alianca das duas moléculas na resposta final da angiogénese ou, alternativamente,

uma relagédo antagonica entre esses dois fatores (FIGURA 3) (HOEBEN et al., 2004a,;

NISHIDA et al., 2006).

FIGURA 3 - Familia VEGF e seus receptores
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Fonte: ZACHARY, 2003

A familia VEGF compreende os fatores de crescimento placentario 1 e 2, e os VEGFs A, B, C,D e E.
Os VEGFs C e D séao ligantes para o VEGFR3, o qual é predominantemente superexpresso no
endotélio linfatico; enquanto que o VEGFA, é tido como o principal responsavel por desencadear as
respostas angiogénicas. Fltl (VEGFR1) e KDR (VEGFR2), RTKs que reconhecem especificamente o
VEGFA, possuem um dominio extracelular contendo sete loops semelhantes a Ig-like (ovais
vermelhos), um unico dominio hidrofébico que permeia a membrana e um dominio citoplasmatico (ovais
amarelos). VEGFs C, D e E também se ligam ao VEGFR2, enquanto PIGF e VEGFB ligam-se apenas
ao VEGFRL1. Flt4 (VEGFR3) é um receptor especifico para os VEGFs C e D.

1.4Sinalizagédo VEGF/VEGFR

Trés receptores de tirosina quinase para VEGF foram identificados: a tirosina
quinase fms-like Flt-1 (VEGFR1/Flt-1); a regido do dominio quinase, também
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conhecida como quinase hepética fetal (VEGFR2/KDR/Flk-1) e Flt-4 (VEGFRS3)
(CLAESSON-WELSH, 2016). Cada receptor possui um dominio extracelular com
aproximadamente 750 aminoacidos, que é organizado em 7 loops semelhantes a
imunoglobulinas (Ig-like), um Unico segmento transmembrana, um dominio proteina-
tirosina-quinase intracelular que contém uma insercdo de cerca de 70 residuos de
aminoéacidos e uma cauda carboxiterminal (FIGURA 3) (ROSKOSKI, 2008).

A sinalizacdo VEGFA/VEGFR2 ¢é especifica para respostas celulares
envolvidas na angiogénese (ROSKOSKI, 2008). A ligacdo do VEGF ao VEGFR2
resulta na auto-fosforilagdo de residuos de tirosina no dominio citoplasmatico do
receptor, entre eles, o pTyr801, que regula a fosforilagdo de Tyrl054 e Tyr1059,
aumentando a atividade de quinase do receptor (SIMONS; GORDON; CLAESSON-
WELSH, 2016).

A auto-fosforilagdo do VEGFR2 leva ao recrutamento de moléculas tais como,
fosfatidilinositol 3-quinase (PI3-quinase ou PI3K), proteina quinase B (AKT), quinases
reguladas por sinais extracelulares 1 e 2 (ERK 1/2), proteina adaptadora de tirosina
guinase (NCK), proteina adaptadora relacionada a Shc (SCK), fosfolipase C-y (PLC-
Y), proteina quinase C (PKC), proteina quinase ativada por mitégeno p38 (p38MAPK),
quinase de adeséo (FAK), Ras-relacionada ao substrato C3 da toxina botulinica 1
(RAC), GTPases RHO e proteina alvo da rapamicina em mamiferos (mTOR), as quais
interagem entre si e induzem o downstream da sinalizacdo angiogénica (FIGURA 4)
(HOEBEN et al., 2004).

A estimulacédo de fatores de crescimento muitas vezes depende da adesédo
mediada por integrinas a proteinas da MEC. Essa rede de sinalizacdo compreende
moddulos sincronizados que regulam a proliferacdo, migracao, sobrevivéncia, anti-
apoptose e permeabilidade vascular das CEs (HOEBEN et al., 2004; SIMONS;
GORDON; CLAESSON-WELSH, 2016).
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FIGURA 4 - Transducéo de sinal do VEGFR
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A ligacdo do VEGF ao VEGFR2 causa dimerizacdo e autofosforilagdo do receptor. As vias de
transducéo de sinais séo ativadas, levando ao aumento da proliferacdo, sobrevivéncia, permeabilidade
e migracéo das CEs.

1.5Matriz extracelular e integrinas

A MEC é uma estrutura que se situa entre as células e fornece o suporte para
a arquitetura celular e para a organizacao do tecido, sendo constituida por diversos
componentes  moleculares, tais como: glicoproteinas, proteoglicanos,

glicosaminoglicanos e colageno (HYNES; NABA, 2012).

Ela fornece um suporte essencial para manter a organizacdo das CEs nos
vasos sanguineos, principalmente pela ligacdo com integrinas presentes na superficie
celular. Os mecanismos especificos pelos quais a MEC suporta as funcfes das CEs

séo complexos e envolvem a sustentacao estrutural externa e a regulacéo de multiplas
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vias de sinalizacdo intracelular, as quais controlam a apoptose, a proliferacéo, o
citoesqueleto e a morfologia celular (DAVIS; SENGER, 2005).

A composicao, a topografia e a densidade de ligantes da MEC vascular e
intersticial se tornam alteradas em tumores que séo, frequentemente, rodeados por
uma matriz com elevadas concentra¢des de colageno e constituida por uma variedade
de componentes que regulam a cascata angiogénica (DE PALMA; BIZIATO;
PETROVA, 2017; WEIS; CHERESH, 2011a). A angiogénese tumoral é altamente
dependente da ruptura da MEC, da capacidade migratéria das CEs e de sua adesao
as integrinas (DE PALMA; BIZIATO; PETROVA, 2017).

As integrinas sdo receptores heterodiméricos de membrana compostos por
uma subunidade a e uma subunidade B (HYNES, 2002a). As subunidades formam,
no total, 24 heterodimeros funcionais, combinados a partir de 18 subunidades a e 8
subunidades B (FIGURA 5) (HYNES, 2002b). As interacdes de adesédo celular por
meio das integrinas possuem papéis fundamentais na regulacéo de multiplos aspectos
da fisiologia celular, incluindo proliferacdo, viabilidade, diferenciacdo e migracao
(HYNES, 1987, 2002b).

Cada heterodimero consiste em um grande dominio extracelular, um dominio
transmembrana e uma regido citoplasmatica intracelular geralmente curta (HYNES,
2002a). Os dominios extracelulares se ligam a uma grande variedade de ligantes da
MEC, tais como colageno, fibronectina, vitronectina, laminina e receptores celulares,
como a molécula de adesao celular vascular-1 (VCAM-1) e a familia de moléculas de
adesdao celular (ICAM). Seus dominios citoplasmaticos intracelulares se ancoram as
proteinas do citoesqueleto (HYNES, 2002b).

As integrinas podem ser divididas em quatro grupos diferentes: (1) receptores
especificos de leucdcitos, (2) de colageno, (3) de laminina e (4) de Arginina-Glicina-
Aspartato (RGD) (FIGURA 5) (HYNES, 1987, 2002a, 2002b). Por meio destes
receptores de membrana, o exterior e o interior celular estdo fisicamente ligados, 0
gue permite a transmisséo bidirecional de sinais mecéanicos e bioquimicos através da
membrana plasmatica, levando a uma regulacdo cooperativa das funcfes celulares
(GUERRERO; MCCARTY, 2017; HYNES, 2002b)
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FIGURA 5 - Integrinas
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A figura retrata a associagdo entre as 8 subunidades B e as 18 subunidades a das integrinas, as quais
formam 24 heterodimeros funcionais que podem ser divididos, de acordo com seus respectivos
ligantes, em quatro grupos: receptores especificos de leucécitos, de colageno, de laminina e de RGD.

A maioria das integrinas € encontrada na superficie celular em um estado
inativo ou “OFF”, estando normalmente ligadas a moléculas de baixa afinidade, as
quais ndo desencadeiam sinalizacdo. Durante esse estado, elas permanecem
dobradas e suas subunidades associadas na regido citoplasmética. As integrinas sédo
ativadas por meio de sinalizacdes ‘“inside-out” (de dentro para fora) e/ou “outside-in”
(de fora para dentro) (FIGURA 6) (ROCHA et al., 2017).

A sinalizacao “inside-out” baseia-se na acdo de uma proteina talina que se liga
diretamente a cauda citoplasmatica da subunidade (3, interrompendo a sua ligacéo
com a subunidade a, provocando uma alteragdo conformacional no dominio
citoplasmatico da integrina que se propaga para o dominio extracelular, aumentando
o estado de afinidade ao ligante (FIGURA 6) (ATA; ANTONESCU, 2017; SHEN;
DELANEY; DU, 2012). Este tipo de sinalizag&o esta diretamente envolvido na adeséo
e permite a transmissdo das forcas necessarias a migracdo celular e ao
remodelamento da MEC (ROCHA et al., 2017).
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A sinalizacdo “outside-in” €& observada sob ativacdo de receptores
transmembrana (por exemplo, interacbes com o VEGFR2) e principalmente com
componentes da MEC; e resulta em alteracbes nas caudas citoplasmaticas,
possibilitando a ativagéo da integrina (FIGURA 6) (GUERRERO; MCCARTY, 2018;
SRICHAI; ZENT, 2010).

Uma vez que a ligacdo a uma proteina especifica da matriz ocorre, ha ativacao
e clusterizacao das integrinas, as quais ativam as vias de sinalizagdo FAK, quinases
da familia Src, GTPases da familia Rho, ERK1/2 e MAPK, resultando em alteracdes
no comportamento celular (FIGURA 6) (MIRANTI; BRUGGE, 2002). Esses
mecanismos de sinalizacdo podem determinar se uma célula estd em um
microambiente apropriado e, consequentemente, podem afetar a sobrevivéncia,
migracao e invasao celular (HYNES, 2002b; MIRANTI; BRUGGE, 2002).

FIGURA 6 — Integrinas em seus estados inativo e ativo

a : b 1 C
Inactive ! Active : Active Extrinsic ligand
(bent) ¢ (extended) ! (Clustered) “Outside-in"
: ; (collagen, laminin, fibronectin)

*Lsalt bridge: ¢ -——%
) . )

\. kindlin Talin kindlin
@ PIPKly : vinculin a-actinin
In}rnnsnc !'ga?d FAK Cas Src paxillin
talin Inside’out LK
(talin, kindlins)

((Assembiy o the actin cytoskeleton ) A» (Activation of signaiing pathways )

Fonte: SRICHAI; ZENT, 2010

Integrinas em seu estado de repouso inativo e ndo ligado (a). Neste estado, as integrinas estdo em
uma conformacéo curva e as regides transmembrana e citoplasmatica estao intimamente associadas.
Uma vez ativada por talinas, ocorre a separacao das subunidades citoplasmaticas e transmembrana e
h& extensdo dos dominios extracelulares das integrinas (b). Quando as integrinas ativadas interagem
com o ligante, elas se agrupam na membrana plasmatica. O agrupamento é necessario para enviar
sinais intracelulares para formacao de aderéncias focais estreitas (FA), importantes para a montagem
do citoesqueleto de actina e para a ativacéo de outros sinais que controlam diversas func¢des celulares

()
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1.6 Fung¢des da integrina avBs na angiogénese

Estudos in vitro e in vivo mostram um grande numero de integrinas envolvidas
na regulacdo da angiogénese, tais como a1f1, 021, a4P1, asPi, asP1, asP4, a9f1, avPs
e avBs (AVRAAMIDES et al., 2008).

A integrina avBs possui um sitio de reconhecimento de sequéncias de
tripeptideos RGD, que facilita sua interacdo com uma grande variedade de moléculas
da MEC, incluindo vitronectina, fibronectina, fibrinogénio, fator von Willebrand, e
formas hidrolizadas de colageno e laminina (HYNES, 1987, 2002b). Muitas integrinas
sdo ubiqguamente expressas em tecidos adultos; no entanto, a integrina avBs €
abundantemente expressa em células endoteliais angiogénicas em remodelamento e
em tecidos patoldgicos (BROOKS et al., 1994; BROOKS; CLARK; CHERESH, 1994).

O desenvolvimento de anticorpos blogueadores e antagonistas da funcao das
integrinas revelou que esses agentes apresentam efeitos preferenciais em certos
modelos patologicos e que vias angiogénicas tumorais requerem a presenca de avf3s
(TUCKER, 2006; WEIS; CHERESH, 2011b).

A avB33 promove vias distintas de angiogénese tumoral, dentre elas a induzida
pelo fator basico de crescimento de fibroblastos (bFGF), pelo TNF-a e/ou pelo VEGF
(WEIS; CHERESH, 2011a). A Bsconduz a ativacao das vias Ras/Raf/MEK/Erk, FAK,
Src e p21 (PAK) nos vasos sanguineos e desencadeia a adesao, proliferagéo, invasao
e remodelamento das CEs (FIGURA 7) (TUCKER, 2006; WEIS; CHERESH, 2011b).
Além disso, a avBs participa do recrutamento de células inflamatorias para os locais
de angiogénese e remodelacao, e auxilia no estabelecimento do nicho pré-metastéatico
(FIGURA 7) (AVRAAMIDES et al., 2008; WEIS; CHERESH, 2011).

Como as vias de sinalizacéo das integrinas podem influenciar o comportamento
de mudltiplos tipos celulares envolvidos na angiogénese e no cancer, o direcionamento
seletivo da adesédo e sinalizacdo mediada pela avBs representa uma estratégia
terapéutica promissora e atrativa (WEIS; CHERESH, 2011).
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FIGURA 7 - ayB3 promove vias distintas de angiogénese tumoral
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A angiogénese tumoral é dependente da acéo da integrina av33 devido aos seus efeitos sobre a adeséo,
proliferacéo, invasdo e remodelamento de ECs.

1.7 Cross-talk entre avBs e VEGFR2

O cross-talk entre os receptores de VEGF e as integrinas € crucial para varias
funcdes celulares. Nas células endoteliais, a interacdo entre avps e VEGFR2 é
particularmente importante durante a vascularizagdo (SOMANATH; CIOCEA,;
BYZOVA, 2009; SOMANATH; MALININ; BYZOVA, 2009). Evidéncias sugerem que as
integrinas asPi, asB1 € avBs se ligam diretamente a varios fatores de crescimento e
interagirem com diversas isoformas de VEGF. Além disso, varios receptores de
fatores de crescimento podem ser estimulados por meio de sua interagdo com
integrinas, mesmo na auséncia da sinalizagdo direta do fator de crescimento
(SOMANATH; CIOCEA; BYZOVA, 2009; SOMANATH; MALININ; BYZOVA, 2009).

A associacao de avBs com VEGFR2 promove a ativacdo completa de cada
receptor, levando a angiogénese maxima em resposta ao VEGF. Estudos iniciais

mostraram aumento da fosforilagdo de VEGFR2 em CEs aderidas em ligantes de a3,
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tais como vitronectina e fibrinogénio, e que células em suspensdo ou aderidas ao
colageno exibiram uma fosforilacdo deficiente de VEGFR2 em resposta ao VEGF
(MAHABELESHWAR et al., 2008; SOLDI et al., 1999).

A cooperagéao entre av3s e VEGFR2 é de natureza reciproca: a ativagdo de um
componente leva ao aumento do outro (FIGURA 8) (SOMANATH; MALININ; BYZOVA,
2009). Anticorpos bloqueadores de avBs inibiram a fosforilagdo de VEGFR2, indicando
que a fosforilagdo deste receptor € dependente de avBs. Outros estudos também
mostraram que ha uma conexdo de sinalizacéo sinérgica entre VEGFR2 e avps em
CEs primarias. Esta cooperacédo se fez necessaria para a fosforilagdo completa do
VEGFR2 e para a ativagdo de vias de motilidade celular, tais como FAK e Src
(FIGURA 8) (MAHABELESHWAR et al., 2007, 2008; SOLDI et al., 1999).
Similarmente, inibidores especificos de VEGFR2 inibiram a formacdo de complexos
entre este receptor e a integrina s, impedindo a ativacdo de avf3s
(MAHABELESHWAR et al., 2007)

FIGURA 8 - a,Bs/VEGFR2 cross-talk
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Possiveis mecanismos responsaveis pela formacdo do complexo entre 0 VEGFR2 e a avfs na superficie
das células endoteliais e as consequéncias funcionais dessa conexao.

As interacOes ativas entre avfs e VEGFR2 também foram observadas in vivo.

A imunocoloracdo de tumores, bem como de tecidos isquémicos, revelou a
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colocalizagdo do VEGFR2 com avBs nos vasos sanguineos. Estudos usando
camundongos knock-in, os quais expressam a integrina 3 com dois residuos de
tirosina mutados para fenilalaninas (camundongos DiYF), indicaram que a ativacao de
av3s estimulada por VEGF e FGF foi prejudicada na auséncia dessas tirosinas. Estes
defeitos resultaram em angiogénese tumoral e em cicatrizacdo comprometida
(BYZOVA et al., 2002, 2000; MAHABELESHWAR et al., 2007).

Estas pesquisas demonstraram interconexdes funcionais entre av3z e VEGFR2
gue resultam na regulacéo positiva da atividade induzida pelo ligante do receptor
tirosina quinase 2 pelo acoplamento da integrina, indicando que a compreensao do
direcionamento do cross-talk pode contribuir para a eficacia das atuais estratégias

anti-angiogénicas.

1.8Terapia anti-angiogénica tumoral
1.8.1 Agentes anti-VEGF

O VEGF é superexpresso na grande maioria dos tumores solidos e é
amplamente considerado um dos principais intervenientes na mediacdo da
angiogénese tumoral. Por esse motivo, nas ultimas décadas, o desenvolvimento do
tratamento anti-angiogénico foi predominantemente focado nos inibidores de VEGF
(RAMJIAWAN; GRIFFIOEN; DUDA, 2017).

O grupo do Dr. Napoleone Ferrara (Genentech, California) projetou e
desenvolveu o primeiro inibidor anti-angiogénico, o Bevacizumab, um anticorpo
recombinante monoclonal humanizado blogueador de VEGF-A (FERRARA; HILLAN;
NOVOTNY, 2005; FERRARA; KERBEL, 2005). A administracdo intravenosa de
Bevacizumab depleta os niveis de VEGF na corrente sanguinea, o que inibe a sua
interacdo entre os receptores (WILLETT et al., 2009). Em um ensaio clinico inicial de
fase lll, o Bevacizumab n&do melhorou a sobrevida nem diminuiu a progresséo tumoral
guando associado a quimioterapia no cancer de mama, melanoma, pancreas e
prostata (CORRIE et al., 2014; MILLER et al., 2005), mas foi capaz de aumentar a
sobrevida global dos pacientes e/ou a sobrevida livre de progressdo tumoral nos
canceres colorretal metastatico, pulmonar, ovariano, endometrial e cervical
(KABBINAVAR, 2003; RAMJIAWAN; GRIFFIOEN; DUDA, 2017). A combinacao de

Bevacizumab com a imunoterapia de interferon alfa (IFN-a) prolongou a sobrevida dos
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pacientes, diminuindo a progressao tumoral, sendo este tratamento considerado o
padrao atual no carcinoma metastatico de células renais (ESCUDIER et al., 2016; RINI
et al., 2010).

Outros compostos foram desenvolvidos como inibidores de angiogénese que
visam a atividade dos receptores de VEGF, a fim de suprimir a proliferacao endotelial
e interromper o suprimento vascular de nutrientes e oxigénio. Dentre eles estéo os
inibidores de tirosina quinase (TKI) e os anticorpos monoclonais. Alguns desses
inibidores foram aprovados em ensaios de fase Ill como monoterapia ou coadjuvante
quimioterapico para tratamento de diversos tipos de céancer, e incluem: Sorafenib,
Sunitinib, Axitinib, Regorafenib, Pazopanib, Vandetanib, Cabozantinib e Lenvatinib
como inibidores TKI e Ramucirumabe como anticorpo monoclonal (RAMJIAWAN;
GRIFFIOEN; DUDA, 2017).

Embora varios outros ensaios clinicos de fase Il ainda estejam em andamento,
a questdo urgente que surge diz respeito a resisténcia adquirida a essa modalidade
de tratamento, pois outros fatores pro-angiogénicos nao sdo bloqueados e a resposta
angiogénica é restabelecida, o que resulta em eficiéncia de 2 a 3 meses de sobrevida
média a terapia anti-VEGF (FIGURA 9) (MAJ; PAPIERNIK; WIETRZYK, 2016;
RAMJIAWAN; GRIFFIOEN; DUDA, 2017).
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FIGURA 9 - Resisténcia a terapia anti-angiogénica
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A resisténcia adquirida a terapia anti-angiogénica pode resultar de alguns mecanismos possiveis:
células cancerigenas produzem multiplos fatores pré-angiogénicos e ativam vias alternativas de
sinalizacdo diferentes de VEGF/VEGFR, recrutando células derivadas de medula 6ssea (MDSCs,
EPCs) e células estromais (fibroblastos associados ao cancer e pericitos) para 0 microambiente.

1.8.2 Inibidores de integrinas

Estudos pré-clinicos sugeriram que 0s antagonistas de varias integrinas
poderiam ser Uuteis para suprimir a angiogénese e 0 crescimento tumoral,
isoladamente ou em combinacdo com a terapéutica atual contra o cancer. Os
antagonistas de integrinas incluem anticorpos blogueadores de funcao, peptideos
sintéticos, pequenas moléculas organicas e desintegrinas (AVRAAMIDES et al., 2008;
WEIS; CHERESH, 2011).

Os anticorpos monoclonais anti-integrina que bloqueiam a funcédo destes
receptores, tém alta afinidade e especificidade e foram bem caracterizados. O
anticorpo anti-avBs LM609 foi o primeiro antagonista de integrina a chegar a clinica,

denominado primeiramente como Vitaxin, apés MEDI-522, e esta atualmente sendo
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desenvolvido pela Astra-Zeneca como Etaracizumab (Abegrin). O Abegrin foi bem
tolerado em ensaios de Fase | (DELBALDO et al., 2008) e embora nenhuma resposta
objetiva tenha sido observada em estudos de Fase Il para melanoma (HERSEY et al.,
2010), este anticorpo esta sendo testado em ensaios clinicos para tumores soélidos,
psoriase e artrite reumatoide. Além disso, o Abegrin® mostrou-se promissor em
modelos pré-clinicos como um ligante de direcionamento para agentes de imagem
molecular (LIU et al., 2011).

Antagonistas peptidicos ciclicos também foram avaliados em ensaios clinicos.
O Cilengitide® foi um dos primeiros farmacos anti-angiogénicos direcionados ao
blogueio da adesao celular a MEC por antagonismo das integrinas avps e asfi. Em
estudos de fase |, pacientes com tumores sélidos avancados foram tratados com
Cilengitide® sem resultados consistentes (HARIHARAN et al., 2007). O Cilengitide®
também foi testado em associacdo com o Cediranib, um inibidor da tirosina quinase
associada ao VEGFR, sendo bem tolerado, mas n&o promovendo mudangas nas
taxas de sobrevida dos pacientes (FRIESS et al.,, 2006; GERSTNER et al., 2015).
Recentemente, 12 pacientes com tumores sélidos foram tratados com Cilengitide®,
obtendo-se resposta positiva parcial ao tratamento, ja que cinco desses pacientes
tiveram a estabilizacdo da progressédo do tumor como melhor resposta (HADDAD et
al., 2017).

No entanto, apos 10 anos de ensaios clinicos com Cilengitide® para diferentes
tipos de tumores, os resultados ainda néo séo favoraveis. Os motivos para a falta de
sucesso podem estar relacionados a determinacdo das doses efetivas e do tempo de
administracdo (ATKINSON et al., 2014; BLANDIN et al., 2015; STERI et al., 2014).
Outra razao diz respeito aos efeitos dose-dependentes opostos, em que baixas doses
de Cilengitide® tém efeito pré-angiogénico e altas doses, efeito anti-angiogénico
(REYNOLDS et al., 2009).

Dentre os inibidores de pequenas moléculas estdo as isoxazolinas, 0s
indazolos dissubstituidos, e os RGD-néo peptidicos (BATT et al., 2000; PITTS et al.,
2000; SWENSON; RAMU; MARKLAND, 2007). Um exemplo desta ultima classe de
antagonistas é o S247, o qual blogueia as integrinas avBs e avBs, dimimuindo o
crescimento tumoral, a angiogénese e as metastases de cancer de célon, prolongando

a sobrevivéncia em um modelo murino ortotopico (REINMUTH et al., 2003).
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Os inibidores de pequenas moléculas organicas, particularmente os farmacos
ativos por via oral, sdo considerados a terapéutica mais rentavel. Entretanto, o
desenvolvimento de inibidores seletivos e de elevada afinidade & integrinas é um
processo lento e ainda ndo possui ensaios clinicos (RAMJIAWAN; GRIFFIOEN;
DUDA, 2017).

1.9 Desintegrinas

As desintegrinas sdo uma familia de proteinas pequenas, ndo enzimaticas e
ricas em cisteinas, encontradas nos venenos das familias de serpentes Viperidae,
Crotalidae, Atractaspididae, Elapidae e Colubridae (MCLANE et al., 2004). A primeira
desintegrina descrita na literatura foi a trigramina, um peptideo-RGD rico em cisteina,
de cadeia Unica, purificada da peconha de Trimeresurus gramineus (HUANG et al.,
1987). A trigamina inibe a adeséo de células de melanoma humano a fibronectina e
ao fibrinogénio (KNUDSEN et al., 1988). Além disso, sua co-administracao in vivo com
células tumorais inibiu marcadamente o crescimento do tumor e a destruicdo 6ssea
(YANG et al., 2005). Devido a esses resultados promissores, varias desintegrinas
passaram a ser identificadas e caracterizadas funcionalmente e estruturalmente,

dando origem a amplas possibilidades de aplicacdes.

Tipicamente, as desintegrinas sdo derivadas de precursores proteoliticamente
processados, denominados de metaloproteases de veneno de serpentes (SVMPS), os
quais séo filogeneticamente relacionados com uma desintegrina e metaloprotease
(ADAMSs) (CALVETE, 2005). Também foi demonstrado que as desintegrinas podem
ocorrer como resultado da sintese de RNAm de codificacdo curta, com base na
biblioteca de cDNA de glandulas de veneno sem o dominio metaloprotease (MP)
(CALVETE et al., 2005).

As SVMPs séo classificadas em trés classes (P-I, P-1l e P-Ill) de acordo com
sua organizacao estrutural. Os membros da classe P-l1 sdo compostos apenas pelo
dominio MP. As proteinas pertencentes a classe P-Il possuem o dominio MP e um
dominio desintegrina adicional, e as proteinas de classe P-Ill possuem o dominio MP,
um dominio desintegrina-simile e um dominio rico em cisteina, este ultimo sendo
substituido, em alguns casos, por um dominio lectina. Além disso, as classes P-Il e P-

[l podem ser subdivididas de acordo com o processamento proteolitico de seus
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dominios e sua capacidade de formar estruturas diméricas (FIGURA 10) (CALVETE
et al., 2005).

FIGURA 10 - Classes de SVMPs
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As SVMPs séo sintetizadas como precursores multimodulares que sofrem diferentes estagios de
processamento. P: pré-dominio, Pro: pr6-dominio, Proteinase: dominio metaloproteinase, S: sequéncia
de amino&cidos entre o dominio catalitico e desintegrina ou desintegrina-simile, Dis: desintegrina, Dis-
Like: dominio desintegrina-simile, Cys-Rich: dominio rico em cisteinas, Lec: dominio ligante de lectina.

Dependendo da classe e do tipo de processamento, as SVMPs originam
diferentes desintegrinas que podem ser estruturalmente divididas em mondémeros,
homodimeros ou heterodimeros. As desintegrinas monoméricas sdo derivadas do
processamento proteolitico da classe P-lla. Elas possuem baixa massa molecular (5-
8 kDa) e contém o motivo adesivo RGD, assim como motivos similares (KGD, MVD,
MGD e WGD). As desintegrinas heterodiméricas sdo processadas a partir de P-lle e
apresentam o motivo MLD. Algumas delas parecem ser formadas por uma subunidade
resultante do processamento proteolitico das SVMPs e outra subunidade obtida a
partir de um produto génico traduzido, o qual representa o dominio desintegrina
(CALVETE et al., 2005; FOX; SERRANO, 2008).

As SVMPs de classe P-lIl ddo origem a proteinas desintegrina-simile, formadas

por um dominio ativo covalentemente ligado e rico em cisteinas. Estas proteinas, com
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massas moleculares em torno de 30 kDa, apresentam o motivo XCD (comumente
D/ECD) substituindo o tripeptideo RGD (CALVETE et al., 2003; FOX; SERRANO,
2008).

As desintegrinas demonstraram ter a capacidade de interagir com integrinas
especificas, inibindo suas fungbes (CALVETE, 2013). Devido a isso, elas também
podem ser classificadas de acordo com as integrinas por quem tém afinidade o que é
determinado pela presenca de um motivo especifico de ligacdo a integrina localizado
em uma alca em gancho na regido C-terminal da desintegrina. Trés classes funcionais
contendo motivos RGD, MLD ou R/KTS foram identificadas (CALVETE et al., 2005).

As desintegrinas RGD constituem a maior e a mais investigada familia de
desintegrinas e inibem as funcgdes fisiolégicas das integrinas asf1, a4f1, asP1, aePu,
o7B1, asPi, avPBi, avBs, awPs e avs (CALVETE, 2013; CALVETE et al., 2003). Ja o
motivo MLD é encontrado apenas em desintegrinas heterodiméricas e medeia a
ligacdo as integrinas asPi, a4P1, asPi, aeP1, azB1, asB1, aupPs € asf7. Motivos KTS ou
RTS no sitio ativo, por sua vez, direcionam seletivamente a atividade das
desintegrinas para com a integrina aif31, um receptor de colageno. Estruturalmente,
as desintegrinas R/KTS sdo moléculas monomeéricas curtas contendo 41 aminoacidos
em sua cadeia polipeptidica (WALSH; MARCINKIEWICZ, 2011).

1.10 Desintegrinas RGD anti-angiogénicas

As desintegrinas contendo RGD sdo encontradas em muitos venenos de
serpentes e foram originalmente caracterizadas como inibidores da agregacao
plaguetaria (MCLANE et al., 1998; NIEWIAROWSKI et al., 1994). Elas também foram
previamente descritas como inibidores da adesdo de células tumorais aos
componentes da MEC (TRIKHA et al., 1994).

A primeira desintegrina RGD a ser relatada como anti-angiogénica foi a
Triflavina, um polipeptidio de cadeia uUnica isolado do veneno de Trimeresurus
flavoviridis. A Triflavina foi capaz de bloquear a adesdo, a migracao e inibir a
angiogénese em HUVECs (SHEU et al., 1997).

Em 1999, Kang e colaboradores publicaram o primeiro trabalho sobre a

atividade anti-angiogénica de uma desintegrina recombinante (KANG; LEE; KIM,
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1999). Este grupo clonou com sucesso 0 gene para a Salmosina (uma desintegrina
de Agkistrodon halys brevicaudus), a qual possui efeitos anti-proliferativos induzidos
por FGF e também a capacidade de inibir a angiogénese no modelo de membrana
corio-alantodica de ovo de galinha (CAM) (KANG; LEE; KIM, 1999).

Estudos realizados com a Accutina, uma desintegrina isolada da serpente
Agkistrodon acutus, mostraram seu potente efeito inibitorio na adesdo de CEs a
componentes da MEC e na formacgdo de tubos in vitro, além de um efeito anti-
angiogénico em modelo de membrana CAM in vivo por bloqueio da av33 (CHIA et al.,
2016).

A desintegrina homodimérica Contortrostatina, obtida a partir do veneno da
serpente Agkistrodon contortrix, possui atividade anti-invasiva e anti-adesiva em
células tumorais e em células endoteliais in vitro, ligando-se as integrinas avfs, avs e
asP1 e interrompendo a angiogénese induzida por FGF e VEGF. Estudos in vivo
utilizando a linhagem celular de cancer de mama metastatico humano MDA-MB-435
e um modelo ortotopico xenografico em camundongos nude, revelaram que a
Contortrostatina tem potente atividade anti-tumoral e anti-angiogénica (SWENSON,;
ERNST; MARKLAND, 2005; VERIN et al., 2000).

1.11 DisBa-01

A DisBa-01, uma desintegrina-RGD monomérica recombinante de Bothrops
alternatus (FIGURA 11), é composta por 78 aminoacidos, os quais formam 6 ligacdes
dissulfeto (12 cisteinas). Ela foi produzida a partir de uma biblioteca de cDNA
construida com o RNAm da glandula venenifera de uma Unica serpente da espécie
Bothrops alternatus, popularmente conhecida como urutu cruzeiro. Sua massa
molecular € de 11,780 Da, na qual estd inclusa uma cauda de seis histidinas
adicionada a sequéncia com o objetivo de facilitar o processo de purificacdo da
proteina (RAMOS et al., 2008).

O primeiro trabalho publicado sobre a DisBa-01 contém sua modelagem
molecular, além de um ensaio de ressonancia plasmonica realizado em conjunto com
a subunidade B3 da integrina avp3, comprovando a afinidade da desintegrina por esta
subunidade (KD:1,6.10-7 M) (FIGURA 11) (RAMOS et al., 2008).
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FIGURA 11 - Sequéncia nucleotidica da DisBa-01
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Na sequéncia proteica deduzida, a cauda de histidina esta presente no N-terminal da proteina e o
motivo RGD (indicado por letras mais claras) proximo ao C-terminal.

Esse mesmo trabalho mostrou que a DisBa-01 inibe a adesdo da linhagem
celular endotelial microvascular humana (HMEC-1) e da linhagem celular de
melanoma murino B16F10 a vitronectina (ICso = 555 nM e 225 nM, respectivamente),
inibindo transitoriamente suas proliferagcbes sem acarretar em toxicidade celular
(RAMOS et al., 2008).

Quando injetada intravenosamente em camundongos C57BL/6 em conjunto
com células de melanoma B16F10, a DisBa-01 inibiu, de um modo tempo e dose
dependente, a metastase pulmonar (RAMOS et al., 2008). Dessa forma, Ramos e
colaboradores concluiram que a DisBa-01 é um potente inibidor dos mecanismos de
adesao dependentes de avBs envolvidos nos processos de neovascularizagédo e de
metastase tumoral (RAMOS et al., 2008). A partir desses resultados, varios outros

estudos mostraram os efeitos da DisBa-01 em diferentes modelos experimentais.

A interagdo da DisBa-01 com a integrina a3 e seus efeitos sobre a
hemostasia e a trombose foram investigados por Kauskot e colaboradores em 2008.
Neste estudo foi observado que a desintegrina apresentou efeitos anti-plaquetarios e
anti-trombaéticos (KAUSKOT et al., 2008). Em 2012, Montenegro e colaboradores
mostraram que a DisBa-01 oferece suporte a adesdo de fibroblastos e células
tumorais de mama MDA-MB-231, inibindo a adesdo dessas células ao colageno do
tipo | em condigcbes de cisalhamento, ndo afetando a liberacdo de VEGF por
fibroblastos ou por células MDA-MB-23, mas diminuindo a expresséo de VEGF e dos
seus receptores VEGFR1 e VEGFR2 em células HMEC-1, modulando também a
atividade de MMP-2 e MMP-9 (MONTENEGRO et al., 2012).
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Em 2014, Ribeiro e colaboradores testaram concentracfes mais altas de
DisBa-01 (5 uM e 10 uM) em células da linhagem de monécitos/macréfagos (SCs) e
em células endoteliais de veia umbilical humana (HUVECSs). Quando expostas a
DisBa-01, as SCs produziram niveis mais elevados de VEGF-A e as HUVECs, de
TGF-B. No entanto, as HUVECs também mostraram um aumento da apoptose apos

perderem suas adesdes, processo caracteristico de anoikis (RIBEIRO et al., 2014).

O efeito inibitério dessa desintegrina bloqueadora de avB3 sobre os
componentes angiogénico, inflamataério e fibrogénico do tecido fibrovascular induzido
por matriz sintética foi testado em implantes de esponja de poliuretano poliéter em
camundongos. DisBa-01 diminuiu os niveis de inflamacdo, neovascularizacdo e
deposicdo de colageno através da diminuicdo dos niveis de atividade de
mieloperoxidase, hemoglobina, VEGF, bFGF, TNF-a, CXCL1 e CCL2, indicando o seu
potencial terapéutico no controle da angiogénese e de doencas fibroproliferativas
(CASSINI-VIEIRA et al., 2014).

O mais recente artigo publicado sobre a DisBa-01 envolveu ensaios in vitro
time-lapse de migracéo de células escamosas de carcinoma da cavidade oral (OSCC)
e indicou que a DisBa-01 (1 e 2 uM) foi capaz de diminuir a velocidade de migracéo e
a direcionalidade das OSCCs, mas nao de fibroblastos. Essa a¢ao ocorre de acordo
com o nivel de expresséo da avfs a qual ela se liga e o efeito seletivo esta relacionado

a modulacédo das propriedades adesivas das células (MONTENEGRO et al., 2017).

No entanto, sua interacdo no cross-talk entre a integrina av3s e o VEGFR2 e

sua acado sobre as vias de sinalizacao de tais receptores ainda néo foram exploradas.
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2. JUSTIFICATIVA

Os tumores exibem consideravel variagdo no padréo e nas propriedades dos
vasos sanguineos angiogénicos, bem como em suas respostas a terapia anti-
angiogénica. A programacdo angiogénica do tecido neoplasico € um processo
multidimensional regulado por células tumorais em conjunto com uma variedade de
células estromais associadas a tumores e seus produtos bioativos, que englobam

citocinas, fatores de crescimento, matriz extracelular e seus ligantes.

A angiogénese tumoral € predominantemente dirigida pelo VEGF e seu
receptor VEGFR2. Os inibidores da via de sinalizagdo do VEGF podem prolongar a
sobrevida média dos pacientes com relacdo a progressdo de céancer colorrectal,
pulmonar e de mama, quando utilizados em combinacdo com quimioterapia. No
entanto, hd um obstaculo negativo: o0 mecanismo de resisténcia adquirida a terapia

anti-angiogénica.

A angiogénese também é regulada por moléculas de adesao celular endotelial,
tais como as integrinas avs e avBs. Os inibidores destas integrinas suprimem o
crescimento tumoral em certos modelos pré-clinicos, mas nao produziram resultados

significativos na maioria dos testes experimentais.

Sabe-se que o cross-talk entre VEGFR2 e avps é crucial para varias funcdes
celulares. Nas células endoteliais, a interacao entre a integrina av3s € 0 VEGFR2 é um
processo particularmente importante durante a vascularizacao e a relacdo matua entre
0s receptores regula varias atividades celulares envolvidas na angiogénese tumoral,
incluindo transdugcédo méaxima da sinalizacdo dos fatores de crescimento angiogénicos,
migracdo e sobrevivéncia de células endoteliais, além da formacdo de tubos. A
desativacdo dessas interacdes pelo comprometimento do cross-talk av3s/VEGFR2
poderia melhorar a eficacia das atuais estratégias anti-angiogénicas e potencialmente

bloquear um dos mecanismos que contribui para a resisténcia a terapia.

Considerando que ndo h& dados sobre os efeitos de sinalizacdo das
desintegrinas no comprometimento do complexo av3/VEGFR2 e o enorme potencial
terapéutico desses peptideos na inibicdo da angiogénese, se faz necessario

aprofundar o conhecimento sobre os mecanismos moleculares anti-angiogénicos da
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desintegrina DisBa-01 no comprometimento do cross-talk entre avBs/VEGFR2 e as

vias de sinalizacéo a jusante.
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3. HIPOTESE

A DisBa-01 por ter afinidade pela integrina avBs3, a qual esta relacionada ao
complexo VEGF/VEGFR2 na angiogénese, pode inibir o cross-talk entre o receptor e

a integrina.
4. OBJETIVOS
Objetivo geral

Verificar os efeitos e 0 mecanismo de agao da desintegrina DisBa-01 no cross-
talk entre avBs e VEGFR2 sobre a cascata angiogénica em células endoteliais

humanas.
Objetivos Especificos

- Analisar a viabilidade, migracéo, invasdo, adesao e tubulogénese sob
estimulacao do VEGF e tratamento com DisBa-01;

- Avaliar os efeitos da DisBa-01 na expressao de VEGFR2 e avf3s mediada por
VEGF em HUVECS;

- Avaliar os efeitos da DisBa-01 na fosforilacdo de VEGFR2 e av33 mediada por
VEGF,;

- Analisar a ativacao das principais vias de sinalizacdo angiogénica (PI3K e
ERK1/2) na presenca de DisBa-01 e VEGF;

- Verificar a morfologia das células afetadas pela DisBa-01 e VEGF através de

técnicas de microscopia e analisar as vias de sinalizacdo FAK, Src e Paxilina.

Os resultados e a discussdo desse trabalho serdo apresentados na forma de

artigo cientifico.
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Abstract

Integrins mediate cell adhesion, migration, and survival by connecting the intracellular
machinery with the surrounding extracellular matrix. Previous studies demonstrated
the importance of the interaction between ovBs integrin and VEGF type 2 receptor
(VEGFR2) in VEGF-induced angiogenesis. DisBa-01, a recombinant His-tag fusion
RGD-disintegrin from Bothrops alternatus snake venom has high-affinity and blocks
avPs integrin. Here we present in vitro evidence of the direct association of DisBa-01
with avBs/VEGFR2 cross-talk and its downstream pathways. We found that addition of
DisBa-01 to endothelial cells from human umbilical vein (HUVECS) inhibited all steps
of VEGF-mediated angiogenesis. Regarding DisBa-01, a possible mechanism of
action for the impairment of avBs/VEGFR2 cross-talk by this disintegrin is the
modulation of expression and phosphorylation of VEGFR2 and Bs. This impairment
leads to the inhibition of ERK1/2 and PI3K pathways and regulates FAK/Src/Paxillin
downstream signal, significantly affecting actin re-organization and modulating
HUVEC migration and adhesion. In conclusion, avBs/VEGFR2 cross-talk is impaired by

DisBa-01, which modifies the angiogenic mechanism.

Keywords: avBsintegrin, VEGFR2, cross-talk, disintegrin, DisBa-01
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1. INTRODUCTION

Angiogenesis, the development of new capillaries from preexisting blood
vessels, is an essential process in the regulation of several physiological and
pathological processes. Inadequate balance between pro-angiogenic and anti-
angiogenic factors may lead to pathological conditions, notably in tumor development
and metastasis. Also, a range of non-neoplastic diseases could be classified as
‘angiogenesis-dependent diseases' such as diabetic retinopathy, rheumatoid arthritis,

atherosclerosis and various inflammation diseases (FOLKMAN, 1995, 2007).

Tumor angiogenesis is predominantly driven by vascular endothelial growth
factor (VEGF), a proangiogenic growth factor expressed by several solid cancers.
VEGF stimulates angiogenesis through VEGF receptor-2 (VEGFR?2), a tyrosine kinase
receptor expressed by endothelial cells (FERRARA; GERBER; LECOUTER, 2003;
RAMJIAWAN; GRIFFIOEN; DUDA, 2017). VEGF-A/VEGFR2 signaling stimulates a
myriad of intracellular signaling pathways such as activation of phosphatidylinositol 3-
kinase (PI3K), extracellular-signal-regulated kinase (Erk) pathway, focal adhesion
kinase (FAK), c-Src family and paxillin (ABHINAND et al., 2016; ZACHARY, 2003).
The activation of such pathways results in a wide range of cell responses including
increased vessel permeability and remodeling, endothelial cell proliferation, migration,
tubulogenesis, secretion of matrix metalloproteinases (MMPs) and nitric oxide (NO)
and prostanoids synthesis (SMITH et al., 2015; ZACHARY, 2003). This synchronized
signaling network, also associated with the cross-talking with integrin receptors,
modulates the angiogenic response and it is fundamental for tumor blood supply and
growth (COMOGLIO; BOCCACCIO; TRUSOLINO, 2003; ROSS, 2004).

Integrins comprise a family of heterodimeric transmembrane receptors that
mediates cell-cell and cell-extracellular matrix (ECM) interactions, regulating cell
survival, proliferation, adhesion and migration (HYNES, 1987, 2002). Some members
of the integrin family present in endothelial cells, such as azB1, aspi, avBs, and avfs
integrins, are up-regulated during vascular remodeling and growth associated with
inflammation, wound healing, ischemic injury, tumor growth and metastasis (BYZOVA
et al., 2000; SOMANATH; MALININ; BYZOVA, 2009).
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The avwBs integrin is one of the most abundant key receptor regulating
angiogenesis in endothelial cells due to its cross-talk with VEGFR2 (BRAKENHIELM,
2007; OLSSON et al.,, 2006). Phosphorylation of VEGFR2 is enhanced when
endothelial cells are plated on ECM proteins such as vitronectin and fibrinogen, which
are ligands for integrin avBs (SOLDI et al., 1999). Moreover, functional interconnections
were demonstrated between avfsintegrin and VEGFR2, resulting in up-regulation of
the ligand-induced tyrosine kinase receptor activity by integrin engagement
(MAHABELESHWAR et al., 2007, 2008; WEST et al., 2012). In vitro experiments have
shown that avBs integrins are up-regulated by VEGF-A in microvascular endothelial
cells, alongside its elevated levels at active angiogenic sites (ELICEIRI; CHERESH,
1999; SENGER et al., 1996). Understanding how to target these crosstalk events could
improve the effectiveness of current anti-angiogenic strategies.

Antibodies directed to integrins and small inhibitors such as RGD cyclic peptides
successfully prevent angiogenesis by inhibiting ligand binding to the integrin with
subsequent blockage of adhesive functions of avfsintegrin (FELDING-HABERMANN
et al., 2001; KANG; LEE; KIM, 1999a; SWENSON; ERNST; MARKLAND, 2005;
SWENSON; RAMU; MARKLAND, 2007; TOME et al.,, 2016; YEH et al., 2001;
ZAKRAOUI et al., 2016). As an example, families of small cysteine-rich proteins,
mostly having the adhesive RGD motif, named disintegrins, were described from snake
venom sources (CALVETE, 2005). The RGD-disintegrins are potent antagonists of
some integrins such as avfBs and asB1 (NIEWIAROWSKI et al., 1994) and have anti-
tumor and anti-angiogenic actions (SWENSON; RAMU; MARKLAND, 2007).

DisBa-01, a recombinant His-tag fusion, RGD-disintegrin from Bothrops
alternatus snake venom, has shown high-affinity towards avB3 and aunBz integrins,
leading to strong anti-platelet and anti-thrombotic effects (RAMOS et al., 2008). Also,
DisBa-01 inhibits tumor cell migration speed and directionality and decreases VEGF
receptors expression in HMEC-1 cells (Human Microvascular Endothelial Cells)
(MONTENEGRO et al., 2012, 2017). In addition, in vivo assays showed that DisBa-01
inhibited both angiogenesis and lung metastasis in animal models (CASSINI-VIEIRA
et al., 2014; RAMOS et al., 2008).

Considering the extent of therapeutic potential of disintegrins in angiogenesis

inhibition and there is no further data on the signaling effects of this class of peptides
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on the cross-talk between VEGFR2 and a3, it is necessary to deepen the knowledge
about the molecular mechanisms of the action of DisBa-01 in the avps/VEGFR2
impairment. Here we showed for the first time, a new anti-angiogenesis mechanism of
DisBa-01 by down-regulation of avB3/VEGFR2 cross-talk and signaling. Our results

achieve to a better comprehension on disintegrins role in angiogenesis.

2. MATERIALS AND METHODS

2.1DisBa-01 Expression and Purification

Recombinant disintegrin DisBa-01, a His-tag protein (GenBank accession
AY259516) was produced from a cDNA venom gland library of a Bothrops alternatus
shake, as previously described (RAMOS et al., 2008). Strains of Escherichia coli BL21
(DE3) were transformed with a pET28-a plasmid containing the DisBa-01 gene.
Bacterial liquid culture was grown before expression assays were performed. Cell lysis
extract was purified in a three-step chromatographic process, using an affinity column
(HIS-Select® Nickel Affinity Gel, Sigma-Aldrich®), followed by a size-exclusion
chromatography (Superdex 75 10/300 GL, GE Healthcare) and an anion exchange
column (Mono-Q 5/50 GL, GE Healthcare). Total protein was determined by
colorimetric detection of bicinchoninic acid assay (Pierce™ BCA Protein Assay,
Thermo Scientific). Protein activity was determined by inhibition of adhesion to
vitronectin assay using B16F10 cell line, according to Ramos (RAMOS et al., 2008).

2.2Cell Culture

Human umbilical vein endothelial cells (HUVEC, American Type Culture
Collection [ATCC® CRL-1730]) were cultivated in Dulbecco’s Modified Eagle Medium
(DMEM, Vitrocell) supplemented with 10% fetal bovine serum (FBS, Nutricell),
penicillin (10.000 U.l./mL) and streptomycin (10 mg/mL) (Vitrocell). Cells were
maintained incubated at 37 °C, on atmosphere with 5% CO2. Subcultures of cells were
performed as instructed by the supplier, using trypsin-EDTA. Cells were used between
passages 8 to 15 and counted on a TC20 automated cell counter (Bio-Rad) using

trypan blue stain solution at 0.4% (Thermo Scientific).

2.3Cell Viability
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Cell viability was observed in a 96-well plate, where HUVECs (5 x 102 cells/well)
were plated on serum-supplemented medium and left to adhere for 24 h on incubator.
A 24-hour starvation period on serum-free DMEM occurred, followed by the treatment
of cells with DisBa-01 (1000 nM/ml) and/or VEGF (10 ng/ml). Proliferation was allowed
for 24 h at 37 °C, 5% COo.. Viable cells were identified using MTT solution (0.5 mg/mi
of  3-(4,5-Dimethylthiazol-2-yl)-2,5-Diphenyltetrazolium  Bromide, ThermoFisher
Scientific) for 3.5 h. Samples were diluted in isopropanol for measurement of cell
concentration by spectrophotometry SpectraMax i3x (ODs40 nm, Molecular Devices).

2.4 Transwell Migration Assay

The ability of cells to migrate was tested in a transwell assay, using a ThinCert™
translucent PET membrane RoTrac®, 8.0 ym pore (Greiner Bio-one®). HUVECs (1 x
10° cells/well) were exposed to DisBa-01 (1, 10, 100 and 1000 nM/ml), VEGF (10
ng/ml) or VEGF plus DisBa-01 (1000 nM/ml) and immediately inserted into the
Boyden's chamber. The chambers were immersed in 10% FBS medium and allowed
to migrate for 6 h at 37 °C. As negative control, chambers were inserted on serum-free
medium and incubated as indicated above. Migrated cells were fixated on the
membranes with 4% paraformaldehyde and its nuclei were stained in DAPI solution
(0.7 ng/ul). Membranes were assembled in histological slides using Vectashield®
mounting media (Vector Laboratories) for automated cell counting on ImageXpress

Micro microscope (Molecular Devices).
2.5 Cell Invasion Assay

Cell invasion was tested using a 24-well plate Matrigel™ invasion chamber
(Corning) previously hydrated with serum-supplemented DMEM. HUVECs (2 x 10°
cells/well) were treated with 2000 nM/ml DisBa-01 and/or VEGF (10 ng/ml) on serum-
free DMEM medium for 30 min at 4 °C. Cells were pipetted into the Boyden’s chamber
whilst it was inserted on well containing DMEM 10% FBS. The negative control
comprised of serum-free DMEM on the wells. Invasion was allowed to occur for 18 h
at 37 °C. After that, samples were fixed in 4% paraformaldehyde and cell nuclei were
stained with DAPI (0.7 ng/ul). Using Vectashield® mounting media (Vector
Laboratories), membranes were assembled into slides for cell counting on automated

fluorescence microscope system, ImageXpress Micro (Molecular Devices).
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2.6 Inhibition of Adhesion Assay

HUVECSs inhibition of adhesion to fibronectin (FN) and vitronectin (VN) was
determined in an assay using a 96-well black plate whose wells were pre-coated with
either solution (0.2 pg/cm?, Sigma-Aldrich). The negative control comprised coating of
2% BSA. Non-specific binding was blocked with 1% BSA for 1 h at 37 °C, 5% CO..
After its removal, wells were washed with PBS. Meanwhile, HUVECs (1 x 10°
cells/well) were treated with DisBa-01 (1000 nM/ml) and/or VEGF (10 ng/ml) and
immediately seeded in their respective wells. Cells were allowed to adhere for 1 h at
37 °C, 5% CO2. Wells were extensively washed with PBS before fixation using 4%
paraformaldehyde solution (pH 7.5) for 15 min. Cell nuclei were stained with DAPI (0.7

ng/ul) and counted automatically using ImageXpress (Molecular Devices).
2.7 Endothelial Cell Tube Formation Assay

Tubulogenesis assay on Matrigel was performed to evaluate the effect of DisBa-
01 on HUVECs tube formation. According to the manufacturer’s instructions, Matrigel
solution (Corning® Matrigel® Basement Membrane Matrix, *LDEV-Free) was thawed
in a refrigerator at 4 °C overnight. Wells of a pre-cooled 96-well plate was coated with
Matrigel (35 ul/well), followed by immediate placement in a humidified CO2 incubator
at 37 °C for 1 h for coating solidification. HUVECs (3 x 10* cells/well) were treated for
30 minutes with VEGF (10 ng/ml, PeproTech), DisBa-01 (1, 10, 100 and 1000 nM/ml)
or VEGF plus DisBa-01 (1000 nM/ml) in DMEM containing 0.5% FBS and then seeded
on the solidified Matrigel. The plate was placed in a humidified COz2 incubator at 37° C
for 14 h to allow the formation of tubes. Images were photographed using the
AxionVision Rel.4.8 software of a Vert.A1 microscope (Zeiss) and analyzed using the

Angiogenesis Analyzer plugin for ImageJ software (version 1.51n).
2.8 Flow Cytometry

HUVECs (5 x 10%well) were seeded in 6-well plates with DMEM 10% FBS,
followed by a 24-hour starvation period on serum-free medium. Cells were treated with
DisBa-01 (1000 nM/ml) and/or VEGF (10 ng/ml) for 24 h. The characterization of a3
integrin and its subunits (av and B3) in HUVECs was measured by flow cytometry using

specific fluorescent-labeled antibodies. Cells (1 x 106) were incubated with anti-integrin
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Bs antibody (human anti-mouse, 1 pg, Santa Cruz) at 4 °C for 40 min, followed by wash
with PBS and centrifugation at 4 °C for 10 min at 1300 rpm. Then, 0.5 mg of secondary
antibody (goat anti-mouse 1gG, Biosciences BD) labeled with the fluorophore FITC
(Fluorescein Isothiocyanate, 2.5 pl/tube) was added to each sample and incubated for
45 min at 4 °C in the dark. Cells were washed with PBS, centrifuged and analyzed with

Accuri flow cytometer (BD Biosciences).
2.9 Gene Expression by Quantitative PCR

RNA extraction started with the plating of HUVECSs (5 x 10%/well) in 6-well plates
with DMEM 10% FBS, followed by a 24-hour starvation period on serum-free medium.
Cells were treated with DisBa-01 (1000 nM/ml) and/or VEGF (10 ng/ml) for 24 h and
collected for RNA extraction using TRIZOL reagent (Invitrogen). Total RNA was
extracted according to the manufacturer’s instructions. RNA pellet was resuspended
in nuclease-free water and stored at -80 °C. Nanodrop 2000 (Thermo Scientific) was
used for measuring the RNA concentration and purity (260/280nm and 260/230nm
ratios). RNA (1 pg) was treated with Deoxyribonuclease |, Amplification Grade
(Invitrogen) and iScriptTM cDNA Synthesis (BioRad Laboratories) was used for
reverse transcription according to the manufacturer’s specifications. CFX 96 real-time
PCR detection system (Bio-Rad) was used for gPCR reaction. Each reaction used 20
ng of cDNA, 400 nM of each primer and 5 pl of SsoFast™ Evagreen Supermix (Bio-
Rad) in a total volume of 10 pl per reaction. Gene specific primers purchased from
Sigma Aldrich and Exxtend are listed in Table 1. The thermal cycling program was set
for 10 min at 95 °C, followed by 40 cycles of 15 s at 95 °C, 30 s at 60 °C and 30 s at
72 °C. After the run, the melting curve was analyzed to confirm the specificity of the
amplification products. GAPDH was used as a housekeeping gene. The relative
expression of gRT-PCR products was determined through AACt method, in which
relative expression was calculated using the following equation: fold induction = 2 ~AACt
(LIVAK; SCHMITTGEN, 2001).
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Table 1. List of primers used for gRT-PCR

Genes  Sense primer (5’-3’) Antisense primer (3’-5’) Source
KDR GTACATAGTTGTCGTTGTAGG TCAATCCCCACATTTAGTTC Sigma Aldrich
ITGB-3 CTCCGGCCAGATGATCC TCCTTCATGGAGTAAGACAG Sigma Aldrich
GAPDH GACTTCAACAGCGCGACACCCAC CACCACCCTGTTGCTGTAG Exxtend

2.10 Western Blot

HUVECs (5 x 10° cells/well) were seeded in 6-well plates and left to adhere on
an incubator at 37 °C, 5% CO2, overnight, followed by a period of 24 h of starvation at
serum-free medium. Cells were treated with 1 ml of DMEM supplemented with 10%
FBS and either DisBa-01 (1000 nM/ml), VEGF (10 ng/ml; PeproTech) or a co-treatment
and incubated for 1 and 24 h at 37 °C, 5% COo.. Cell lysis was performed using 100 pl
of lysis buffer (50 mM Tris-HCI pH 7.4, 150 nM NaCl, 1 mM EDTA, 1 mM sodium
orthovanadate, 1 mM sodium fluoride, 1% Tween 20, 0.25% sodium deoxycholate, 0.1
mM phenylmethylsulfonyl fluoride, 1 ug/ml aprotinin and 1 ug/ml leupeptin) and the cell
lysates were centrifuged at 14000 g, 4 °C for 20 min. Protein content of the supernatant

was determined by a BCA Protein Assay Kit (Thermo Fisher Scientific).

Cellular proteins (20 ug) were separated on a 20% SDS-PAGE, transferred to
nitrocellulose membranes (0.45 pm; Bio-Rad) and blocked with Tween-TBS buffer
(140 mM NaCl, 2.6 mM KCI, 25 mM Tris, pH 7.4, 0.05% Tween 20) plus 5% powdered
milk. Western Blot was performed using the antibodies anti-phospho-ERK1 + ERK2Y187
(1:500; Abcam), anti-phospho-PI3KY%%7  (1:1000; Abcam), anti-phospho-
VEGFR2Y1054+Y1059 (0 5 pg/ml; Abcam), anti-phospho-Src™™18 (1:1000; Abcam), anti-
phospho-paxillin (1:1000; Abcam), anti-phospho-B3¥’”® (1:1000; Abcam) and anti-
phospho-FAKY397 (1:1000; Abcam) and revealed with a Chemiluminescent Reagent
(Sigma Aldrich). After that, membranes passed through stripping and GAPDH (1:1000;

Abcam) was used as housekeeping antibody.

Bands were visualized on a molecular imager (ChemiDoc™ XRS; Bio-Rad). At
least three experiments in triplicate were performed for each protein and the bands

were quantified by densitometric analysis using ImageJ FIJI program.

2.11 Immunofluorescence Assay
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HUVECs (3 x 10% cells/well) were plated in a 96-well Microplate pClear® Black
CellStar® (Greiner bio-one), previously coated with fibronectin (1 pg/ml), in serum-free
DMEM and incubated overnight at 37 °C, 5% COz2. Cells were exposed to VEGF (10
ng/ml; PeproTech), DisBa-01 (1000 nM/ml) and VEGF plus DisBa-01 for 30 min in
DMEM 10% FBS. Afterwards, cells were fixed in 4% paraformaldehyde for 20 minutes,
blocked for 1 h with 1% BSA and incubated for 2 h with primary antibody VEGFR2 (3
pg/ml; Abcam) diluted in 1% PBS-BSA. HUVECs were incubated with secondary
antibody (Goat anti-Rabbit IgG APC; 1:1000; Abcam) diluted in 1% PBS-BSA for 1 h.
Wells were washed with PBS (3x) before and after the staining protocol, in which

samples were stained with 0.7 ug/ml DAPI (Thermo Fisher Scientific) for 10 min.

Fluorescent samples were observed using ImageXpress (Molecular Devices)
equipment with 60x magnification and fluorescence intensity of all analysed groups
was calculated as vesicle count per nuclear count using the Transfluor Module of the

MetaXpress software.
2.12 Colocalization Assay

HUVECSs (3 x 10* cells/well) were plated in 8-well Nunc™ Lab-Tek™ Chamber
Slide System (Thermo Scientific), previously coated with fibronectin (1 pg/ml), in
serum-supplemented DMEM and left overnight in an incubator at 37 °C, 5% COz:. Cell
treatment occurred with Cilengitide (1000 nM/ml, Sigma-Aldrich) for 30 min, followed
by wash in PBS. For 5 min, 1000 nM/ml of DisBa-01, previously labeled using Alexa
Fluor® 546 dye (Invitrogen, Thermo Scientific), were added to the treated cells.
Samples were fixed in 4% paraformaldehyde for 20 min and permeabilized using 0.3%
Triton X-100 for 10 min. In order to block free aldehydes, Glycine (100 nM, Sigma) was
added to each well. Samples were washed with PBS (3 washes, 5 min each), followed
by a 1-hour incubation in 2% PBS-BSA to block unspecific sites. Targeted primary
antibodies (3 ug/ml Rabbit pAb to VEGF Receptor 2; 1:250 Mouse Monoclonal to the
integrin avB3, Abcam) were centrifuged at 10,000 g for 1 h at 4 °C and pipetted into the
wells. Then, secondary antibodies (1:1000 Goat anti-Rabbit IgG APC, Abcam; 1 pg/ml
Goat polyclonal anti-mouse Alexa 488, ThermoFisher Scientific) were mixed in 2%
PBS-BSA and centrifuged at 10,000 g, 1 h, 4 °C before applied on the wells. After
incubation, slides were cleaned and samples were stained with 0.7 ug/ml DAPI

(Thermo Fisher Scientific) for 15 min. Slides were assembled using ProLong™
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Antifade Reagents for Fixed Cells (Thermo Fisher Scientific) and observed on confocal
microscope Axio Observer LSM 780 (Zeiss) aided by ZEN BLACK software. Analysis
occurred under the same laser intensity for different fluorescence at 63x magnification,
zoomed 2x, using ImageJ FIJI program.

2.13 Statistical Analysis

Data were obtained from at least three independent series of experiments and
analyses were performed using the statistical program GraphPad Prism (version 5.0).
Data were expressed as mean * standard error of the mean (SEM) and intergroup
comparisons were made using One-way ANOVA with Bonferroni as post hoc and t test
(parametric). Values of p<0.05 were considered statistically significant.

3 RESULTS

3.1 DisBa-01 blocks several critical steps in angiogenesis

The association between av33 and the extracellular matrix is crucial for the start
of the angiogenic pathway. VEGF signalling and integrin-induced mechanisms
promote angiogenesis modulation by controlling endothelial cell responses. Four
different experiments were designed to explore how DisBa-01 inhibits the angiogenic
mechanism. We have stimulated HUVECs with VEGF, treated with DisBa-01 and
verified the changes on viability, migration, invasion and adhesion to ECM

components.

Cell viability was stimulated by VEGF (34.5%) after a 24-hour incubation period.
DisBa-01 significantly inhibited VEGF-induced viability by 61% and when compared
with untreated group, DisBa-01 inhibited cell viability by 26%. In cells that were not
treated with VEGF, the disintegrin showed no effects on the viability response (Figure
1). Ribeiro et al. 2014, showed that DisBa-01 (5 uM and 10uM) did not affect the
viability of HUVECs and not cause apoptosis.

Cells exposed to DisBa-01 (100 and 1000 nM) exhibited significant decrease in
cell migration (43% and 49%, respectively) (Figure 2B), as expected for a disintegrin.
VEGF did not alter cell migration, however, in the presence of both VEGF and DisBa-
01 (1000 nM), this cellular behaviour was diminished by 69% (Figure 2A-C) and 64%



65

in comparation with untreated group. DisBa-01 inhibition is enhanced in the presence
of VEGF.

HUVEC invasion was significantly inhibited after 18 h by DisBa-01 (58%) (Figure
3). VEGF did not modify cell invasion, however in the presence of both VEGF and
DisBa-01 (1000 nM), HUVEC invasion was decreased in 52% (Figure 3).

Integrin avBs is a multifunctional receptor that binds to at least four RGD-
containing adhesive proteins, including VN and FN. We sought to determine how
DisBa-01 interferes with HUVEC adhesion to VN and FN. Although there was an
increase in cell adhesion to VN when exposed to DisBa-01, the disintegrin inhibited
this effect in VEGF-treated HUVECs (41%) (Figure 4). Neither the disintegrin or the

growth factor affected cell adhesion to FN (data not show).

These results support the hypothesis that the interaction of DisBa-01 with
endothelial cell surface receptors prevents VEGF-induced proliferation, migration,

invasion and adhesion to VN.

150 - R
=<
; 100 4 *
%
]
Z 504
@
Q0

0

> N & "
o ] Q/‘C‘) Q’O
<§e? d\‘g? ) 3
3 I
Q'b
6\‘5

Figure 1. DisBa-01 inhibits VEGF-induced HUVEC viability. Cells were treated with DisBa-01 (1000
nM), VEGF (10 ng) or both proteins in DMEM supplemented with 0.5% FBS followed by 24h of
incubation. Cell viability was measured by spectrophotometry at 540 nm (SpectraMax i3) after incubation
with MTT (0.5 mg/ml). Results represent the average of three independent experiments in triplicate.
Values of *p<0.05 were significantly different when compared to untreated and #p<0.005 when
compared to VEGF group.
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Figure 2. DisBa-01 inhibits HUVEC migration. (A) In the migration assay, HUVECs (1 x 105 cells/well)
were exposed to DisBa-01 (1, 10, 100 and 1000 nM), VEGF (10 ng) or VEGF plus DisBa-01 (1000 nM)
and immediately inserted into the Boyden's chamber. The chambers were immersed in 10% FBS
medium and allowed to migrate for 6 h at 37 °C. Control chambers were inserted in serum-free medium.
Cell nuclei were stained with DAPI (0.7 ng/pl) and photos (40x magnification) were obtained from a
representative experiment. (B-C) Cell migration was measured by automated cell counting on
ImageXpress microscope. The results represent the average of three independent experiments in
triplicate. Values of *p<0.05 were significantly different when compared to untreated and #p<0.05 when
compared to VEGF group.
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Figure 3. Invasion inhibition of DisBa-01 on HUVECs. HUVECs (2 x 10° cells/well) were treated with
1000 nM DisBa-01 and/or VEGF (10 ng) on serum-free DMEM for 30 min at 4 °C. Cells were pipetted
into the Boyden’s chamber and then it was inserted on well containing DMEM 10% FBS. The negative
control comprised of serum-free DMEM on the wells. Invasion was allowed to occur for 18 h at 37 °C.
Cell nuclei were stained with DAPI (0.7 ng/ul). Top panel: representative photographs of invasion assays
(40x magnification). Bottom panel: quantification of invasive cells was measured by automated cell
counting on ImageXpress microscope. Both results represent the average of three independent
experiments in triplicate. Values of *p<0.05 were significantly different when compared to untreated and
#p<0.05 when compared to VEGF group.
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Figure 4. Effect of DisBa-01 on endothelial cell adhesion. HUVECs (1 x 105 cells/well) were treated
with DisBa-01 (1000 nM) and/or VEGF (10 ng) and were immediately incubated (37 °C, 1 h) in wells
precoated with vitronectin (0.2 ug/cm?). The control comprised of wells coated with 2% BSA. Cell nuclei
were stained with DAPI (0.7 ng/ul). Top panel: representative photographs of adhesion assays (40x
magnification). Bottom panel: quantification of adhesion cells was measured by automated cell counting
on ImageXpress microscope. Values of *p<0.05 were significantly different when compared to untreated
and #p<0.05 when compared to VEGF group.
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3.2 DisBa-01 inhibits HUVEC tubulogenesis

The formation of tubes is a critical step in angiogenesis. After the determination
that DisBa-01 inhibited cellular responses that lead to formation of a new vessel, we
tested whether DisBa-01 and/or VEGF interfere on HUVEC tubulogenesis. HUVEC
growth on Matrigel generated a stabilized network of capillary-like structures. This is
shown by the complexity of the tubular network per field in untreated and VEGF-
stimulated cells (Figure 5A).

We next tested the effects of DisBa-01 (1, 10, 100 and 1000 nM/ml) on HUVECs
tubulogenesis. The generation of capillary-like tubular structures was strongly reduced
when DisBa-01 (1, 100 and 1000 nM) was added during the experiments (Figure 5B
and D). We also have confirmed the inhibition of VEGF-induced tubulogenesis by
DisBa-01 (1000 nM/ml), specifically reducing total length (22%) (Figure 5B) and the
number of tubes (80%) (Figure 5C). Distinct morphology of tubes was observed in
DisBa-01-treated cells when compared to both untreated and VEGF-treated cells.

Tube diameter was larger and the number of junctions and nodules has decreased.

The analysed parameters indicate that the ability of endothelial cells to form
tubes has diminished in the presence of DisBa-01, thus confirming the anti-angiogenic

effect of this protein.
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Figure 5. DisBa-01 inhibits HUVEC tubulogenesis. HUVECs (3 x 10* cells/well) were treated for 30
minutes with VEGF (10 ng), DisBa-01 (1, 10, 100 and 1000 nM) or VEGF plus DisBa-01 (1000 nM) in
DMEM containing 0.5% FBS and then seeded on a solidified Matrigel. The plate was placed in a
humidified CO:z incubator at 37° C for 14 hours to allow the formation of tubes. (A) Photos (40x
magnification) were obtained from a representative experimentThe results were expressed as the (B)
Total length (um?), (C) Number of mashes, (D) Number of nodes and (E) Number of master junctions.
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Images were photographed using the AxionVision Rel.4.8 software of a Vert.A1 microscope (Zeiss) and
analyzed using the Angiogenesis Analyzer plugin for ImageJ software (version 1.51n). Both results
represent the average of three independent experiments in triplicate. Values of *p<0.05 were
significantly different when compared to untreated and #p<0.05 when compared to VEGF group.

3.3 DisBa-01 inhibits VEGFR2 expression

Endothelial cells express high amount of avBs integrin during angiogenesis
(BROOKS; CLARK; CHERESH, 1994), which function on the endothelium depends on
B3 cross-talk with VEGFR2 (WEST et al.,, 2012). DisBa-01 ability to inhibit avf3s
response (MONTENEGRO et al., 2012, 2017; RAMOS et al., 2008) and angiogenesis
are closely related to VEGFR2 signalling (BYZOVA et al.,, 2000b; FERRARA,
GERBER; LECOUTER, 2003a). Due to this, we evaluated the expression of the two
receptors under DisBa-01 effects in vascular endothelial human cells. DisBa-01
treatment does not affect B3 expression as determined by flow cytometry (Figure 6A).
In addition, DisBa-01 treatment did not affect mRNA levels of (33 in both treated and

untreated groups (Figure 6B).
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Figure 6. Expression of integrin receptors subunits under DisBa-01 treatment. (A) Expression of
integrin Bz subunit in HUVEC was analyzed in a flow cytometer. The presence of integrin receptors on
the cell surface was determined with FITC dye and specific antibodies (red curve) after 1h treatment
with DisBa-01 (1000 nM), VEGF (10 ng) and co-treatment (DisBa-01+VEGF). The black curve
represents isotype control. (B) Bz gene (ITGB3) expression. HUVECs (5 x 10%/well) were plated in 6-
well plates with DMEM and 10% FBS, followed by a 24-hour starvation period on serum-free medium.
Cells were then treated with DisBa-01 (1000 nM) and/or VEGF (10 ng) for 24 hours followed by lysis
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and RNA isolation using TRIZOL reagent. Reverse transcription was done using iScriptTM cDNA
Synthesis (BioRad Laboratories). gRT-PCR was carried out using specific primers to human KDR
(VEGFR2) and GAPDH (housekeeping). Bar graph shows the mean + SE of VEGFR2 expression from
three independent experiments. Values of *p<0.05 were significantly different when compared to
untreated and #p<0.05 when compared to VEGF group.

The protein expression of VEGFR2 was analysed by western blotting. VEGF did
not change the expression of its receptor. DisBa-01 down-regulated VEGFR2
expression in cell lysates after 1 h of exposure when compared with both VEGF-
stimulated and untreated cells (Figure 7A). DisBa-01 treatment did not affect mRNA
levels of KDR (VEGFRZ2) (Figure 7B) in all treated groups. Furthermore, the expression
of VEGFR2 on HUVECs was confirmed by immunofluorescence (Figure 7C and D).
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Figure 7. DisBa-01 inhibits VEGFR2 expression. (A) VEGFR2 expression by Western Blot. HUVECs
(5 x 10° cells/well) were seeded in 6-well plates and left to adhere on an incubator at 37 °C, 5% COz,
overnight, followed by a period of 24 hours of starvation at serum-free medium. Cells were treated with
1 ml of DMEM supplemented with 10% FBS and either DisBa-01 (1000 nM), VEGF (10 ng) or a co-
treatment and incubated for 1 and 24 h at 37 °C, 5% COx, followed by cell lysis. Twenty micrograms of
protein from the cell lysate were separated on SDS-PAGE. Blots were probed with VEGFR2 antibody
and GAPDH antibody was used to normalize analysis. Bands corresponding to all proteins were
quantified by densitometry using the ImageJ FIJI program. Bar graph shows the mean = SE of
VEGFR2/GAPDH expression from three independent experiments. (B) VEGFR2 gene (KDR)
expression. HUVECs (5 x 10%well) were seeded in 6-well plates containing DMEM and 10% FBS,
followed by a 24-hour starvation period on serum-free medium. Cells were treated with DisBa-01 (1000
nM) and/or VEGF (10 ng) for 24 hours followed by lysis and RNA isolation. Quantitative RT-PCR was
carried out using specific primers to human KDR (VEGFR2) and GAPDH (housekeeping). (C-D)
Immunofluorescent detection of VEGFR2. HUVECs (3 x 10* cells/well) were plated in a fibronectin-
coated plate (1 pg/cm?), in serum-free DMEM and incubated overnight at 37 °C, 5% CO.. Cells were
exposed to VEGF (10 ng), DisBa-01 (1000 nM) or VEGF plus DisBa-01 for 30 minutes in DMEM 10%
FBS. Afterwards, cells were incubated with primary antibody VEGFR2 (3 ug/mL; Abcam) and secondary
antibody (Goat anti-Rabbit IgG APC 1:1000). Cell nuclei were stained with DAPI (0.7 ng/pl). Photos (60x
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magnification) were obtained from a representative experiment. Fluorescence intensity was calculated
as vesicle count per nuclear count using the Transfluor Module of the MetaXpress software. Bar graph
shows the mean = SE of VEGFR2 expression from three independent experiments. Values of *p<0.05
were significantly different when compared to untreated and #p<0.05 when compared to VEGF group.

3.4 DisBa-01 impaired VEGFR2 and B3 cross-talk

The interaction between 3 and VEGFR2 occurs in synergism. The signalling for
VEGFR2 phosphorylation is originated on 3 phosphorylation, a process initiated by
VEGFR2 activation after its ligation to VEGF (MAHABELESHWAR et al., 2007). We
evaluated whether DisBa-01 could interfere in this cross-talk.

VEGFR2 and B3 phosphorylation were significantly increased after VEGF
stimulation in a 1 hour-treatment (Figure 8A-B). However, VEGF-induced response
was inhibited by 1000 nM of DisBa-01, thus this effect was not observed on non-
induced cells (Figure 8A). Likewise, as shown in Figure 8B, DisBa-01 strongly inhibited
B3 phosphorylation only in VEGF-induced cells after 1h of treatment. There were no
significant differences in the expression of this integrin in a 24 hour-treatment. These
data suggest that DisBa-01 impaired the cross-talk between avz and VEGFR2, which

is crucial for angiogenesis regulation.
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Figure 8. DisBa-01 inhibits VEGFR2 and ; phosphorylation after VEGF stimulation. HUVECs (5
x 105 cells/well) were seeded in 6-well plates and left to adhere at 37 °C, 5% CO2, overnight, followed
by a period of 24 hours of starvation in serum-free medium. Cells were treated with 1 ml of DMEM
supplemented with 10% FBS and DisBa-01 (1000 nM), VEGF (10 ng) or a co-treatment and incubated
for 1 and 24 h at 37 °C, 5% COg, followed by cell lysis. Twenty micrograms of protein from the cell
lysates were separated on SDS-PAGE. Blots were probed with antibodies to (A) P-TY1054+TY1059



75

VEGFR2, to (B) P-Ty773B3 and GAPDH, this last to normalize loading. Bands corresponding to all
proteins were quantified by densitometry using the ImageJ FIJI program. Bar graph shows the mean +
SE of phosphorylated VEGFR2/GAPDH and Bs/GAPDH expression from three independent
experiments. Values of *p<0.05 were significantly different when compared to untreated and #p<0.05
when compared to VEGF group.

3.5 DisBa-01 colocalizes and correlates with avBs and VEGFR2

We have investigated the colocalization of DisBa-01 with avBs and VEGFR2
during cell spreading in FN. The fluorescence signal for Alexa Fluor-546 labelled
DisBa-01 (red color) was detectable on the cell surface 5 min after treatment and
colocalizes (Manders’ Colocalization Coefficients — tM1) with av33 (magenta color) and
VEGFR2 (green color) (Figure 9A, B and C). In order to determine whether DisBa-01
colocalizes to VEGFR2, we have blocked integrin avs with Cilengitide, a cyclic RGD-
motif pentapeptide 30 min prior to treatment. Non-significant decrease in colocalization
between DisBa-01 and VEGFR2 was observed, thereby demonstrating that DisBa-01
binds to the VEGF receptor (Figure 9B and C). DisBa-01 colocalizes with both avf33
and VEGFR2 on HUVEC cells and correlates with each other (Pearson relation).
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Figure 9. DisBa-01 colocalizes with VEGFR2 and a,Bs;. HUVECs were plated in 8-well Nunc™ Lab-
Tek™ Chamber Slide System (Thermo Scientific), previously coated with FN (1 pg/cm?), at 3 x 104 cells
per well in serum-supplemented DMEM and left overnight at 37 °C, 5% CO.. Cells were treated with
Cilengitide (1000 nM) for 30 min. (A) HUVECSs were treated with 1000 nM of Alexa Fluor® 546 labelled-
DisBa-01 for 2 minutes, then fixed with 4% paraformaldehyde, permeabilized with 0.3% Triton X-100
and double stained using specific antibodies for VEGFR2 (green color) and av33 (magenta color). The
signals from VEGFR2, DisBa-01 and a3 were superimposed, showing sites of colocalization (tM1)
between DisBa-01 and VEGFR2 in yellow and DisBa-01 with avBs in pink. Slides were analyzed by
confocal microscopy and pictures were taken using 63x magnification. (B) The tM1 fraction values
(Manders’ Colocalization Coefficients) show the higher co-localization amongst the two signals (near
1.0). Pearson relation shows the higher correlation among VEGFR2 and avfs. (C) Colocalization (tM1)
and correlation (Pearson) between VEGFR2 and avf33 after treatment with Cilengitide. Results represent
the average of n=10 cells. Values of *p<0.05 were significantly different when compared to untreated
and #p<0.05 when compared to VEGF group.

3.6 The anti-angiogenic effect of DisBa-01 is sustained by ERKZ1/2

inhibition

Mechanistically, VEGF-A/VEGFR2 signalling induces angiogenesis by

promoting EC proliferation, survival, migration and morphogenesis. This occurs
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partially through the activation of the mitogen-activated protein kinase/extracellular-
signal-regulated kinase-1/2 (ERK1/2) and partially through phosphatidylinositol-3-
kinase (PI3K)/Akt signal transduction pathways (DELLINGER; BREKKEN, 2011). We
have determined how DisBa-01 affects crucial VEGFR2 signalling pathways on VEGF-

induced cells.

VEGF increased ERK1/2 phosphorylation 1 h (33%) and 24 h (62%) after
incubation compared with the unstimulated group. In VEGF-stimulated cells, DisBa-01
significantly decreased ERK1/2 phosphorylation at 1 h (63.6%) and 24 h (87%) (Figure
10A). However, the phosphorylation status of PISK was only altered by DisBa-01 on
VEGF-induced cells after 1-hour treatment (36.6% of inhibition) (Figure 10B).

The present study indicated that DisBa-01 exerted a more pronounced effect on
the suppression of ERK1/2 phosphorylation when compared to PI3K phosphorylation
in HUVECSs. This observation clearly illustrates that DisBa-01, through blockage of
VEGFR2-mediated ERK1/2 signalling pathways, sustained the angiogenesis inhibition
at least for 24h.
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Figure 10. DisBa-01 inhibits ERK1/2 and PI3K phosphorylation. HUVECs (5 x 10° cells/well) were
seeded in 6-well plates and left to adhere at 37 °C, 5% COz, overnight, followed by a period of 24 hours
of starvation at serum-free medium. Cells were treated with 1 ml of DMEM supplemented with 10% FBS
and either DisBa-01 (1000 nM), VEGF (10 ng) or a co-treatment and incubated for 1 and 24 h at 37 °C,
5% COg, followed by cell lysis. Twenty micrograms of protein from the cell lysate were separated on
SDS-PAGE. Blots were probed with antibodies to (A) P-TY607 PI3K and anti-PI3K; to (B) P-TY187
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ERK1+ERK2 and anti-ERK1+ERK2; and GAPDH, this last used to normalize loading. Bands
corresponding to all proteins were quantified by densitometry using the ImageJ FIJI program. Bar graph
shows the mean + SE of phosphorylated PI3K/PI3BK/GAPDH and ERK1+ERK2/ERK1+ERK2/GAPDH
expression from three independent experiments. Values of *p<0.05 were significantly different when
compared to untreated and #p<0.05 when compared to VEGF group.

3.7 DisBa-01 changes F-actin organization in HUVECs

Endothelial cell adhesion to the ECM is mediated by integrins, whose activation
promotes changes in cytoskeleton proteins through the binding of signalling molecules
such as FAK. FAK is a 125-kDa cytoplasmic tyrosine kinase protein located at
adhesion sites responsible for activation of cell adhesion, motility and survival
responses. Most importantly, FAK is the main transducer of the integrin-mediated
signalling pathway required to stabilize the actin cytoskeleton, through the creation of
a kinase complex with ¢c-SrC which uses paxillin as a major substrate (SCHALLER et
al., 1992; WEINER et al., 1993).

We have observed that DisBa-01 inhibited migration and changed the
morphology of tubes, leading to the questioning of whether DisBa-01 interferes with
VEGF-mediated response in FAK/c-SrC/paxillin signalling. VEGF increased FAK and
c-SrC phosphorylation for 1 hour but DisBa-01 did not affect this response (Figure 11A
and B). Although c-SrC and Paxillin phosphorylation remained unaffected by VEGF in
24 h, the phosphorylation of both proteins was increased by DisBa-01 in VEGF-
induced cells (Figure 9B-C).

In order to evaluate the morphological changes in HUVECSs treated with DisBa-
01 and/or VEGF, cells were stained using a fluorescent green probe to F-actin
(phalloidin) in a highly selective pattern. In figure 11D, it is possible to observe that
DisBa-01 causes structural changes in the actin cytoskeleton. Cells lose protrusions
and acquire a circular format, and this may be related to the activation of FAK, c-SrC

and Paxillin.

In summary, we have shown that DisBa-01 regulates FAK/SrC/Paxillin

downstream signal, significantly affecting actin re-organization.
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Figure 11. DisBa-01 promotes FAK, Src and Paxillin phosphorylation. HUVECs (5 x 10° cells/well)
were seeded in 6-well plates and left to adhere at 37 °C, 5% CO2, overnight, followed by a period of 24
hours of starvation at serum-free medium. Cells were treated with 1 ml of DMEM supplemented with
10% FBS and either DisBa-01 (1000 nM), VEGF (10 ng) or a co-treatment and incubated for 1 and 24
h at 37 °C, 5% CO, followed by cell lysis. Twenty micrograms of protein from the cell lysate were
separated on SDS-PAGE. Blots were probed with antibodies to (A) P-Y397 FAK and anti-FAK; to (B)
P-TY418 Src; to (C) phospho LIM1 Paxilin; and GAPDH, this last used to normalize loading. Bands
corresponding to all proteins were quantified by densitometry using the ImageJ FIJI program. Bar graph
shows the mean + SE of phosphorylated pFAK/FAK/GAPDH, pSrc/GAPDH and pLIM1Paxilin/GAPDH
expression from three independent experiments. (D) Morphological changes in HUVECs treated with
DisBa-01 and/or VEGF. HUVECs (3 x 104 cells/well) were plated in a 96-well Microplate previously
coated with FN (1 pg/cm?), in serum-free DMEM and incubated overnight at 37 °C, 5% CO.. Cells were
exposed to VEGF (10 ng), DisBa-01 (1000 nM) and VEGF plus DisBa-01 for 30 minutes in DMEM 10%
FBS. Cell nuclei were stained with DAPI (0.7 ng/ul) and cytoplasm was stained with Alexa Fluor™ 488
phalloidin for 10 minutes. Images were observed using ImageXpress (Molecular Devices) equipment
with 60x magnification. Values of *p<0.05 were significantly different when compared to untreated and
#p<0.05 when compared to VEGF group.
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4. Discussion

Tumors exhibit considerable variation in the pattern and properties of
angiogenic blood vessels, as well as in their responses to anti-angiogenic therapy. The
angiogenic programming is a multidimensional process regulated by tumor cells in
conjunction with a variety of tumor associated stromal cells such as cancer associated
fibroblasts (CAFs) and tumor-associated macrophages (TAMs), and their bioactive
products, which encompass cytokines, growth factors, extracellular matrix and their
ligands (DE et al., 2005; KERBEL, 2008).

Tumor angiogenesis is predominantly driven by VEGF and its receptor,
VEGFR2. VEGF signaling pathway inhibitors may prolong the average survival of
patients with colorectal, lung and breast cancers in combination with chemotherapy
and renal cancer when used as monotherapy. However, there is a negative barrier
related to acquired resistance to anti-angiogenic therapy (PAPO et al.,, 2011;
RAMJIAWAN; GRIFFIOEN; DUDA, 2017). Angiogenesis is also regulated by
endothelial cell adhesion molecules, such as avfz and av3s integrins. Inhibitors of these
integrins suppress tumor growth in some preclinical models but did not produce
significant results in most experimental tests (ROCHA et al., 2017; WEIS; CHERESH,
2011).

The cross-talk between VEGFR2 and avBs is crucial for several cellular
functions. In endothelial cells, the interaction between avfz and VEGFR2 is a
particularly important process during vascularization. The mutual relationship between
VEGFR2 and avBs regulates various cellular activities involved in tumor angiogenesis,
including maximal transduction of angiogenic growth factors, migration and survival of
endothelial cells, and tubes formation (MAHABELESHWAR et al., 2007; ROSS, 2004;
SOMANATH; MALININ; BYZOVA, 2009a). Disabling these interactions by
compromising both components, avfs and VEGFR2, could improve the effectiveness
of current anti-angiogenic strategies and could potentially block one of the mechanisms

that contributes to therapy resistance.

Here we present evidence on the potent anti-angiogenic mechanism of DisBa-
01, an RGD-disintegrin and avBs inhibitor, which has been previously described
(CASSINI-VIEIRA et al., 2014; MONTENEGRO et al., 2012), although its mechanism
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of action was not proved. The data presented in this study support for the first time an
additional mechanism for DisBa-01 directing an anti-angiogenic effect on endothelial

cells.

DisBa-01 inhibits VEGF-mediated angiogenesis by impairing avB3/VEGFR2
cross-talk. DisBa-01 was able to inhibit the angiogenic cascade steps induced by
VEGF, which includes proliferation, migration, invasion, adhesion and tubes formation.
As demonstrated by previous studies, RGD disintegrins, such as triflavin, accutin,
salmosin, rhodostomin and contortrostatin, have similar anti-proliferative, anti-
migratory, anti-adhesive and anti-angiogenic effects mediated or not by growth factors
in endothelial cells (KANG; LEE; KIM, 1999b; SHEU et al., 1997; SWENSON et al.,
2006; YEH et al., 2001; YEH; PENG; HUANG, 1998). However, none of these studies
showed the occurrence of a synergistic inhibition between VEGFR2 and a3 by these

RGD-disintegrins.

Further evidence in this field of study was achieved from other integrin inhibitors
such as Cilengitide, a RGD-cyclic peptide with nanomolar inhibitory activity to avps and
avPs integrins. Cilengitide has been tested in patients with various advanced solid
tumors and its eminent inhibitory activity was previously reported (CHINOT, 2014;
HADDAD et al., 2017). However, after 10 years of clinical trials with cilengitide, the
results are still not favorable. The reasons for the lack of success may be related to
the dose discrepancy, in which only high doses of this peptide have anti-angiogenic
effects (CHINOT, 2014; HADDAD et al., 2017). Besides, and in contrast to DisBa-01,
low concentrations (nanomolar scale) of cilengitide promote VEGF mediated
angiogenesis by altering avBs integrin and VEGFR2 trafficking, thereby promoting
endothelial cell migration and pro-angiogenic effects, compromising its efficacy as an
anticancer agent (REYNOLDS et al., 2009).

Regarding to DisBa-01, a possible mechanism of action for the impairment of
VEGFR2/avB3 cross-talk by this disintegrin is the modulation of expression and
phosphorylation status of VEGFR2 and av33 integrin. VEGF stimulated endothelial
cells, promotes VEGFR2 phosphorylation, and internalized VEGFR2 accumulation of
in endosomes and lysosomes (EWAN et al., 2006; LAMPUGNANI et al., 2006). DisBa-
01 was able to attenuate the protein expression of VEGFR2 without affecting B3 integrin

content. These results may suggest that DisBa-01 impairs the accumulation and the
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recycling of internalized VEGFR2, but it does not inhibit av3s recycling, leading to a
reduction on the cellular responses to VEGF. On the other hand, cilengitide and S
36578, another avB3 antagonist, promote the rapid recycling of internalized VEGFR2
and prevent VEGFR2 degradation, shuttling VEGFR2 back to the plasma membrane,
thus amplifying the cellular response to VEGF (REYNOLDS et al., 2009). Here we also
show that DisBa-01 did not affect VEGFR2 and av33 mMRNA levels, suggesting that its
effects on VEGFR2 and avBs expression occur at a post-transcriptional level
(REYNOLDS et al., 2009).

It is known that tyrosine phosphorylation within the B3 integrin subunit occurs in
response to VEGF and it is essential for VEGFR2—[33 association, VEGFR2 activation
and subsequent signaling. Thus, the cross-talk between the two receptors determines
the cellular responses to VEGF, as well as the binding of the integrin, which is
regulated by tyrosine phosphorylation events (BYZOVA et al., 2000b;
MAHABELESHWAR et al., 2007; SOMANATH; MALININ; BYZOVA, 2009b). Antibody
blockade of the avBs function inhibits VEGFR2 phosphorylation, indicating that this
phosphorylation is avBs dependent. Similarly, VEGFR2 inhibitors impair the formation
of complexes between VEGFR2 and (s subunit (BYZOVA et al., 2000b;
MAHABELESHWAR et al., 2007; SOMANATH; MALININ; BYZOVA, 2009b). This
study showed that DisBa-01 inhibits B3 phosphorylation by impairing VEGFR2
phosphorylation in a dependent pathway. Previously, we observed that this disintegrin
has a high affinity with avfs (MONTENEGRO et al., 2017; RAMOS et al., 2008) and
colocalizes with VEGFR2, also being able to phosphorylate these two receptors,
demonstrating its importance in modulating the VEGFR2/av33 cross-talk in both ways.

Phosphorylation of B3 integrin subunit modulates several intracellular events,
including VAV-1/Rho GTPase activation, actin cytoskeleton reorganization and
regulation of the ERK1/2 and PI3K pathways, which are involved in the modulation of
basic cellular functions such as cell spreading and survival (SPIERING; HODGSON,
2011). Additionally, it must be noted that the above-mentioned set of signaling kinases
(ERK1/2 and PI3K) are also modulated via VEGFR2 activation by VEGF on HUVECs
(DELLINGER; BREKKEN, 2011; MAVRIA et al., 2006; ZACHARY, 2003). Our study
demonstrated that DisBa-01 inhibits VEGF-dependent phosphorylation of ERK 1/2 and

PI3K, supporting the inhibition of proliferation, migration and invasion via EKR 1/2
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dephosphorylation. After a 24-hour treatment, phosphorylated PI3K levels returned to
baseline with a small increase after stimulation with VEGF. Sustained endothelial
activation of PI3K has been shown to induce the formation of structurally abnormal
blood vessels that resembling the aberrations of tumor vessels (DELLINGER;
BREKKEN, 2011; KARAR; MAITY, 2011), corroborating the morphological changes

caused by DisBa-01 during tubulogenesis.

Erkl and Erk2 deletions in primary endothelial cells resulted in decreased cell
proliferation and migration, impaired apoptosis and interestingly, leading to alterations
on both Paxillin and FAK expression, promoting defects in the cytoskeleton
organization, thus impairing cell motility (SRINIVASAN et al., 2009). The morphological
changes are followed by loss of intercellular contacts and disorganization of cellular
cytoskeleton. In fact, the inhibition of integrin-dependent activation of FAK, Src and
Paxillin in HUVECs have been demonstrated by signaling experiments
(PROVENZANO; KEELY, 2011). The importance of FAK as an antitumor endothelial
target has been enhanced by the observation that its inhibition on endothelial cells
prevented tumor metastasis, improving the function of the endothelial barrier (JEAN et
al., 2014). In the present study, DisBa-01 affected FAK phosphorylation. Activated FAK
exhibits phospho-tyrosine anchor sites for several classes of signaling molecules,
including those belonging to the PI3K/Akt signaling pathway (SOMANATH; MALININ;
BYZOVA, 2009a) and Src (ELICEIRI; CHERESH, 1999; SENGER et al., 1996), which
are involved in various cellular functions. Src is the major tyrosine kinase associated
with Bs following stimulation of cells with growth factors and it is the possible kinase
responsible for phosphorylation of B3 cytoplasmic tyrosines, a pathway that controls
the functional association between avB3 and VEGFR2, which, in turn, regulates
activation of both receptors on ECs. This functional interplay is crucial for EC adhesion,
migration and start of the angiogenic programming in ECs (WEST et al.,, 2012;
WESTHOFF et al., 2004). Src activation by DisBa-01, however, appears to be
insufficient to fully activate downstream signaling pathways, such as ERK1/2 or PI3K
and unaltered B3 phosphorylation probably due to the lack of additional adaptors and
signaling proteins regularly present at focal adhesions. Another disintegrin, Kistrin,
which selectively binds to avBs, inhibits FAK/Src association and decreases the
response to VEGF (HELAL-NETO et al., 2016).
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Paxillin is a signal transduction adapter protein, which is associated with focal
adhesions, being one of the main substrates of FAK. It has been reported that VEGF-
A recruits FAK, which phosphorylates Paxillin in ECs (YANG et al., 2014). This
phosphorylation promotes the development of the Paxillin-Crk-Dock180 molecular
complex that regulates the activity of guanine-Rho triphosphatase and activates Rac
in addition to extracellular signaling pathways regulated by kinase signals (ERK and
Scr), leading to cell migration and adhesion (YANG et al., 2014). Although FAK and
Src phosphorylation improved by DisBa-01 was able to activate Paxillin, this activation
was not enough to stimulate the ERK pathway. Despite this result, Paxillin activation
mediated by DisBa-01 can possibly cooperated with the morphological differences

observed in this study, besides contributing with the migration inhibition.

The data above corroborate Montenegro et al (MONTENEGRO et al., 2017), in
which oral squamous cancer cells (OSCC), treated with DisBa-01, showed an increase
in Paxillin immunostaining, justifying the presence of higher focal and maturity
adhesions and a decrease in directionality and speed during cell migration.

Taken together, DisBa-01 impairs the B3/VEGFR2 cross-talk in HUVECSs, which
interferes in the signaling pathways of ERK1/2, PI3K, FAK, Src and Paxillin, resulting
in anti-angiogenic action and cellular morphological alterations.
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7. Conclusao

Considerando o potencial terapéutico da DisBa-01 na inibicdo da angiogénese e
0 desconhecimento sobre o seu mecanismo de acdo, este trabalho apresentou
evidéncias in vitro da associacéo direta entre DisBa-01 e o complexo avBs/VEGFR2 e

consequente inibicdo das vias de sinalizacdo angiogénicas.

Neste trabalho, foi possivel observar que a inibicdo do cross-talk entre av3s e
VEGFR2 levou a inibicdo da cascata angiogénica e, consequentemente afetou
significativamente a reorganizacdo do citoesqueleto de actina e a modulacdo da
migracao e adesdo das células endoteliais. A Figura 12 representa um esquema do

mecanismo repressor da interacdo desses receptores.

Esses resultados sdo promissores e geram novos desafios para o

desenvolvimento de estratégias terapéuticas.
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Figura 12. Bloqueio da integrina a,B3 prejudica a sinalizagdo do VEGF
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resultou na inibicdo da

A adicdo da DisBa-01 nas células endoteliais estimuladas com VEGF
fosforilagdo da integrina (3, e consequente inibicdo de VEGFR2. Dessa maneira, a sinalizagdo

angiogénica ficou prejudicada culminando em diminui¢do da viabilidade, migracéo, invasdo e adeséo

celular.



