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RESUMO

O céncer de mama em mulheres possui alta incidéncia e mortalidade nos casos oncoldgicos em
2020. O microambiente tumoral é composto por diversos elementos, como a matriz extracelular
(MEC). As proteinas da MEC se ligam as células através de receptores, como as integrinas que
controlam processos celulares. O padrdo de expresséo de integrinas pode estar muito alterado em
celulas tumorais comparado ao de células ndo tumorais. Desta forma, as integrinas vem sendo
estudadas como possiveis alvos para o tratamento do cancer e para prevencdo de metastases. No
entanto, a grande maioria dos efeitos de inibidores de integrinas descritos na literatura foram feitos
em normoxia, condicdo diferente do que ocorre no microambiente tumoral de tumores sélidos.
DisBa-01, desintegrina recombinante de Bothrops alternatus, bloqueador da integrina avfs, induz
a perda da direcionalidade da célula tumoral bucal (OSSC), é antiangiogénica, e inibe a expressao
de VEGF e de VEGF-R em células endoteliais. Todos os estudos in vitro anteriores foram feitos
em condi¢des de normoxia e em cultivo em monocamada. Neste projeto, estudamos o efeito do
blogueio da integrina avps pela DisBa-01 em célula tumoral de mama (MDA-MB-231) e célula
endotelial (HUVEC) em cultura 2D e 3D sob hipdxia, além das interacfes de alvos secundarios.
Foram utilizados modelos migratérios como, Boyden chamber, transmigracéo endotelial, ensaio de
wound healing na presencga da DisBa-01. Analisamos as possiveis interacdes entre a DisBa-01 e a
proteina de matriz e VEGFR2 por ressonancia plasmonica de superficie. A DisBa-01 tem efeitos
similares em normdxia e hipdxia para os experimentos da migracdo transwell e transmigracdo
endotelial da célula MDA-MB-231. Para o ensaio de wound healing maiores concentracdes da
DisBa-01 foram necessarias para a inibicdo da migracdo e foi observado a diminuicéo da atividade
da Pro-MMP-9 do meio condicionado desse ensaio. DisBa-01 (1000 nM) inibiu a formacé&o de tubo
da HUVEC, migracdo transwell e ensaio de wound healing sob hipdxia. Para a cultura 3D, a
inibicdo da migracdo a partir de compacto agregado formado por células MDA-MB-231 e para o
esferdide da HUVEC foram semelhantes em ambas condi¢fes de oxigenacao e tratamento com a
DisBa-01. Além disso, DisBa-01 se liga na fibronectina (FN), vitronectina (VN) e VEGFR2 com
menor afinidade comparado a integrina avps. A interacdo do complexo DisBa-01-integrina avfs
colocaliza-se com a VN e FN na HUVEC. Esses resultados indicam que a funcéo da integrina ovfs
na motilidade celular depende do ensaio e nivel de oxigénio, e altas concentra¢Bes do inibidor
podem ser necessarias para atingir o mesmo efeito inibitorio comparado com normoxia.

Palavras-chave: cancer, metastase, integrina avfs, desintegrina, hipoxia, microambiente tumoral




ABSTRACT

Breast tumors show high incidence and mortality for female oncologic cases in 2020. Tumor
microenvironment presents several elements, such as extracellular matrix (ECM). ECM proteins
bind to cells through receptors such as the integrins that control cellular processes. Patterns of
integrin expression are changed in tumor cells compared with non-tumor cells. Thus, integrins are
studied as possible targets for cancer treatment and metastases prevention. However, most inhibitor
effects described in literature are in normoxia, a different condition that is found in the tumor
microenvironment. DisBa-01, recombinant protein from Bothrops alternatus, is an avf3 integrin
blocker, induces loss of OSSC (Oral Squamous Cell Carcinoma) directionally in fibronectin
coating, is anti-angiogenic, and inhibits VEGF and VEGFR2 expression in endothelial cell. Until
now, these studies were done in-vitro in normoxia and 2D culture, beyond that interactions with
secondaries targets. This project studied the effect of blocking avf3 integrin treated with DisBa-01
in breast tumor cells (MDA-MB-231) and endothelial cells (HUVEC) in 2D and 3D cultures under
hypoxia. We analyzed possible interactions between DisBa-01, ECM proteins and VEGF-R2. We
used migratory models including Boyden chamber, endothelial transmigration, wound healing
assay treated with DisBa-01. DisBa-01 induced similar effects in normoxia and hypoxia in
transwell migration and endothelial transmigration for MDA-MB-231 cells. For wound healing
assays, higher concentrations of DisBa-01 were necessary for migration inhibition. DisBa-01 (1000
nM) inhibits tube formation, transwell migration and wound healing assay under hypoxia. For 3D
culture, migration inhibition from compact aggregates produced by MDA-MB-231 cell and
spheroid produced by HUVEC are similar in both oxygenations treated with DisBa-01. DisBa-01
binds to fibronectin (FN), vitronectin (VN) and VEGFR2 with lower affinity compared with avf33
integrin. DisBa-01-avf3 integrin-complex interaction colocalizes with FN and VN in HUVEC.
These results show that avpBs integrin function in cellular motility depends on the assay and
oxygenation condition, and higher concentration of inhibitor to cause the same effect in normoxia.

Keys words: cancer, metastasis, avf3 integrin, disintegrin, hypoxia, tumor microenvironment
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1. INTRODUCAO

1.1 O CANCER DE MAMA E O MICROAMBIENTE TUMORAL HIPOXICO

O céncer de mama feminino possuiu alta incidéncia global, sendo a principal causa de
mortes, superando o tumor de pulmao, em casos oncolégicos femininos, em 2020 (SUNG et al.,
2021). Além disso, nesse mesmo ano, foram estimados 66.280 casos de cancer de mama no
Brasil, sendo destes, aproximadamente 1% em homens (INCA — Instituto Nacional do Cancer,
2020). Para cada ano do triénio 2020-2022, s&o estimados cerca de 66 mil novos casos de cancer
de mama no pais (INCA, 2020) (Tabela 1).

Tabela 1: Distribuicdo proporcional dos dez tipos de cancer com alta incidéncia estimados para
2020, exceto pele ndo melanoma. (INCA)

Prostata 69.840 28,2% Homens Mulheres Mama feminina 66.280 20,7%
Colon e reto 20.520 0,1% Calon e reto 20.470 0,2%
Traqueia, brnguio e pulmédo 17.760 7,9% Colo do (tero 16.500 7.4%
Estomago 13.360 5,0% Traqueia,bronguio e puimao ~ 12.440 5,6%
Cavidade oral 11.180 5,0% Glandula tireoide 11.950 5,4%
Esdfago 8.600 3,0% Estmago 7.870 3,9%
Bexiga 7.500 3,4% Ovério 6.650 3,0%
Linfoma ndo Hodgkin 6.580 2,0% Corpo do ltero 6.540 2,0%
Laringe 6.470 2,0% Linfoma ndo Hodgkin 2.430 2,4%
Leucemias 5.020 2,6% Sistema nervoso central 5.220 2,3%

*Nimeros arredondados para multiplos de 10.

Os subtipos de cancer de mama sdo catalogados de acordo com os perfis de expressao de
genes. O fendtipo triplo negativo (TNBC- triple negative breast cancer), € ausente para 0s
receptores de estrogénio (ER - estrogen receptor), progesterona (PR - progesterone receptor) e
fator de crescimento epidérmico humano-2 (HER2 - human epithelial growth factor receptor
2). Os outros subtipos de cancer de mama sdo classificados como luminal A, luminal B e HER2
positivo (HE et al., 2019) (Tabela 2). Para o luminal A é necessario apresentar ER positivo e
HER negativo, sendo um tumor menos agressivo. Para o luminal B, apresenta-se ER positivo
com caracteristica de um tumor mais agressivo que o luminal A seguido do HER positivo. Vale
ressaltar que a TNBC, entre 2-3 anos apds o desenvolvimento tumoral, tem o0 maior risco para
metastase comparado aos outros subtipos de doenca e ainda com o progndstico desfavoravel
(Fig.1) (DAl et al., 2017).
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Tabela 2: Classificacdo dos subtipos de cancer de mama (HE, et al. 2019).

Subtypes ER PR HER2
Luminal A + +/— -
Luminal B + +/— +/-
HER2+ - - +
TNBC - - -

Figura 1: Comparagéo dos subtipos entre as linhagens celulares de cancer de mama. Adaptado
de DAl et al., 2017.
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O microambiente tumoral é composto por diversos elementos, celulares e ndo celulares,
como a matriz extracelular (MEC), fatores de crescimento, citocinas, fibroblastos, celulas
estromais e imunologicas, além de células endoteliais que revestem o vaso sanguineo, levando
assim os suprimentos para o tumor (NYBERG, SALO, KALLURI, 2008).

A MEC ¢é composta por aproximadamente 300 componentes que regulam a homeostasia
tecidual. Seus principais constituintes incluem proteinas fibrosas como colagenos (COL),
laminina, vitronecina (VN) e fibronectina (FN), bem como glicosaminoglicanos e
proteoglicanos tais como condroitina sulfato, heparan sulfato e sindecan, entre outros. Todos
estes componentes organizam-se em uma rede de suporte aos diferentes tecidos que esta em
constante remodelamento para atender as diferentes necessidades teciduais ou para responder
as alteracGes ambientais tais como as encontradas em um tumor. O aumento na expressao de
genes relacionados ao remodelamento da MEC tem sido associado ao aumento da mortalidade
em pacientes com cancer de mama, pulméao e de estbmago (CHANG et al., 2004). Em especial,
a deposicdo aumentada de coldgeno (fibrose) foi descrita como um dos fatores causais da
metastase e estd localizada principalmente em regides em hipoxia (GILKES, SEMENZA,
WIRTZ, 2014; PETROVA et al. 2018) (Fig.2).
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Figura 2: Estroma tumoral e a matriz extracelular em hipdxia. Modificado de PETROVA et
al. 2018
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O dramatico efeito da hipoxia nas modificacbes pos-traducionais do colageno é bem
conhecido, no entanto pouco se sabe sobre a regulacdo da expressao génica do colageno em
células tumorais em hipoxia tanto in vitro como in vivo. A fibrose € responsavel pelo aumento
da rigidez do tumor e o tumor de mama pode ser aproximadamente dez vezes mais rigido do
que o estroma mamario ndo tumoral (PASZEK et al., 2005). A rigidez tumoral aumenta a tensao
mecanica necessaria para promover adesdes focais, facilitando o clustering de integrinas que
sdo receptores de membrana, ativando a quinase de adesdo focal (FAK) que por sua vez ird
disparar vias de sinalizagdo que resultam em aumento de migragdo e invasdo celulares
(PROVENZANO, KEELY, 2009)

Em 1924 Warburg descreveu o aumento da glicolise em tumores, resultando assim em
aumento dos niveis de acido latico e consequentemente na acidificacdo do ambiente tumoral,
mesmo na presenca de oxigénio (BERTOUT, PATEL, SIMON 2008). Hoje sabe-se que as
células tumorais hipoxicas mostram mudanga metabolica de respiracdo aerobica mitocondrial
para o processo de glicolise anaerdbia (KHAN, et al. 2017; GILKES, et al. 2014). Na hipdxia
observa-se um aumento de absorcdo da glicose a partir do aumento da expressdo da proteina
transportadora de glicose (GLUT1) e enzimas glicoliticas induzidas pela atividade
transcricional dos fatores induzidos por hipdxia (HIFs) (ATA, ANTONESCU, 2017).

Em normodxia o HIF é dificilmente detectavel porque é alvo de destruicdo rapida pela
pVHL (proteina de von-Hippel-Lindau — proteina supressora de tumor) e pela enzima prolil

hidroxilase. Essa, na presenca de oxigénio, hidroxila a subunidade HIF-1o e em seguidaa pVHL
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adiciona residuos de poliubiquitina, assim direcionando-a para destrui¢do via proteossoma. Na
auséncia de oxigénio, a prolil hidroxilase ndo consegue hidroxilar o HIF-1a que, entéo associa-
se a subunidade HIF-1p, recrutam o co-fator p300 e formam um complexo de transcricdo que
se liga aos elementos de resposta a hipdxia (HRE-hypoxic response elements), resultando no
aumento de transcricdo de genes (BURROUGHS et al., 2014).

A proliferacdo celular acelerada de células tumorais, combinada com uma estrutura
anormal dos vasos sanguineos tumorais resultam em regides hipoxicas dentro de tumores
solidos, onde as distancias inter capilares sdo maiores do que a distancia de difusao do Oxigénio
(100-200 pum) (SORG et al. 2008) (Fig. 3). Pacientes cujos tumores primarios sao pobremente
oxigenados possuem risco aumentado de desenvolverem metastases (OSINSKY,
ZAVELEVICH, VAUPEL, 2009). As células tumorais se adaptam ao ambiente hipoxico pela
inducdo da expressdo de fatores induzidos por hipdxia 1 e 2 (HIF-1 e HIF-2), que sdo fatores
de transcricdo para diversos genes pro-angiogénicos, principalmente o fator de crescimento
endotelial vascular (VEGF) (JOYCE, POLLARD, 2012).

Figura 3: O aumento do tumor leva a vascularizacdo desorganizada em regides de baixa
oxigenacdo, aumentando a agressividade tumoral, resisténcia a diferentes modalidades
terapéuticas e mau prognostico para os pacientes. Imagem modificada de RAMACHANDRAN,
et al 2015.
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1.2 ANGIOGENESE TUMORAL

A angiogénese € 0 crescimento de novos vasos sanguineos a partir de vasos pré-existentes
(ZHAO, ADJELI, 2015) (RAHIMI, 2012). Nos vasos sanguineos existem células aderidas na
regido extracelular, denominado pericito, cuja funcdo é manter a estabilidade do vaso sanguineo
e controle da permeabilidade (GERHARDT, SEMB, 2008). Antes da proliferacao do endotélio,
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ha uma desestabilizacéo das interagdes entre a célula endotelial e os pericitos: a hipoxia induz
oOxido nitrico sintase (NOS) e aumento do VEGF, assim 0s vasos se dilatam em resposta ao
oxido nitrico (NO) e o VEGF interrompe o0s contatos entre as células causando aumento da
vasopermeabilidade (Fig. 4A) (CLAPP et al. 2009). Depois que as células tumorais conseguem
intravasar para a corrente sanguinea através das junc@es das células endoteliais (Fig. 4B), elas
podem se espalhar por todo o corpo, deixando a circulagdo em um processo chamado
extravasamento (Fig. 4C). Este caminho é feito pela adesdo das células tumorais aos vasos
sanguineos através receptores expressos na membrana plasmatica, tanto na célula tumoral,
quanto na célula endotelial. As células tumorais passam pela barreira da célula endotelial e
transmigram para o sitio secundario num processo chamado de migracdo transendotelial
(REYMOND, BORDA D’AGUA, RIDLEY, 2013).

Figura 4: Influéncia da hipoxia tumoral na angiogénese e migracdo celular. A) Aumento do
VEGF e da angiogénese na hipdxia tumoral. B) Invasao tumoral através dos vasos sanguineos.
C) Extravasamento da célula tumoral para o nicho secundario. Adaptado de RAHIMI, 2012 e
REYMOND, BORDA D'AGUA, RIDLEY, 2013
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1.3 TRANSI(;AO EPITELIO OU ENDOTELIAL PARA MESENQUIMAL, EMT e
EndoMT

O processo de transicdo epitélio para mesenquimal, EMT (Ephitelial to Mesenchymal
Transition), esta diretamente envolvido em diferentes etapas durante a metastase. Esse
mecanismo induz a perda de adesdo das células tumorais, as quais adotam propriedades
mesenguimais e adquirem a capacidade migratéria. Ap6s a célula tumoral atingir o nicho

secundario ocorre um processo reverso, a transicdo mesenquimal para epitelial, MET
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(Mesenchymal to Endothelial Transition) adquirindo novamente um fendtipo epitelial (LIMA

etal., 2016). Esse mesmo mecanismo € caracterizado também para células endoteliais, chamado

de transicdo endotelial para mesenquimal, EndoMT (Endothelial to Mesenchymal Transition),

ou seja, ocorre a perda das caracteristicas adesivas endoteliais e ganho de propriedades

mesenquimais, ocorrendo a desestabilizacdo dos vasos sanguineos e promovendo a
neovascularizagdo (MEDICI, KALLURI, 2002).

Ha diferentes expressdes proteicas e fatores envolvidos nos processos EMT - EndoMT e

MET que séo estabelecidos como biomarcadores (Tabela 3). Entretanto as células ndo perdem

e adquirem rapidamente marcadores EMT ou MET, mas sim ocorre um fen6tipo intermediario

ou hibrido entre os dois eventos que podemos chamar de plasticidade epitelial ou endotelial
para mesenquimal, EMP (Epithelial — mesenchymal plasticity) (BATHIA et al., 2020) (Fig. 5)

Tabela 3: Comparacdes entre as caracteristicas EMT e EndoMT. Adaptado de PLATEL et al.,
2019; LIMA et al., 2016; MEDICI, KALLURI, 2012.

EMT EndoMT
Células Epiteliais Endoteliais
Mediadores Indutores TGF-B, Wnt/B-catenina, hipdxia, Noth, TGF-B, Wnt/B-catenina, hipdxia, estresse

estresse oxidativo

oxidative, Noth

Marcadores epidermais e | E-caderina, N-caderina

endodermais

VE-caderina, CD31/PECAM-1, CD3l1,
colageno tipo 4

Marcadores Vimentina, o-SMA, FSP1, MMP-2 e 9

mesenquimais

Vimentina, o-SMA, FSP1, MMP-2 e 9,

Colégeno tipo 1 e 2, N-caderina

Fatores transcricionais Slug, Snail-1 e 2, Twist

Slug, Snail-1 e 2, Twist,

Figura 5: Dinamica entre EMT e MET: a plasticidade epitelial-mesenquimal. Adaptado de

BATHIA et al., 2020.

E-cadherin
EpCAM
Z0-1
Occludin
miR-200
Claudin3,4,7
BMP7
Notch4
ovoL2
GRHL2

Hypoxia and
L low pH

Mechanical
stress

Epithelial-mesenchymal plasticity

Altered EMC
J
Vimentin
N-cadherin
MMP
A, FsP
B Foxc2
‘. GOOSECOID
\ Twist

nai
Mesenchymal state R

Zeb1

A hipdxia também é conhecida como um indutor de EMT em diferentes tumores e a
EndoMT. J& foi relatado o HIF1-o. como regulador da via TGF-p / SMAD3 (Suppressor of

Mothers Against Decapentaplegic 3) em pacientes com cancer de mama (TAM, WU, LAW,
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2020). A Endo-MT também esté associado a transcricao de fatores Snail e Slug pela via TGF-
[ atraves da inducdo da hypoxia para conduzir a fase de abrotamento (sprouting) da célula
endotelial durante a angiogénese (PLATEL et al., 2019).

1.4 METALOPREINASES OU METALOPROTEASES DE MATRIZ, MMPs

Durante a EMT e Endo/MT, as proteinas de matriz sdo degradadas pelas
metalaproteinases de matriz (MMPSs), como as gelatinases A (MMP-2) e B (MMP-9). As MMPs
sdo da familia da metaloproteinases dependente de zinco que participam da degradacdo dos
componentes da MEC, citocinas, fatores de crescimento, promovendo o crescimento tumoral e
neovascularizacio (QUINTERO-FABIAN et al., 2019).

A estrutura geral da familia das MMPs inclui um peptideo sinal para secrecdo, um
dominio pro-peptidico para laténcia enziméatica, um dominio catalitico com um local de ligagdo
ao zinco e um dominio C-terminal do tipo hemopexina (PEX), presente na maioria das MMPs,
cuja funcéo esta relacionada ao reconhecimento do substrato. As gelatinases MMP-2 e MMP-
9, metalaproteases secretetadas, contém dominios repetitivos tipo fibronectina (FN) que pode
ser denominado CBD (collagen binding domain), a qual interage e degrada o colageno tipo IV.
Vale ressaltar que a MMP-9 contém mais um dominio tipo colageno tipo V (BAUVOIS, 2012)

(Fig. 6).

Figura 6: Esquema das estruturas das MMPs. Adaptado de BAUVOIS, 2012; HSIO et al.,
2019; RADISKY, RAEESZADEH-SARMAZDEH, RADISKY, 2017.
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H& um aumento da MMP-2 e MMP-9 em hip6xia em cancer de mama e de célon levando
ao remodelamento da MEC e alinhamento das novas fibrilas de colageno, de forma a facilitar a
migracdo das células tumorais em direcdo aos sitios metastaticos (MUNOZ-NAJAR et al.,
2006; CHOI et al., 2011). Apds a degradacdo da lamina basal pelas gelatinases, outras
moléculas de matriz s&o substituidas, como o colageno tipo I e I, e fibronectina. O colageno
tipo | esta associado com a inducdo de EMT e Endo/MT pela ativacdo de receptores, como a
integrina azf1. A fibronectina induz a p6s Endo-MT através da sinalizac¢do da integrina osf1, a
qual promove reorganizacdo no citoesqueleto (MEDICI, KALLURI, 2012; BATHIA, et al.,
2020).

1.5 AS INTEGRINAS E SUAS INTERACOES

As integrinas sdo receptores heterodiméricos glicoproteicos, formados por duas
subunidades, o e , em combinagfes de 18 subunidades a e 8 subunidades j e resultando 24
dimeros diferentes de integrinas. Elas sdo moléculas sinalizadoras bidirecionais denominada
como outside-in signalling e inside-out signalling. A sinalizacdo outside-in é caracterizado pela
ativacdo da integrinas por sinais de origem extracelular, levando a proliferacdo e migracao
celular. J4 a sinalizagdo inside-out ocorre a partir de sinais internos da célula, alterando
afinidade entre as integrinas com seus ligantes (HAMIDI, IVASKA, 2018). Curiosamente, as
integrinas podem apresentar trés estados confomacionais, dobrada (inativa), fechada-estendida
ou aberta-estendida. Esses estados podem ser correspondentes as diferentes afinidades e
ocupacdo dos ligantes com as integrinas e gatilhar as diferentes sinalizagdes (TOLOMELLI et
al., 2017) (Fig.7).

Figura 7: Esquema dos possiveis estados conformacionais das integrinas. Adaptado de
TOLOMELLI etal., 2017.
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As integrinas a3, asPi, ounPs, ovPs se ligam a proteinas de matriz que possuem o motivo
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tripeptidico, RGD (Arg-Gly-Asp), como é o caso da FN (fibronectina) e VN (vitronectina),
responsaveis pela adesdo celular (MOMIC, KATZEHENDLER, 2014; BARCZYK,
CARRACEDO, GULLBERG, 2010).

A FN e a VN possuem regides especificas de interacdo com o colageno, assim ambas
proteinas de matriz formam ligagdes intermediarios entre colageno-célula, além da ingrina 21
se ligar preferencialmente no colédgeno (ZELTZ, ORGEL, GULLBERG, 2014; MORITZ et al.,
2022) (Fig.8). Essas moléculas sdo componentes-chaves durante a migracdo celular nas
diferentes etapas na progressao e metastase tumoral, desta forma demonstra um grande interesse
de desenvolvimento de inibidores de integrinas que possam inibir sua fungdo celular (HAMIDI,
IVASKA, 2018)

Figura 8: Interacdo entre o colageno e a célula formada pela ligacao direta ou indireta. A ligacdo
direta é mediada pela integrina e o coléageno, e ligagdo indireta € mediada por uma ponte (FN)
entre a integrina e coldgeno denominado COLINBRI (COLIlagen INtegrin BRIdging) por
ZELTZ, ORGEL, GULLBERG, 2014.

Collagen-binding COLINBRI-binding
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1.6 AS INTEGRINAS EM AMBIENTE HIPOXICO

A metastase de cancer de mama esta correlacionada com aumento de integrinas em
hipoxia. BROOKS et al., (2016) demonstraram que a subunidade da integrina as € um gene alvo
de HIF na linhagem celular de tumor de mama MDA-MB-231. CHUNG et al., (2004) também
mostraram a importancia da integrina osP1 em condigdes de hipdxia e a protecdo contra a
apoptose de células tumorais MDA-MB-435. Além disso, a hipoxia também influéncia na

determinacéo do nicho pré-metastatico pelo recrutamento de células tronco derivadas da medula
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Ossea em modelos experimentais de cancer de mama, resultando em aumento de metastase
linfatica e vascular (CHATURVEDI et al., 2013).

DUNN et al., (2009) estudando fatores secretados envolvidos na inducdo da metastase
Ossea de tumor de mama, questionaram se a sinalizacdo do HIF-1o e do TGF-p promoviam
metéstase de forma sinérgica ou independente. A inibicdo desses genes individualmente
provocou diminuicdo de metastases 0sseas, sem efeito adicional do duplo bloqueio in vivo. As
formas mais agressivas de cancer de mama invasivo, principalmente o fen6tipo TNBC, resultam
em maior mortalidade devido aos casos metastaticos (GARCIA et al., 2021).

Ao silenciar o gene da integrina as de células MDA-MB-321, observaram que houve uma
inibicdo da invasdo e da motilidade das células em uma matriz tridimensional de colageno e
fibronectina (JU et al. 2017). Os mesmos autores fizeram em um estudo em larga escala
utilizando bancos de dados como o The Cancer Genome Atlas (TCGA), selecionaram o gene
da integrina as como o de maior correlacdo com os genes induzidos por HIF-1. Esse resultado
foi validado pela confirmacdo dos altos niveis de expressdo da integrina asp1 em um painel de
20 linhagens diferentes de cancer de mama expostas a 20% e 1% de O..

Outros autores demonstraram 0 aumento na expressdo da integrina avpz pela exposicao
de células tumorais a hipdxia, o qual pode levar ao aumento de proteinas de matriz resultando
em um fendtipo rigido e fibrose (DAHL et al., 2005). Estes resultados evidenciam a importancia
da MEC e dos receptores de adesdo na progressao tumoral.

1.7 ACULTURA TRIDIMENSIONAL E AS INTEGRINAS EM CULTURA 3D

Inicialmente, meados do século XX, Harrison foi o cientista pioneiro para o cultivo
celular, técnica atual de cultura 3D conhecida como Hang Drop. Em 1923, Alex Carrel,
aprimorou o cultivo celular em monocultura, utilizando garrafa para adeséo, conhecido como
Flask Carrel e se dedicou a estudar sobre assepsia (BRESLIN, DRISCOLL, 2013). Em torno
de 1950 foram feitos varios ensaios in vitro com celula primaria e tumoral utilizando diferentes
drogas. Entre 1970-1980, outros modelos embebidos em solucdo soft-agar comecaram a ser
utilizados para estudo in vitro (HICKMAN et al. 2014). Assim a cultura 3D foi se perdendo até
gue nos meados de 2000, a pesquisadora norte americana Mina Bissel desenvolveu a cultura
3D com ceélulas mamarias a partir de células epiteliais embebidas em matrigel (BISSELL et al.
2002)

Para uma melhor compreensdo do cancer e selecdo de farmacos anti-tumorais e anti-

angioénicos, a cultura 3D reflete uma maior relevancia fisiolégica de modelos in-vitro,
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mimetizando melhor o ambiente in-vivo. Os modelos de cultura 3D podem representar com uma
maior complexidade as diferentes etapas da progressao tumoral na proliferagdo, migracéo e
invasédo de células tumorais e endoteliais (KATT et al., 2016; STATON et al., 2009).

A cultura 3D pode ser formada por modelos esféricos ou aglomerados compactos, nos
quais apresentam interacdes celula-célula e célula-MEC, capazes de criarem micro tecidos com
atividade metabolica controlada por mecanismos de difusdo de nutrientes e oxigénio,
semelhante aos tumores avasculares. Essas condi¢des simulam a sensibilidade do tumor a
medicamentos anticancer e consequentemente sua resisténcia (NAPOLITANO et al., 2007;
SHOVAL, et al., 2017; BADEA, et al., 2019) (Fig. 9).

Os esferoides provenientes de células endoteliais sdo utilizados para uso em aplicaces
como formacao de tecidos pré-vascularizado. O modelo de brotamento e migracdo endotelial a
partir da cultura 3D da célula endotelial demonstram mais ferramentas para estudar o inicio da
angiogénese (VAKHRUSHEV et al., 2022).

Figura 9: Organizacdo espacial da cultura 3D comparada com o microambiente tumoral in-vivo,
mostrando a difusdo dos nutrientes, oxigenacao e local que o farmaco pode ser encontrado.
(STADLER et al., 2015)
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As integrinas estdo envolvidas em diferentes etapas da cultura 3D, por exemplo,
subunidade B esta envolvida no crescimento celular de forma dispersa e ndo aglomerada, como
ocorre em monocamada, em diferentes tumores de cultura 3D (HOWE, ADDISON, 2012).

FISCHBACH et al., (2009) observaram o aumento da adesdo e proliferagdo das células
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3D de carcinoma oral escamosa (OSSC) em uma proteina modificada em RGD, destacando as
possiveis ativagdes das integrinas que se ligam a esse motivo adesivo.

Além disso, ja foi relatado que a via Bs-Src em TNBC esta relacionado com adeséo e
migracao através do estudo do modelo 2D e 3D. Além de silenciar a subunidade Bs e utilizar
um inibidor RGD em cultura 2D, testaram um outro inibidor para Src em cultura 3D. Foi
observado a diminuigdo da taxa de dissiminacdo da cultura 3D no coating de FN (PARK,
HELFMAN, 2019). Desta maneira entendemos importancia dos estudos com inibidores das

integrinas e proteinas relacionada para entender melhor o seu papel nos diferentes modelos.

1.7 INIBIDOR DA INTEGRINA avps

Embora a integrina ovpPs estd envolvida em varias patologias, como o céncer, até o
momento nenhum antagonista foi aprovado apds o estudo da terceira fase em humanos.

Pacientes com glioblastoma foram tratados com cilengitide, porém ndo houve 0 aumento
da taxa de sobrevida desses pacientes (GERSTNER et al., 2015). Esse composto ciclico e
sintético que contém RGD ¢ inibidor para integrina em subnanomolar para a integrina ovps,
namolar para owfs € € alta seletividade para o receptor plaquetario para integrina oumnps (MAS-
MORUNO, RECHENMACHER, KESSLER, 2010)

Pacientes com tumores solidos, como o cancer de mama, também foram tratados com o
cilengitide, em um estudo da fase I, ap6s serem diagnosticados com metastases. De doze
pacientes, um paciente conseguiu uma resposta parcial a terapia e cinco pacientes apresentaram
doenga estavel como melhor resposta (HADDAD et al., 2017).

E evidente que ainda existe a falta de compreensdo entre as integrinas e antagonistas.
Uma das possibilidades de resposta dessa lacuna é a capacidade de antagonistas induzir
mudanca conformacional no receptor e adotar um estado de ligante de alta afinidade. As
pequenas moléculas TDI-4161 e TDI-3761 inibem ades&o da célula embrionaria de rim (HEK-
293) no coating de fibrinogénio, mas ndo induzem uma grande mudanca conformacional da
integrina avpPs (LI et al., 2019). Na figura 10 podemos observar a mudanca conformacional das
integrinas de diferentes farmacos e inibidores da integrina ovfs.

Farmacologicamente, os ligantes séo classificados de acordo com agéo dos receptores. Os
agonistas sdo componentes que se ligam aos receptores e mimetizam a sinalizagdo enddgena.
Os agonistas parciais possuem menor capacidade de ativar o receptor e a transdugéo de sinal
associada, enquanto 0s agonistas inversos sao componentes que podem estabilizar o receptor e

inativar sua conformacéo. Entretanto algumas revistam aceitam o termo antagonistas, as quais



28

se ligam nos receptores e bloqueiam a interagdo com agonistas enddgenos e ndo induz nenhuma
ativagdo do receptor (Fig.11). E crucial investigar esses novos insights das integrinas,
principalmente apos a interacdo de um agonista/antagonista, e a relacdo com resposta bioldgica
celular, como adesdo, migracdo, trafico de integrina, internalizacdo e via de sinalizacdo
(TOLOMELLI et al., 2017).

Figura 10: Microscopia Eletronica da mudanca conformacional da integrina. Adaptado de LI
etal., 2019

-

Mudanca conformacional |[DMSO |Cilengitide |TDI-4161 |TDI-3761
Fechada-dobrada (%) 77 20 79 67
Fechada-extendida (%) 20 13 21 28
Extendida-aberta (%) 3 67 0 5

Figura 11: Comportamento das integrinas na ligacdo de agonistas e antagonista (TOLOMELLI
etal., 2017).
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1.8 DESINTEGRINAS

As desintegrinas, originadas de veneno de serpente, sdo inibidores naturais de integrinas
devido o motivo tripeptidico presentes nas proprias proteinas e estdo dentro da classificagdo das
metaloproteinases de veneno de serpente (SVMPs) (CALVETE, 2013; FOX, SERRANO,
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2008). A classe mais comum de desintegrinas é formada por proteinas monoméricas que contém
0 motivo adesivo RGD e séo capazes de inibir a adesdo celular a componentes da MEC. Devido
a sua elevada capacidade de inibir a migracdo celular, diversos estudos mostraram o potencial
destas proteinas para a prevencdo do desenvolvimento de metéastases (MACEDO et al. 2015;
RAMOS et al. 2008).

A DisBa-01 (Disintegrin of Bothrops alternatus) é uma proteina recombinante derivada
do veneno da serpente Bothrops alternatus (urutu-cruzeiro) que possui 0 motivo RGD na regido
C-terminal, formando um loop de interacdo com a integrina avfs (RAMOS et al. 2008).

A DisBa-01 inibiu a proliferacdo em células endoteliais humanas (HMEC) (RAMOS et
al., 2008), de células tumorais de préstata e mama (DU-145 e MDA-MB-231) (SELISTRE-DE-
ARAUJO et al., 2010), além de inibir a angiogénese no modelo da esponja em rato (CASSINI-
VIEIRA et al., 2014). Em outro estudo, causou aumento da adesdo focal de células de uma
linhagem celular de carcinoma oral escamosa (OSCC) altamente metastatica provocando a
perda do direcionamento da migracdo, em um ambiente rico de FN (MONTENEGRO et al.,
2017).

Células tumorais de mama de camundongo (4T1) e fibroblastos de camundongo (L929)
tratadas com a DisBa-01, ndo entram em apoptose, ao contrario, iniciam um programa de
autofagia, prolongando a sobrevivéncia celular (LINO et al., 2019). A DisBa-01 colocaliza-se
tanto com a integrina avf3, quanto com a integrina osp1 em HUVEC, porém de forma diferente.

A colocalizacéo da DisBa-01 com a integrina avf3 € de forma dispersa na célula. Ja a
colocalizagdo com a integrina asP: é observada de maneira aglomerada, semelhante ao
observado entre a DisBa-01 e o0 VEGFR2 em HUVEC (CASALI et al.,, manuscrito em
preparacdo) (DANILUCCI et al., 2019). Além disso, o bloqueio da integrina avfs pela DisBa-
01 é suficiente para inibir a sinalizacdo mediada pelo VEGFR2 em HUVEC. Apesar de induzir
a fosforilacdo do VEGFR2 (Y1054+Y1059), a proliferacdo e a migracdo das células endoteliais
sdo inibidas pelo blogueio da integrina avBs (DANILUCCI et al., 2019). Estes resultados
demonstram o potencial desta desintegrina para a compreensdo de processos celulares

complexos que ocorrem durante a progressao tumoral.

2. JUSTIFICATIVA
Todos os estudos descritos in-vitro com o bloqueio da integrina avf33 com o tratamento da
DisBa-01 foram realizados em normdxia. No entanto, ndo se conhece o efeito desta desintegrina

ao bloquear a integrina avfs em hipoxia, condi¢cdo mais frequentemente associada a tumores
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s6lidos como o de mama, e a cultura 3D.

3. HIPOTESE
Acreditdvamos que em condi¢fes de hipdxia, a migracdo das células MDA-MB-231 e
HUVEC em cultura 2D e 3D seriam inibidas apos o bloqueio da integrina avf3, €m maiores
concentracdes da DisBa-01. Esse achado é afirmativo dependente do modelo migratério em

cultura 2D ou 3D sob baixa oxigenacao.

4.1 OBJETIVO PRINCIPAL
Investigar os mecanismos pelos quais a integrina avps regula a migracéo celular tumoral
e endotelial, a angiogénese, citoesqueleto no microambiente tumoral em condicGes de hipdxia

comparado a normoxia.

4.2 OBJETIVOS SECUNDARIOS

Analisar atividade das gelatinases, MMP-2 e MMP-9, em ambiente hipdxico com o
bloqueio da integrina ovps das células MDA-MB-231;

Determinar o perfil proteico da subunidade da integrina Bz das células MDDA-MB-231
em normoxia e hipoxia por citdbmetria de fluxo e as subunidades as, B1, Bs € a integrina avpz da
HUVEC com e sem o tratamento da DisBa-01 por 5 minutos em normdxia;

Identificar a morfologia celular das células MDA-MB-231 e HUVEC ap06s o bloqueio da
integrina owfPs por 4h com o tratamento da DisBa-01 em normoxia e hipdxia;

Verificar o mecanismo do bloqueio da integrina ovf3z na migracdo das culturas 3D
proveniente das células MDA-MB-231 e HUVEC em normdxia e hipdxia;

Avaliar se ocorre interagédo direta entre a DisBa-01 com as proteinas de matriz, FN e VN,
e 0 VEGFR?2 por ressonancia plasmonica de Superfice (SPR — Surface Plasmon Resonance);

Observar se a DisBa-01 e o complex DisBa-01- integrina avfps colocalizacom a FN e VN
na HUVEC,;

5. METODOS

5.1 Expressao e Purificacéo da DisBa-01
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A expressdo e purificacdo da DisBa-01 foi estabelecida por RAMOS et al. (2008).
Resumidamente, a biblioteca de cDNA foi produzida a partir da glandula venenifera de
Bothrops alternaturs. Os plasmideos (pET-28a com o cDNA da desintegrina) foram inseridos
em células de Escherichia coli DH5-a, selecionados e utilizados para transformar a linhagem
de E.coli BL21 (DE3) (Novagem — Madison, WI, USA).

A proteina foi expressa e as células lisadas em tampéo de ligagdo (binding buffer; 40 mM
Tris, 0,5M NaCl e 5mM imidazol, pH 7,9) e rompidas por sonicacédo (6 vezes com intervalo de
30 segundos, na amperagem 20A). Em seguida, o lisado foi centrifugado a 29338 g por 15
minutos a 4°C, ressuspendido em binding buffer acrescido de ureia 6M, incubado por uma hora
a 4 °C, centrifugado a 29338 g por 15 minutos a 4°C. Em seguida, a proteina foi filtrada em
papel de filtro e mantido em freezer -20 °C para posterior purificacéo.

A proteina foi purificada em processos cromatograficos, usando coluna de afinidade
(HIS-Select® HF Nickel Affinity Gel - Sigma-Aldrich). A coluna foi equilibrada com tampao
binding buffer e a amostra foi aplicada. Em seguida, a proteina foi eluida em dois passos nos
seguintes tampdes Tampdo de Lavagem (Washing Buffer 40 mM Tris, 0,5 M NaCl, 10 mM
imidazol, pH 7,9) e Tampéao de Eluicdo (Elute Buffer 40 mM Tris, 0,5 M NaCl, 250 mM
imidazol, pH 7,9).

Para refinar a purificacdo proteica, a amostra foi aplicada na coluna cromatogréfica de
troca anidnica Tricorn™ Mono-Q 5/50 GL (GE Healthcare Life Sciences), acoplada ao
cromatdgrafo AKTA® pure 25 L (GE Healthcare Life Sciences). A cromatografia foi realizada
sob um fluxo constante de 1 mL/min com a coluna pré-equilibrada em tampéo A (10 mM Tris,
pH 8,6). A eluicdo das proteinas que se ligaram a resina apresentou 0 modo de analise isocratica,
ou seja, a fase movel permanece uma proporcdo constante da mistura do tampdo A com o
tampédo B (10 mM Tris, 1 M NaCl, pH 8,6).

Apbs a purificacdo da DisBa-01 analisada por SDS-PAGE 15%, a amostra foi dialisada
contra agua e concentradas em um volume final de 1 mL para quantificacdo por deteccdo
colorimétrica, utilizando o kit Pierce™ BCA Protein Assay (Thermo Fisher Scientific).

5.2 Cultivo celular em condic¢des de normoxia e de hipdxia

Foram usadas as seguintes linhagens celulares: i) celula de adenocarcinoma triplo
negativo de mama MDA-MB-231, ii) células endoteliais de veia umbilical humana (HUVEC),
cultivadas em meio DMEM (Dulbecco’s Modified Eagle Medium, Nutricell), pH 7.0, contendo
soro fetal bovino a 10% (FBS) e L-glutamina e antibidticos (penicilina/streptomicina -

Vitrocell). As células foram mantidas em hipoxia e normdxia no momento do experimento, em



32

incubadoras especiais em atmosferas contendo 1% Oz, 5% CO2, 94% N, a 37°C (H35
Hypoxystation, Don Whitley Sci., Bingley, UK), e 5% CO2a 37°C, respectivamente, conforme
descrito por JU et al., 2017.

5.3 Migragéo Celular da MDA-MB-231 e HUVEC por Wound Healing

Foi cultivado 1 x 10 ° células da MDA-MB-231 e HUVEC em uma placa de 24 pogos
(KASVI) até atingir 90% de confluéncia. Em seguida foi feita uma risca central do poco,
utilizando uma régua e uma pipeta de 200 pL e adicionado 10 pg/mL mitomicina-c (Sigma)
por 4 horas para célula MDA-MB-231 e 2 horas para HUVEC. Apos lavar o poco com PBS foi
adicionado 0, 10, 100, 250, 500 e 1000 nM DisBa-01 em meio de cultivo com 10% SFB e
levadas em normdxia e em hipdxia. As placas foram fotografadas com a camera fotografica
AxioCam MRc Zeiss acoplada a um microscopio Axio Vert.Al Zeiss, tirado 3 fotos em campos
diferentes por pogo no zoom de 10 X e nos tempos 0, 12, 24 e 48h. A analise dos resultados foi
realizada com auxilio do software Image J, a partir da medida da area do risco utilizando a
formula, A fina X 100 / A iniciar resultando o fechamento da fenda, ou seja, a taxa migratoria.
Nessa férmula consideramos A a medida do contorno do risco e a A inicial @ média do contorno
do risco que equivale 100% de abertura da fenda no tempo Oh. O experimento foi feito em

triplicata com 3 eventos independentes.

5.4 Apoptose por citometria

Atividade apoptotica da célula MDA-MB-231 e HUVEC tratadas com a DisBa-01 em
normoxia e hipdxia foi feita pelo kit PE-Annexin V Apotosisis (BD Biosciences, Catalog
Number: 559763). 1 x 10° células foram plaqueadas em placa de 24 pogos com DMEM 10%,
assim como descrito pelo método de wound healing e tratadas por 24 horas com a DisBa-01.
As células controles foram mortas por aquecimento a 100°C por 5 minutos e levadas ao gelo
rapidamente. As células foram incubadas por PE-Annexin V e 7-aminoactinomycin D (7ADD)
por 15 minutos a 4°C. As ceélulas tratadas com DisBa-01 (0, 100 e 1000 nM) foram incubadas
com PE-Annexin V e 7ADD, centrifugadas a 400 g e ressuspendidas em tampéao. A andlise foi

feita por citometria de fluxo (BD AccuriTM C6, BD Biosciences).

5.5 Migragéo Celular da MDA-MB-231 em cadmara de Boyden — Migrac&o transwell
Foram utilizados insertos de 8um (Greiner) e placas de 24 pogos (KASVI). As células
MDA-MB-231 foram ressuspendidas com meio de cultura sem SFB, diluidas (1 x 10 ° células)

e incubadas por 30 minutos a temperatura ambiente com 0, 10, 100, 250, 500 e 1000 nM da
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DisBa-01. Em seguida, as células foram adicionadas no compartimento superior do inserto e
inseridos na placa de 24 pogos contendo 10% SFB no compartimento inferior, por 16 horas em
normoxia e hipoxia. As células da face superior do inserto foram retiradas com hastes flexiveis
com algoddo e as células que migraram (face inferior do inserto) foram fixadas com
paraformaldeido 3,7% por 10 minutos, lavadas com PBS, incubadas com DAPI por 10 minutos
e lavadas novamente com PBS. As membranas foram retiradas dos insertos para a montagem
de laminas e as imagens foram adquiridas e analisadas no microscépio de alta resolucédo
ImageXpress, em um aumento de 10 x e quantificada pelo software MetaXpress pelo modulo 6
de Analise Multiwavelenght Cell Scoring: Total Cell. O experimento foi feito em triplicata ou
duplicata em 3 eventos independentes.

5.6 Transmigracdo da MDA-MB-231 através de uma camada de célula endotelial
(HUVEC) em camara de Boyden

Foram utilizados insertos de 8um (Greiner) em placas de 12 pogos (KASVI). Foram
plaqueadas 8 x 10 células endoteliais (HUVEC) para a formagdo da monocamada em meio de
cultura celular suplementado com 10% de FBS nas porcGes superior e inferior do inserto por
48h em estufa a 37°C com 5% de CO..

No dia do ensaio, as células MDA-MB-231 foram marcadas com 2,5 uM CellTrace™
CFSE Cell Proliferation Kit (C34554, ThermoFisher). Em seguida as células tumorais (0,6 x
10°) marcadas com CFSE foram incubadas por 30 minutos com 0, 10, 100 e 1000 nM da DisBa-
01 em meio de cultivo sem SFB em temperatura ambiente. Depois, as células tratadas foram
adicionadas na parte superior dos insertos, previamente recobertos pela monocamada de
HUVEC. O quimioatraente (10% de FBS) foi adicionado somente no compartimento inferior
do inserto e o sistema foi incubado por 16 horas em normoxia e hipdxia. As células da face
superior foram retiradas com hastes flexiveis com algodao e as células que migraram foram
fixadas com paraformaldeido 3,7% por 10 minutos, lavadas com PBS e incubadas com DAPI
por 10 minutos e lavadas novamente com PBS. Os filtros foram retirados dos insertos para a
montagem de laminas e as imagens foram adquiridas e analisadas no microscépio de alta
resolucdo ImageXpress, em um aumento de 10 x e quantificada pelo software MetaXpress -
modulo 6 de Analise Multiwavelenght Cell Scoring: Total Cell — Positive W2. O experimento
foi feito em triplicata em 2 eventos independentes e duplicata em 1 evento independente (n=3).

5.7 Determinacao do perfil protéico de integrinas por citometria de fluxo

1 x 108 células MDA-MB-231 e HUVEC foram incubadas com mitomincina-c, como
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descrito no item 5.3 e tratadas com 1000 nM da DisBa-01 por 24 horas em normdxia e hipdxia.
Em seguida, em gelo, essas células foram lavadas com PBS e desaderidas da placa de 3 pocos
(KASVI) por acdo mecanica com o cell scraper (KASVI). Apds a centrifugacéo foi adicionado
0 anticorpo anti B3 (ab11992, Abcam) por 45 minutos nas celulas em gelo. As celulas foram
centrifugadas, lavadas com PBS, centrifugadas novamente para retirar o excesso de marcador e
incubadas com anti-lgG marcado com isotiocianato de fluoresceina alexa fluor 488 (ab11008,
ThermoFisher) por 45 minutos em gelo e na auséncia de luz. As células foram novamente
lavadas por centrifugacdo com PBS e analisadas em um citdmetro de fluxo (BD Accuri).
Também foi feito outra analise com a HUVEC com o tratamento da DisBa-01 (1000 nM) por 5

minutos para verificar a quantidade proteica da subunidade as, B1, B3 € a integrina owf3s.

5.8 Zimografia

Foram coletados os sobrenadantes dos experimentos de migracéo e para quantificacdo de
proteinas através do kit BCA™ Protein Assay Kit (Pierce). Em seguida foi adicionado nas
amostras (5 a 7 pg) o tampéao da amostra (125 mM Tris, pH 6.8; 4% SDS; 2% glicerol; 0,03
mM Azul de Bromofenol) sem B-mercaptoetanol ou DTT e aplicadas no gel de poliacriliamida
a 10%, com adicdo de 0,1 % de gelatina. Apos a eletroforese, o gel foi lavado e incubado por
18-20 horas a 37 °C em tampao contendo 50 mM Tris, 5 mM CaCl,, 0,02% de NaN3z e 10 mM
de ZnClz. O gel foi corado com Comassie Blue Brilliant R-250 e descorado em &cido
acetico:metanol:agua (1:4:5) (CLEUTJENS et al., 1995). Em seguida, o gel foi fotografado no
CHEMIDOC (Biorad) no Laboratério de Fisiologia e Biofisica Muscular e as bandas de
atividade gelatinolitica foram quantificadas no ImageJ.

5.9 Ensaio de morfologia

Células MDA-MB-231 (1 x 10*) e HUVEC (3 x 10*) foram plagqueadas numa placa preta
de 96 pocos (Corning 3603) overnight a 37 °C, 5% CO». Em seguida, as células foram tratadas
com DisBa-01 (10, 100, 1000 e 2000 nM) por 4 horas em DMEM suplementado com 10% FBS.
As células foram fixadas com paraformaldeido a 3.7% por 10 minutos, permeabilizadas usando
0.3% Triton X-100 por 5 minutos e marcadas com Alexa Fluor® 488 Phalloidin (F-actin dye,
Thermo Fisher Scientific, Catalog Number: 12379) em DAPI-PBS (1:40) por 30 minutos. As
imagens foram fotografadas usando ImageXpress (Molecular Devices) e analisadas a area das

células pelo médulo Multi Wavelength Cell Scoring ou pelo imagel.
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5.10 Tubulogénese

A capacidade de formagéo do tubo foi feita com HUVEC incubadas sobre uma camada
de matrigel reduzido em fatores de crescimento (Matrigel® Growth Factor Reduced-GFR
Basement Membrane Matrix, *LDEV-Free; Corning® - 354230). O matrigel foi descongelado
a4 °C por 12 horas, diluido (1:1) em meio de cultura com 0,5% SFB e adicionado (35L/po¢o)
numa placa de 96 pogos (KASVI); em seguida, a placa foi incubada por 1 hora a 37°C a 5%
CO,. Foram adicionadas 3 x 10* células/poco, tratadas previamente com 0, 10, 100, 250, 500 e
1000 nM da DisBa-01 por 30 minutos a temperatura ambiente e incubadas por 10 - 12 horas em
normoéxia e hipoxia. As imagens foram registradas com camera fotogréfica AxioCam MRc
Zeiss acoplada a um microscépio Axio Vert.Al Zeiss, tirando-se 2-3 fotos por poco, em campos
diferentes e no zoom de 10 x. O experimento foi feito em triplicata com 3 eventos independentes
e analisado pelo software Image-J, pluggin Angiogenesis Analyzer através dos parametros,

Total lenght, number of nodes, master junctions e Score.

5.11 Cultura 3D

5.11.1 Padronizacéo da cultura 3D

Para formacao de cultura 3D foi utilizado um molde de silicone, MicroTissue 3D Petri
Dish micro-mold spheroids - Sigma Z764019, para o cultivo de células MDA-MB-231 e
HUVEC.

Etapal — Preparacdo do material para o cultivo celular 3D: Primeiramente, 0 micro
molde foi lavado com extran 0,01% e agua, em seguida foi feita a esterilizacdo em autoclave.
Também foi feita a esterilizacdo da agarose ultrapura (Invitrogen, 16500100) da mesma maneira
que o micro molde. A solucdo salina diluida em &gua estéril (0,9% NaCl) foi filtrada através de
uma membrana de 0,22 pum esterilizada em autoclave. Por fim, 2% de agarose em 0,9% NacCl
foi aguecida no micro-ondas para o preparado da agarose micro moldada.

Etapa 2 — Molde de agarose: foram adicionados 600 pL de agarose salina na parte central
do molde de silicone. Apds a solidificacdo do gel, foi retirado o molde de agarose e este foi
acoplado a uma placa de 12 pogos (KASVI), adicionando-se 700 pL de agarose salina em torno
do molde de agarose.

Etapa 3 — Equilibrio do molde de agarose para o cultivo de cultura 3D: Foi adicionado 1
mL/pogo de PBS e incubado no maximo 15 minutos na estufa de 5% de CO2, repetidamente
3x. Em seguida foi adicionado o meio base para cultivo de esferdide pelo mesmo tempo com

ou sem matrigel (Matrigel® Growth Factor Reduced-GFR Basement Membrane Matrix,
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*LDEV-Free; Corning® - 354230).

Tabela 4: Meio base da cultura 3D

Componente [ ] Estoque []Final 5mL
Acido L Ascorbico 10 mg/mL ou 10000 50 pg/mL 25 uL
(Sigma, A4403) pug/mL
Albumina Humana 2,5 mg/mL 1,25 pg/mL 2,5pL
PS (Penicilina/ 100x 1x 50 pL
Estreptomicina)
ITS (Insulina, transferrina e 100x 1x 50 pL
selénio, LONZA 178382)
Matrigel Reduced (para 100% 7% 350 pL
MDA-MB-231 e HUVECQC)

Etapa 4 — Cultivo celular para formacao da cultura 3D no molde de agarose: apos a
tripsinizacao, ressuspensdo em meio de cultura comum e contagem de células por trypan blue,
foram separadas diversas quantidades de células, para padronizacdo. As células foram
adicionadas num tubo de 15 mL (KASVI) com 10 mL de PBS e centrifugadas a 500 g por 7
minutos. Por cada molde de agarose foi adicionada uma quantidade de células em 120 pL de
meio base por 15 minutos. Em seguida adicionou-se mais 80 puL de meio base, completando
assim 200 pL de meio base de cultivo. O meio base foi trocado ou adicionado de 2 em 2 dias
por 7-19 dias. O crescimento da cultura 3D foi monitorado pela captura de imagens e medido o
didmetro pela cAmera fotografica AxioCam MRc Zeiss acoplada a um microscépio Axio

Vert.Al Zeiss, Zeiss, em lente de 4x e 10x.

5.11.2 Remocéo da cultura 3D do molde de agarose.

Apos a formacdo da cultura 3D foi feito a fixacdo em 4% de parafolmaldeido em PBS 1x por
15 minutos no micromolde de agarose. Em seguida as células da cultura 3D foram retiradas
com jatos de PBS 1x e feito um sandwich entre agarose que mantém solidificada em altas
temperaturas para histologia: foi adicionado 20 pL de 1% de agarose (A8455-Sigma) em 1 x
PBS na tampa do tubo de 0,2 mL, previamente cortado a parte inferior. Em seguida a cultura
3D foi adicionada em cima da agarose solidificada com a tampa do tubo fechada. Por fim, foi
adicionado mais 20 pL de 1% de agarose para a formacéo do sandwich.

A histologia foi feita no Laboratorio de Patologia e Biocompatibilidade ou Laboratorio de
Zoofisiologia e Bioquimica Comparativa (LZBC) na UFSCar.

e Emblocamento: Os sandwichs com a cultura 3D foram acoplados em cassetes e levados ao

Processador de Tecido Automatico (Luptec) para desidratacdo, clarificacdo e impregnacéo.
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Para o emblocamento foi feito a desidratacdo da amostra em uma serie crescente de etanol,
70%, 80%, 90%, 100% (1), 100% (2), 100% (3); alcool/xilol, seguida da clarificacdo com
xilol (1), xilol (2) e xilol (3) entre 30 min ou 1 hora, e finalmente a impregnacao foi feito em
dois banhos de parafina a 60 °C a cada 1 ou 2 h. A incluséo foi feita no dia posterior,
adicionando a parafina previamente aquecida. No outro dia foi feito os cortes de 5-6 pm no
microtomo (Luptec) seguida de banho-maria a 40 °C e adicionadas nas laminas.

¢ A coloracdo foi feita de acordo com as instruces do fabricante por H&E (Sigma) e Kit
Tricromio de Masson (EasyPath).

¢ A imagem foi feita a partir do microscépio de luz Olympus BX51 (Olympus, Dinamarca)

acoplado a cAmera de video digital e com software Olympus DP2-BSW.

5.11.3 Migracéo Celular da cultura 3D da célula MDA-MB-231 e HUVEC em
camara de Boyden — Migragao transwell

Foram utilizados insertos de 8um (Greiner) e placas de 24 pogos (KASVI). A cultura 3D
foi ressuspendida e centrifugada a 1200 RPM por 5 minutos com meio de cultura sem SFB e
incubadas por 30 minutos a temperatura ambiente com 0, 100 e 1000 nM da DisBa-01. Em
seguida, a cultura 3D foi adicionada no compartimento superior do inserto e colocados na placa
de 24 pogos contendo 10% SFB no compartimento inferior do inserto, por 24 horas em
normoxia e hipdxia. A cultura 3D foi retirada com jatos de PBS para posteriormente realizar a
imunomarcacao. Para garantir a migracdo, foi utilizado hastes flexiveis com algoddo para a
limpeza de dentro do inserto. Em seguida os filtros foram fixados com paraformaldeido 3,7%
por 10 minutos, lavados com PBS e incubados com DAPI por 10 minutos e lavados novamente
com PBS. Os filtros foram retirados dos insertos para a montagem de laminas e as imagens
foram adquiridas e analisadas no microscépio ImageXpress, em um aumento de 10x seguida de
quantificacdo pelo software MetaXpress pelo médulo 6 de Analise Multiwavelenght Cell
Scoring: Total Cell. Os experimentos foram feitos em duplicata em 3 eventos independentes.

5.11.4 Imunofluorescéncia

As culturas 3D foram ressuspendidas dos insertos com jatos de PBS, centrifugadas (1200
RPM por 5 minutos) e fixadas com 4% paraformaldeido. Alternativamente, foram
centrifugadas, ressuspendidas em 3% BSA-PBS, colocadas em laminas silanizadas por 6-24
horas e fixadas com 4% paraformaldeido por 10 minutos. Em seguida as células foram
permeabilizadas com 0,3% Triton X-100 por 10 minutos e submetidas a trés lavagens em PBS.

Os aldeidos livres formados no processo de fixagdo foram bloqueados com 100 mM glicina por
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5 minutos e os sitios inespecificos foram bloqueados com 3% BSA-PBS por 1 hora a
temperatura ambiente. Em seguida, as culturas 3D foram incubadas overnight com o anticorpo
primario para avf3 (1:500, ABCAM — ab78289) ou colageno tipo | (AB34710 — 1:5000). As
culturas 3D foram submetidas a 4 lavagens com PBS e incubadas com o anticorpo secundario
anti-mouse - FITC (1:1000, ABCAM ab6785) e anti-rabbit — APC (1:500, ABCAM ab130805)
por 1 hora e marcadas com DAPI (1:10000) por 15 minutos, seguida de lavagens com PBS 1x.
A cultura 3D foi transferida para montagem das laminulas sobre laminas com a solucéo de
montagem Prolong TM Diamond Antifade Mount (Invitrogen). As imagens foram capturadas
e documentadas utilizando o microscépio confocal Fluoview v. FV10, Olympus acoplado com
o0 software F10, v.2.1. As imagens foram quantificadas pelo software FIJI-ImageJ, plugin 3D
view manager para contagem dos nucleos e treshold ap6s a imagem 3D para analise do coldgeno

e a integrina awf3s.

5.12 Anélise de Interacdo

5.12.1 Ressonancia Plasménica de Superficie (SPR — Surface Plasmon Resonance)

A interacdo da DisBa-01 (0,1 — 30 uM) com as proteinas de matriz, fibronectina e
vitronectina, e com o VEGF-R2 imobilizadas foi feita via SPR, no equipamento BIAcore T200
(UNIFESP - Departamento de Bioguimica, e Butantan e Laboratorio de Imunoquimica, Sdo
Paulo).

As proteinas de matriz, fibronectina e vitronectina (Sigma, FN: F2518, VN: V0132), e
VEGFR?2 (Sino Biological, 10012- HO2H) foram imobilizados no chip CM5 (GE Healthcare
Life Sciences). Para as proteinas de matriz, FN e VN, foram imobilizados 60 e 200 pg/mL, j&
para 0 VEGFR2 foi imobilizado numa concentragdo de 30 pug/mL. Essas trés proteinas foram
imobilizadas em um tampéo de acetato de sédio com os pHs ideais para cada proteina, apos ter
feito o pH Scouting.

Para obter a ligagdo maxima do ligante com o analito (proteina recombinante) em Unidade
de Ressonancia (RU), foi calculado o Rmax teérico (50 RU):

Rmax= PM do analito / PM ligante x Sn x RL

sendo que PM ¢ o peso molecular, Sn é a estequiometria proposta da interacdo (1:1) e RL
é 0 valor necessario para imobilizacdo do ligante em RU.

Para ligacdo das proteinas com o chip foi utilizado o tamp&o 0,1M Hepes, pH 7.4, 0,15M
NaCl, 0,005 (v/v) surfactante P20 (HBS — EP, GE Healthcare Life Sciences) a 25°C com o
fluxo de 30 pL/min.
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O ajuste da curva de associagdo e dissociacdo foi obtido pelo software BlAevalutiation
1.1, considerando-se a DisBa - 01 como monomerica e massa molecular de 12000 Da. O chip
foi regenerado pela injecdo de GlyHCI 2M, pH 2.0 por 10s. A dissociacdo entre a DisBa-01 e
as proteinas foi calculada pelo software GraFit 5.0 ou Graphpad, utilizando a concentracéo

molar x Unidade de Ressonancia (RU).

5.12.2 Co-localizacdo da DisBa-01 e do complexo DisBa-01- com a integrina avfs
com os componentes de matriz, FN e VN em HUVEC

As células foram plaqueadas (1 x 10°) sobre laminulas de 13 mm alocadas em uma placa
de 24 pocos e deixadas para aderirem overnight a 37°C em estufa 5% de CO». No dia seguinte,
as células foram entdo incubadas por 2 minutos com a DisBa-01 marcada com Alexa Fluor 546,
fixadas com 4% paraformaldeido em PBS 1X por 20 minutos, permeabilizada com 0,3% Triton
X-100 por 10 minutos. Os aldeidos livres formados no processo de fixagdo foram bloqueados
com 100 mM glicina por 5 minutos e os sitios inespecificos foram entdo bloqueados com BSA
2% em PBS 1X por 1 hora a temperatura ambiente.

Em seguida, as células foram incubadas overnight com o anticorpo primario para avfs
(abcam — ab78289), fibronectina (abcam - ab2413) e vitronectina (abcam ab45139). No dia
seguinte, apds a lavagem com PBS 1, as células foram incubadas com anticorpos secundarios,

anti-mouse FITC (abcam — ab6785) e goat anti-rabbit Alexa 633 (Thermo Fisher
Scientific — A21070).

Finalmente, procedeu-se com a montagem das laminulas sobre laminas com a solucéo de
montagem Prolong ™ Diamond Antifade Mount (Invitrogen) e selagem com esmalte cosmético.
As laminas foram observadas o microscépio confocal Axio Observer (Zeiss, Jena, Germay),
Sistema LSM 780, software Fluowview FV10 (Olympus), 2.10 v. no Hospital de Amor —
Barretos, SP, nas mesmas intensidades e ganho do laser para as diferentes fluorescéncias num

aumento de 63X e zoom de 2X. As imagens foram analisadas no programa FijiJ ImageJ.

5.13 Anélise da EndoMT na HUVEC

1 x 10 ° células foram plaqueadas em laminula de 13 mm por 24h. Foi feito o tramento
com 1000 nM da DisBa-01 em normdxia e hipoxia por 24h. Em seguida as células foram fixadas
com 4% paraformaldeido em PBS 1X por 20 minutos, permeabilizada com 0,3% Triton X-100
por 10 minutos. Os aldeidos livres formados no processo de fixa¢ao foram bloqueados com 100
mM glicina por 5 minutos e os sitios inespecificos foram entdo bloqueados com BSA 2% em

PBS 1X por 1 hora a temperatura ambiente. Foi utilizado o anticorpo priméario VE-Cadherin



40

(Thermo Fisher Scientific, 36-1900, 1:70) overnight e o secundario Alexa Fluor 488 (Thermo
Fisher Scientific, A11008, 4 ug/mL) por 1 hora em temperatura ambiente. Foi feito a montagem
das laminulas sobre Iaminas com a solucéo de montagem Prolong ™ Diamond Antifade Mount
(Invitrogen) e selagem com esmalte cosmético. As laminas foram observadas o microscopio
confocal Axio Observer (Zeiss, Jena, Germay), Sistema LSM 780, software Fluowview FV10
(Olympus), 2.10 v. no Hospital de Amor — Barretos, SP, nas mesmas intensidades e ganho do
laser para as diferentes fluorescéncias num aumento de 63X e zoom de 2X. As imagens foram
analisadas no programa FijiJ ImageJ — Skeleton, brench lenght. A intensidade de cada campo

foi dividida pelos nicleos.

5.14 Estatistica

Foi utilizado o programa SigmaPlot 7 para analise da estatistica. Para dados paramétricos
foi utilizado a analise de variancia ANOVA-two-way ou ANOVA-one-way post hoc Teste
Tukey, considerando 5% como critério de significancia (p < 0,05). Para os dados nao-
paramétricos foi utilizado analise Kruskall-Wallis One-Way Analysis of Variance on Ranks
post hoc de Teste Dunn considerando-se 0 mesmo nivel critico de 5%. Os graficos foram feitos

no programa GraphPad.

6. RESULTADOS

Os resultados deste trabalho foi divido da seguinte maneira:

1) Os resultados da cultura 2D e/ou monocamada da célula MDA-MB-231 e a HUVEC no
bloqueio da integrina ovfz em ambiente hipoxico, publicado na revista International Journal
Molecular Science, esta descrito no capitulo I: O efeito do blogueio da integrina avfs em células

de tumor de mama em célula endotelial em ambiente hipdxico.

2) Os experimentos de interacdo, Ressonancia Plasménica de Superficie (SPR — Surface
Plasmon Resonance) e colocalizagdo, entre a DisBa-01 e as proteinas de matriz esta descrito no
capitulo 11. DisBa-01 anchors endothelial cells to fibronectin and vitronectin through avfs
integrin. Neste manuscrito possui alguns experimentos feitos durante o meu mestrado.

Os itens do manuscrito que foram feitos durante o0 meu doutorado sao:

3.2 Interaction between the DisBa-01 with FN and VN by SPR
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3.4 DisBa-01 colocalizes with avfBs integrin in FN coated surface

3.5 DisBa-01-avpBs integrin complex colocalizes with FN/VN coating in HUVEC
3.6 DisBa-01-avf3 integrin complex colocalizes with FN/VN in HUVEC

3.7 Profile of integrins in HUVECS in the presence and absence of DisBa-01

3) Os resultados da cultura 3D da célula MDA-MB-231 e a HUVEC no bloqueio da integrina
avB3 com o tratamento da DisBa-01 em normdxia e hipOxia esta descrito no capitulo II:
Consequéncias do bloqueio da integrina avfB3 no compacto agregado da célula MDA-MB-231 e

no esferdide da HUVEC com o tratamento da DisBa-01 em normoxia e hipoxia.

4) Os experimentos de interacdo entre a DisBa-01 com o VEGFR2 por SPR e andlise da
EndoMT estdo descritos no capitulo 1V: A sutil interacdo entre a DisBa-01 com 0 VEGFR2 e

analise da EndoMT em HUVECs com o blogueio da integrina avfs.
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CAPITULO I: O efeito do bloqueio da integrina avps em células de tumor de mama em

célula endotelial em ambiente hipdxico

International Journal of
Molecular Sciences
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Abstract: Breast cancer is characterized by a hypoxic microenvironment inside
the tumor mass, contributing to cell metastatic behavior. Hypoxia induces the
expression of hypoxia-inducible factor (HIF-1a), a transcription factor for genes
involved in angiogenesis and metastatic behavior, including the vascular
endothelial growth factor (VEGF), matrix metalloproteinases (MMPs), and
integrins. Integrin receptors play a key role in cell adhesion and migration, being
considered targets for metastasis prevention. We investigated the migratory
behavior of hypoxia-cultured triple-negative breast cancer cells (TNBC) and
endothelial cells (HUVEC) upon av3 integrin blocking with DisBa-01, an RGD
disintegrin with high affinity to this integrin. Boyden chamber, HUVEC
transmigration, and wound healing assays in the presence of DisBa-01 were

performed in hypoxic conditions. DisBa-01
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m inhibitor concentrations may be necessary to achieve the same

inhibitory effect as in normoxia. These versatile responses add

Copyright: © 2022 by the authors. Licensee MDPI, Basel, Switzerland. This article is . . . .
pyrie Y more complexity to the role of the av33 integrin during tumor
an open access article distributed under the terms and conditions of the Creative .
progression.
Commons Attribution (CC BY) license (http://creativecommons.org/licenses

/by/4.0/).

produced similar effects in the two oxygen conditions in the Keywords: breast tumor; hypoxia; avf3 integrin blocking; cell

) . migration; disintegrin; DisBa-01
Boyden chamber and transmigration assays. In the wound

healing assay, hypoxia abolished DisBa-01's inhibitory effect on
cell motility and decreased the MMP-9 activity of conditioned
media. These results indicate that av3 integrin function in cell 1

motility depends on the assay and oxygen levels, and higher

. Introduction

Despite the advances in diagnostics and treatment, breast cancer remains with high incidence and mortality, with 18.1
million new cases and 9.9 million deaths worldwide, being the main leading oncological cause of female deaths in
2020 [1]. Triple-negative breast cancer (TNBC) is characterized by the absence of estrogen receptors (ER),
progesterone receptors (PR), and human epidermal growth factor type 2 receptor (HER2), resulting in a poor
prognosis, since these cell types do not respond to conventional receptor-targeted therapies [2]. Moreover, TNBC cells
are highly metastatic, using the tumor microenvironment and the extracellular matrix (ECM) as support for
proliferation and spreading [3,4]. During tumor development, cancer cells induce collagen deposition in the
surrounding microenvironment, increasing ECM stiffness, known as tumor fibrosis [5,6]. Solid tumors such as breast
cancer are usually characterized by fibrosis and uncontrolled cell proliferation combined with abnormal
vascularization, resulting in hypoxic areas in the middle of the tumor [7,8]. Patients with poorly oxygenated solid
tumors have a higher risk of developing metastasis [9,10].
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In hypoxic conditions, the hypoxia-induced factor (HIF-1) is the central molecule that
triggers cellular responses. HIF-1 is composed of two subunits, HIF-1a and
HIF-1p, whose interaction activates hypoxic response elements (HRE),
promoting the expression of pro
angiogenic genes, primarily the vascular endothelial growth factor (VEGF)
[11]. This response will stimulate tumor vascularization in order to provide
better tumor nutrition;
however, these new vessels are not well formed and present higher
permeability compared to normal vessels. Defective tumor angiogenesis will
also contribute to tumor cell transmigration across the endothelial barrier
and to the spread of malignant cells through the body [9,10]. HIF-1a also
induces matrix metalloproteinase (MMP) expression, such as gelatinases
MMP-2 and MMP-9, which degrade the ECM, assisting in tumor cell
migration [12,13]. Other HIF-1a targets of increased expression are some
membrane receptors such as the integrins [14,15].

Integrins are transmembrane dimeric receptors formed by a noncovalent interaction
between alpha and beta (af3) subunits, being responsible for cell adhesion to
the ECM [16]. Integrins are involved in a number of physiological processes,
including chondrogenesis, axonal regeneration, and ECM remodeling [17-
19]. Integrins have a critical role in cell migration, which is one of the main
events in the metastatic cascade. To reach secondary sites, tumor cells must
detach from the primary tumor, degrade and invade the ECM, and
transmigrate through the endothelial barrier to finally intravasate to the
blood or lymphatic vessels [20,21]. During these steps, integrins mediate
adhesion foci assembly and disassembly, supporting cell movement and
providing directionality [22]. Furthermore, the recycling of integrins is
required for successful cell migration [21]. Integrin activation upon ECM
binding triggers intracellular signaling cascades of several kinases, including
focal adhesion kinase (FAK), mitogen-activated kinase (MAPK), and
extracellular signal-regulated kinase (ERK) [23]. In endothelial cells, integrin
activation is linked to the activation of the VEGF/VEGFR?2 axis; therefore,
integrins are intimately related to the control of angiogenesis [24,25]. This
integrin-ECM crosstalk is a central player in the migratory ability of cells;
therefore, integrins have become interesting targets for metastasis
prevention or treatment [26,27].

Integrin expression changes according to the type of tumor and the disease stage [28].
Integrins a5p1, a2f31, a6pl, avB5, a5p3, and, in particular, avf33 have
essential roles in tumorigenesis and angiogenesis [29]. The av{33 integrin
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recognizes RGD ligands present in the ECM proteins such as fibronectin and
vitronectin, promoting cell motility and metastasis [30]. Recently, the av[33
integrin was demonstrated to be translationally activated in hypoxia,
resulting in activation of the epithelial-mesenchymal transition program and
cell migration, and increased metastatic behavior [31]. An integrin inhibitor,
cilengitide, inhibited the av3 and av[35 integrins and tumor progression in
anumber of pre-clinical assays that stimulated its testing in clinical trials [32].
Cilengitide, however, has not increased glioblastoma patient survival [33,34]
or decreased the number of metastases [35]. Cilengitide’s failure may be
related to the dose, tumor type, or the lack of deeper knowledge on the
integrins’ molecular mechanisms of action [36]. Therefore, a better
understanding of integrin function and searches for new integrin antagonists
are of evident interest [37].

Disintegrins are natural integrin inhibitors used as tools in the design of new anti

cancer therapies [38]. Disintegrins such as bothrasperin from Bothrops asper
and veridistatin from Crotalus viridis inhibit the adhesion of melanoma cells
and migration of murine breast cancer cells, respectively [39]. Most
disintegrins exhibit an adhesive motif, such as RGD, ECD, or KTS, that binds
to specific integrins. Accurhagin-c, an ECD

disintegrin from Agkistrodon acutus, is a aV/a5 antagonist that prevents the
migration and invasion of endothelial cells and decreases B16F10
proliferation [40].

DisBa-01 is an RGD recombinant disintegrin from Bothrops alternatus with high

affinity to the av(33 integrin (Ko= 1.6 x 107 M), with in vivo anti-angiogenic, anti

Int. ]. Mol. Sci. 2022, 23,1745 3 of 17

metastatic, and anti-thrombotic properties [41]. DisBa-01 is around 100-
times more specific for the avf33 integrin than a5p1 (Kp=7.62 x 105 M) [42].
DisBa-01 inhibits cell

proliferation and migration in a number of cell lines in vitro [41-44], and there
is crosstalk between the avf33 integrin and the vascular endothelial growth
factor receptor-2 (VEGFR2) in HUVECs [45,46]. DisBa-01 impaired the
directionality of oral squamous cell carcinoma migration [42]. All in vitro
studies with DisBa-01 were performed in normoxia, a very different
condition from the one found inside solid tumors.

Here, we investigate the migration of breast cancer MDA-MB-231 cells and
endothelial cells in hypoxia using some in vitro models, focusing on the effect
of av(33 integrin blocking upon treatment with DisBa-01. Due to the essential
role of the av33 integrin in metastatic spreading, our results indicate the
distinct behavior of the tumor and endothelial cells upon av33 integrin
blockade, depending on the migration assay and oxygen condition. These
results might be of relevance when considering testing integrin inhibitors in
clinical trials for solid tumors.
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2. Results

2.1. Blocking avp3 Integrin Inhibits MDA-MB-231 Cell Migration in Normoxia and Hypoxia

To study the role of the av(33 integrin in cell motility under hypoxia, we used three

different migration models (transwell, endothelial transmigration, and
wound healing) in hypoxia and in the presence or not of a specific antagonist,
DisBa-01. The same assays were performed in parallel under normoxic
conditions for comparison. MDA-MB-231 cell migration in the Boyden
chamber was inhibited by DisBa-01 in a concentration-dependent way and
in a similar way in the two oxygen conditions (Figure 1A-C). The IC50 values
were 1343 nM and 19.87 nM (p = 0.97) in normoxia and in hypoxia,
respectively, indicating a small difference between the two conditions.
Representative images of the analyzed membranes are depicted in Figure 1B.

We further addressed the role of the av[33 integrin in a transendothelial migration

assay. MDA-MB-231 cells in suspension were treated with DisBa-01 and
placed inside the insert to transmigrate through a HUVEC monolayer
(Figure 1D-F). DisBa-01 inhibited transmigration in normoxia and hypoxia,
with IC50 values of 524 nM and 522 nM, respectively, revealing no
significant differences between the two oxygen conditions. Interestingly, 10
nM DisBa-01 induced maximal inhibition in the two oxygen conditions in the
transmigration assay, different from the effect observed in the Boyden
chamber migration assay, where the same inhibitory effect was observed
only for the 1000 nM DisBa-01 concentration. Representative images of CFSE-
labeled MDA-MB-231 cells after transmigration are shown in Figure 1E.

The wound healing assay was performed at three time points. After 12 h, there was

Int. . Mol. Sci. 2022, 23,1745 4 of 17

no difference between normoxia and hypoxia (Figure 1G-H); however, after
24 and 48 h, there were significant differences between the two conditions
(Figure 1I-L). Hypoxia impaired wound closure in DisBa-01-treated and
non-treated cells. Moreover, DisBa-01's

inhibitory effect was detected in normoxia for all tested concentrations.
Conversely, DisBa-01 was effective only at its highest concentration (1000
nM) in hypoxia (Figure 11-

K) after 24 and 48 h. Collectively, these results indicate that the av[33 integrin
has a critical role for MDA-MD-231 cell migration since its inhibition
significantly impairs chemotaxis. On the other hand, in the case of the wound
healing assay, motility without a chemoattractant is strongly affected by
lower oxygen conditions.
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Figure 1. Inhibition of MDA-MB-231 cell migration by av(3 integrin blocking in
normoxia and hypoxia. (A-C) Boyden chamber assay, MDA-MB-231 cells treated
with indicated DisBa-01 concentrations. (A) Migrated cells in absence or presence of
DisBa-01 in normoxia and hypoxia. Values were compared to negative control
(without chemoattractant). (B) Representative images of migrating cells treated or not
with DisBa-01 in hypoxia. (D-F) Transendothelial migration of CFSE

labeled MDA-MB-231 cells in a HUVEC layer. (D) Transmigrated cells in absence and
presence of DisBa-01 in normoxia and hypoxia. Values were compared to negative
control (without chemoattractant). (A) and (D) graphics represent mean + SD. (E)
Representative images of transmigrating cells treated or not with DisBa-01 in
hypoxia. (C) and (F) Graphical summary of the two assays. (G-M) Wound healing
assay of MDA-MB-231 cells in the presence of DisBa-01 in normoxia and hypoxia for
12 (G-H), 24 (I-]), and 48 (K-L) hours. (M) Graphical summary of the wound healing
assay in the presence of DisBa-01. (G), (I), and (K) graphics represent median + SD.
Letters over bars mean: g, significantly different from control; b, significantly different
from 10 nM;

¢, from 100 nM; d, from 250 nM, and e, from 500 nM (mean + SD). All experiments
were performed in triplicate from three independent assays (1 =3, p <0.05). Scale bar:

100 um. Red arrows in graphical summary represent the direction of migration.

2.2. MMP Lewvels in the Conditioned Media from Cell Migration Assays
We next tested MMP activity in the conditioned media (CM) from the independent

assays by gelatin zymography (Figure 2). Our hypothesis was based on our
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previous studies in normoxia, where we demonstrated that DisBa-01
decreased MMP-2 activity, which would contribute to the inhibition of cell
migration [42,43]. The pattern of MMP activity in the CM from the transwell
assay was similar in normoxia and hypoxia (Figure 2A), with slight
differences between the two conditions. The main bands detected and
quantified were pro-MMP-9 and pro-MMP-2. The levels of pro-MMP-9 were
higher in the control samples in normoxia compared to hypoxia (Figure 2B).
A tendency for pro-MMP

9 to decrease upon DisBa-01 treatment was observed only for the 100 nM
concentration in hypoxia (Figure 2B). DisBa-01's effect was more pronounced
on the pro-MMP-2 levels, mostly in hypoxia and only for the highest
concentrations (Figure 2C).

We did not observe any significant differences in MMP pattern in the CM from the

Int. ]. Mol. Sci. 2022, 23,1745 5 of 17

transmigration assays in normoxia or hypoxia. DisBa-01 did not affect MMP
activity in either condition (Figure 2E-H). Conversely, hypoxia decreased
the levels of pro-MMP-9

in the CM from the wound healing assay (Figure 21,J), without changes in
pro-MMP-2 bands (Figure 2K,L). Only the highest DisBa-01 concentrations
(500 and 1000 nM) increased the pro-MMP-9 levels in both normoxia and
hypoxia conditions (Figure 2J). There were no differences in CM total protein
concentration from all the assays in the two oxygen conditions (Figure
2D,H,M). We conclude that hypoxia negatively affected MMP

9 expression in the wound healing assay, independently of av(33 integrin inhibition.
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Figure 2. MMP-2 and MMP-9 levels in the conditioned media (CM) from MDA-MB-
231 cell migration assays. (A,E,I) Representative zymographs of CM from transwell,
transmigration, and wound healing assays; (B,F,J) Quantification of pro-MMP-9
levels by densitometry; (C,G,K,L)

Quantification of pro-MMP-2 and active MMP-2 levels by densitometry; (D,H,M),
CM total protein concentration. (N) Graphical summary of the assays. Experiments
were performed in triplicate with three independent assays (2 = 3). The results (mean
+ SD) were compared using two-way ANOVA followed by Tukey’s test (p < 0.05).

Graphic letters g, b, ¢, d, and e represent comparisons among 0, 10,100, 250, 500, and
1000 nM of DisBa-01, respectively.
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2.3. DisBa-01's Effects on HUVEC Tube Formation Ability in Normoxia and Hypoxia

One of the initial steps of tumor angiogenesis is tube development. To address the

effect of hypoxia in this process, HUVECs were grown on GFR Matrigel for
the development of a capillary-like network. Parameters such as total length,
master junctions, number of nodes, and score (area x total branching x
number of meshes) were measured in normoxia and hypoxia in the presence
or absence of DisBa-01. The total length of tubes, the number of nodes, and
master junctions were reduced by avf33 integrin blocking by DisBa-01 only
at its highest concentration (1000 nM), both in normoxia and hypoxia (Figure
3A-E). Representative images of this assay are shown in Figure 3A. We
conclude that hypoxia does not significantly inhibit tube formation and
higher

concentrations of integrin inhibitors are necessary to inhibit this process.
We also tested the ability of DisBa-01 to inhibit HUVEC migration in the Boyden

Int. ]. Mol. Sci. 2022, 23,1745 7 of 17

chamber and wound healing assays. DisBa-01 had no effect in normoxia, and
it inhibited HUVEC migration in the Boyden chamber assay only at high
concentrations in hypoxia (Figure 3G,H). Results of the wound healing assay
were distinct after 9 and 24 h. After 9 h, DisBa-01 was effective in inhibiting
the closure only at its highest concentration, both in normoxia and hypoxia
(Figure 3],K). After 24 h, however, all DisBa-01 concentrations inhibited
wound healing in the two conditions, with the exception of the 10 nM
concentration in hypoxia (Figure 3L,M). We conclude that hypoxia inhibits
wound closure and high concentrations of DisBa-01 are needed for integrin
inhibition in this condition.
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Figure 3. Inhibition of tube formation and cell migration of DisBa-01-treated HUVECs
in normoxia and hypoxia. (A-F) Tube formation assay. Representative images of
HUVECs in the indicated conditions (A), total length (B), master junctions (C),
number of nodes (D), and score (E) by pixel quantification of DisBa-01-treated
HUVECs in the two oxygen conditions. Experiments were performed in triplicate of
three independent assays (1 = 3, p < 0.05). (F) Graphical summary of the assay. (G-
H), Boyden chamber migration assay of DisBa-01-treated HUVECs. Values were
compared to negative control (without chemoattractant) (G). Representative images
of migrating cells treated or not with DisBa-01 in hypoxia (H). Scale bar: 100 pm. (J—-
N) HUVEC wound healing assay. Percentage (mean * SD) of wound opening in
indicated concentrations of DisBa-01 in normoxia and hypoxia after 9 and 24 h (J,L).
Representative images of scratches in hypoxia (K,M). (ILN) Graphical summary of the
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two migration assays. Graphic letters a, b, ¢, d, e, and f represent comparisons between
0, 10,100, 250, 500, and 1000 nM of DisBa-01, respectively. All experiments were
performed in triplicate from three independent assays (1 =3, p <0.05). Red arrows in
graphical summary represent the direction of migration.

2.4. Levels of B3 Integrin Subunit Change Depending on the Cell Type and Oxygenation
Int. ]. Mol. Sci. 2022, 23, 1745 8 of 17

Since cells can change their integrin content according to the signals from the milieu,
we next analyzed whether hypoxia could affect the expression of the 3
integrin subunit by flow cytometry. MDA-MB-231 cells presented around
15% of 3 integrin subunit in normoxia, but this value increased by almost
10% (24%) in hypoxia (Figure 4 A-C). DisBa
01 treatment had no effect in both oxygen conditions (Figure 4 D,E).
Controls were similar in normoxia and hypoxia (Figure 4F).

Results in HUVECs showed the opposite. The expression of the 33 subunit integrin
in HUVECs was approximately 55% in normoxia and 40% hypoxia, a
decrease of approximately 15% in the lower oxygen condition (Figure G-I).
Similarly to MDA-MB
231 cells, DisBa-01 treatment did not alter 33 integrin content in HUVECs in
normoxia or in hypoxia (Figure 4 J,K). Controls were similar in normoxia
and hypoxia (Figure 4L).
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Figure 4. Profile of 33 integrin subunit in MDA-MB-231 and HUVECs in normoxia
and hypoxia. (A-F) Detection of (33 integrin subunit in MDA-MB-231 cells in
normoxia (A), in hypoxia (B), and merge of (A) and (B) (C). Detection of 33 integrin
in MDA-MB-231 cells after DisBa-01 treatment in normoxia (D), and in hypoxia (E),
and negative and positive controls in normoxia and hypoxia (F). (G-L) Detection of
B3 integrin subunit in HUVECs in normoxia (G), in hypoxia (H), and merge of (G)
and (H); (I) HUVEC £33 integrin content after DisBa-01 treatment in normoxia (J) and
in hypoxia (K), and negative and positive controls in normoxia and hypoxia (L). (M)
Data quantification and statistics for MDA-MB-231 cells and HUVECs under
normoxia and hypoxia. * means statistical differences between MDA-MB-231 cells
(green bars) and HUVEC (gray bars) in normoxia and hypoxia. (N) Graphical
summary of 33 integrin subunit profile in MDA-MB-231 cells and HUVECs

with or without DisBa-01 in normoxia and hypoxia. Experiments were performed in
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triplicate from three independent assays (1 =3, p <0.05).

2.5. Blockage of avB3 Integrin by DisBa-01 Disturbs MDA-MB-231 Cells and HUVEC
Morphology in Normoxia and Hypoxia without Inducing Apoptosis

Cell migration can be impaired due to loose cell adhesions by the disassembly of the
actin cytoskeleton and interruption of binding between extracellular matrix
proteins and integrins. We therefore investigated possible changes in the
morphology of MDA-MB-231 cells and HUVECs after DisBa-01 treatment in
hypoxia compared with normoxia. As expected, DisBa-01 decreased the cell
total area/nucleus ratio at the tested concentrations similarly at the two
oxygen conditions for the MDA-MB-231 cells (Figure 5A,B). Similar results
were found for HUVECs with only a minor difference observed. The highest
DisBa

01 concentration (2 uM) was more effective in normoxia than hypoxia (Figure 5D,E).

The possibility of either hypoxia or DisBa-01 treatment to induce apoptosis was
investigated by flow cytometry. Since wound healing assays were performed
in the presence of mitomycin-c to avoid measuring cell proliferation instead
of migration, we tested cells for apoptosis in the presence or not of
mitomycin-c. DisBa-01 did not induce apoptosis, as demonstrated by the PE-
annexin V assays, either in normoxia or in hypoxia; however, hypoxia
induced apoptosis in approximately 10% of cells, but only in the presence of
mitomycin-c (Supplementary Figures S1-54). Therefore, we conclude that the
inhibition of the av[33 integrin by DisBa-01 does not induce apoptosis in
hypoxia or normoxia. Despite the loose adhesions, cells remain attached
and do not die.
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Figure 5. The morphology of MDA-MB-231 cells and HUVEC changes upon av(33
integrin blocking by DisBa-01 in normoxia and hypoxia. (A) MDA-MB-231 cells
treated with DisBa-01 for 4 h. (B) Graphic represents the sum of cell total area (um?2)
divided by the number of nuclei in the two conditions. Analysis was performed using

Image] after cell staining in 100 cells per well. (D)
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HUVECs were treated with DisBa-01 for 4 h. (E) Graphic represents cell area (um2)
divided by the number of nuclei in normoxia and hypoxia. Experiments were
performed in duplicate or triplicate with three independent assays (1 =3). Results for
MDA-MB-231 cells were compared using two

way ANOVA followed by Tukey’s test (p < 0.05). HUVEC results were compared using the Kruskal-
Wallis one-way analysis of variance on ranks post hoc Dunn test and all data (p <0.05).
Results are shown as median with range of variation. Graphic letters 4, b, ¢, and d
represent comparisons among 0, 100, 1000, and 2000 nM of DisBa-01, respectively.
Scale bar =50 um. Graphical summary of MDA

MB-231 (C) and HUVEC (F) morphology with and without DisBa-01 in normoxia and hypoxia.

3. Discussion
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Cell migration is critical for tumor angiogenesis and metastasis, and the av{33 integrin
plays a critical role in these two processes. Antagonists of the av[33 integrin
strongly inhibit cell migration and cell directionality as well [22,42].
However, it is not well understood why the good results obtained in pre-
clinical assays are not reproduced in vivo when translated into clinical trials
[36]. One of the reasons for the low effectiveness of such inhibitors could be
the lack of deeper knowledge about the microenvironment within a solid
tumor, often under hypoxic conditions. In the present paper, we have
studied the role of the av33 integrin in a hypoxic milieu using a strong
inhibitor of this receptor in a set of migration assays. We have previously
determined that DisBa-01 has approximately 100-times more affinity to the
avB3 than a5p1 integrin, another RGD-binding receptor involved in cell
migration [42]. This specificity allowed us to conclude that the observed
cellular effects upon DisBa-01 treatment are mostly due to the av[33 integrin,
at least at the lowest concentrations.

DisBa-01 was previously demonstrated to inhibit HUVEC and 4T1BM cell migration
in normoxia [45,47] but it was never tested in hypoxia as we show here.
Intriguingly, inhibition results varied depending on the assay. In the Boyden
chamber assay, DisBa-01 inhibited the motility of MDA-MB-231 cells
regardless of the oxygen level. The same effect was observed in the
endothelial transmigration assay; however, in hypoxia, the maximum
inhibitory effect was achieved with the lowest DisBa-01 concentration. This
result may be a consequence of the increased levels of tumor cell 33 integrin
in hypoxia and suggests a key role for endothelial av(33 integrin in the
interaction with tumor cells during extravasation. Despite the high DisBa-01
specificity to the av3 integrin, other surface proteins may be overexpressed
in HUVECs under hypoxia and could additionally interfere in tumor cell
extravasation. More studies are needed to confirm this possibility.

The most significant effect of hypoxia was observed in the wound healing assay after
24 and 48 h of incubation, where only the highest DisBa-01 concentration was
effective. One of the main differences between the wound healing and the
transwell assays relies on the lack of a chemoattractant that provides
directionality for the migrating cell. Since the av(33 integrin is critically
involved in movement direction [42], this assay proved to be more sensitive
to DisBa-01, highlighting the effect on hypoxia.

A previous work demonstrated that the 33 integrin is translationally activated under
hypoxia [31]. In this paper, the authors explored both the transcriptome and
the translatome of MDA-MB-231 cells in hypoxia compared to normoxia and
identified the (33 integrin as a critical target. Moreover, silencing of ITGB3
gene expression inhibited cell migration in a wound healing assay in hypoxia
but not in normoxia [31]. Collectively, these results and ours suggest that
hypoxia activates the 33 integrin and therefore higher concentrations of the
inhibitor may be necessary to produce an effective inhibitory response.

Breast tumor cells release MMPs to the extracellular matrix. These proteolytic
enzymes, including the gelatinases, have a key role in degrading ECM
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proteins, assisting in migration and invasion in the tumor microenvironment
[48,49]. Furthermore, integrins are directly associated with MMP control [50].
Tumor cells usually express high levels of MMP-9, which supports cell
motility during invasion [51]. The av(33 integrin activates MMP-2- and
MMP-9-dependent pathways in breast cancer metastasis [52]. MMP-2 is a
target for HIF-1a that intermediates endothelial migration and angiogenesis
in hypoxia

[53]. On the other hand, decreased MMP-9 levels in breast tumors are
associated with tissue fibrosis, a common finding in this disease [54]. In this
work, we demonstrated the distinct profiles of MMP-2 and MMP-9 from
TNBC migration assays. Our results show that a hypoxic environment
impairs MMP-9 upregulation in tumor cells. Decreased MMP

9 activity was previously correlated with hypoxia and matrix stiffness in
breast cancer patients [54]. Expression of constitutively activated av3
integrin in metastatic variants of TNBC MDA-MB-435 strongly increased
migration due to elevated levels of MMP-9 [55]. Furthermore, the role of
some members of the ADAM (A Disintegrin And Metalloproteases) protein
family in TNBC cell migration has been previously demonstrated. For
instance, ADAMS has a key role in TNBC transendothelial migration by
promoting the upregulation of MMP-9 [49]. These results are in agreement
with ours and confirm the controlling role of integrins on MMPs.

Previous studies have shown the inhibitory effects on cell migration of other snake

venom-derived proteins, including RGD disintegrins such as r-majostin from
Crotalus scutulaus scutulatus and r-virisdistatin from Crotalus viridis viridis
[56], tzabcanin from C.simus [57], dabmaurin-1 from Daboia mauritanica [58],
and disintegrins from Crotalus totonacus [59] and Bothrops alternatus [60] for
different types of tumor cells. These studies, however, were performed in
normoxia only. Non-RGD disintegrins from Crotalus durissus colineatus
inhibited MDA-MB-231 migration in a wound healing assay after 24 h in
normoxia [61].

Angiogenesis is the process of producing new vessels to supply oxygen and nutrients

to meet increasing tissue demands, such as that which occurs in solid tumors.
Angiogenesis can be mimicked by the tube formation assay on Matrigel,
where endothelial cells form tube-like structures. The composition and
variability of the Matrigel affect cell growth and differentiation [62,63]. We
have previously demonstrated that DisBa-01 inhibits tube formation in
Matrigel in normoxia, even in the presence of exogenous VEGF [45]. Here,
we show that DisBa-01's effects are attenuated in the tube formation assay
under hypoxia. Only the highest DisBa-01 concentration inhibits tube
formation in hypoxia in GFR Matrigel. These results indicate that high
concentrations of integrin inhibitors are required to halt angiogenesis in solid
tumors.
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DisBa-01 treatment strongly affects cell morphology, with decreased stress fibers,
suggesting a possible loss of adherence upon av33 integrin inhibition. In this
case, cells would go into apoptosis; however, cytometry analysis showed that
DisBa-01 does not induce apoptosis. We have previously reported that DisBa-
01 activates the autophagy program instead of apoptosis, at least during the
first 24 h, and cells remain attached, probably by using other adhesion
receptors [47]. This study was carried out with 4T1BM cells, a murine TNBC
cell line highly metastatic to the brain, but we believe that the same may
happen with the cells used in the present work. The key role of the av(33
integrin in cell migration is not to support strong adhesions but to provide
directionality for a moving cell, as previously reported by us and others
[22,42]. DisBa-01's effects on MDA-MB-231 cells and HUVEC morphology
are independent of the oxygenation condition.

In conclusion, our results indicate that inhibiting the av{33 integrin in hypoxic
conditions may demand higher inhibitor concentrations. Our data may be
useful considering other types of cancer besides breast tumors, because
integrins have been described as having a key role in different tumor types,
including colorectal carcinoma [64]. Of course, we have to consider that each
cell type may respond differently to hypoxia or to integrin inhibitors. The
results described here can be helpful in the design of new pre-clinical and
clinical studies targeting the integrins.

4. Materials and Methods
4.1. DisBa-01 Expression and Purification

The expression and purification of DisBa-01 was performed as described by [41].

Briefly, E. coli BL21(DE3) was transformed with plasmid pet28(a)DisBa-01. Protein
Int. ]. Mol. Sci. 2022, 23,1745 12 0f 17

expression was induced for 3 h, followed by lysis and purification in three
steps: affinity chromatography (HIS-Select® HF Nickel Affinity Gel, Sigma-
Aldrich, Code: P6611), size

exclusion chromatography (Superdex 75 10/300 GL, GE Healthcare, Code: 17-
5174-01, Uppsala, Sweden), and anion exchange chromatography (Mono-Q
5/50 GL, GE Healthcare, Code: 17-516601, Uppsala, Sweden). Total protein
was determined by colorimetric detection of bicinchoninic acid assay (Pierce
BCA Protein Assay, Thermo Scientific, Catalog Number: 23225, U.S.).

4.2. Cells and Cell Culture

Triple-negative breast tumor cells (MDA-MB-231) and human umbilical vein
endothelial cells (HUVECsS, 8 to 20 passages) were from ATCC. Both cell lines
were maintained in Dulbecco’s modified Eagle’s medium (DMEM, Vitrocell,
Vitrocell, Campinas, SP, Brazil) supplemented with 10% (v/v) fetal bovine
serum (FBS, Vitrocell, Campinas, SP, Brazil), penicillin (100 IU/mL),
streptomycin (100 mg/mL), and L-glutamine (2 mM), in a humidified
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environment with 5% CO: at 37 °C. Subcultures were performed using
trypsin and trypan blue stain solution (0.4%, Sigma Aldrich, St. Louis, MO,
USA) on a TC20 automated cell counter (Bio-Rad, Hercules, CA, USA). Cells
in experiments were maintained in 20% Ozand 5% CO2 (normoxia) and an
incubator chamber (H35 Hypoxystation, Don Whitley Sci., Bingley, UK) with
a gas mixture containing 1% Ozand 5% CO2 (hypoxia), both at 37 °C.

4.3. Transwell Boyden Chamber Assay

Chemotaxis assays were performed to assess MDA-MB-231 cell migration upon avf33

integrin blocking by DisBa-01. For transwell assays, a 24-well insert,
ThinCert™ translucent PET membrane, 8.0 pm pore (Greiner Bio-one®,
Frickenhausen, Germany) were used. MDA-MB-231 cells (1 x 10 %) in medium
without serum were treated with DisBa-01 for 30 min at room temperature
and inserted into the upper part of the Boyden chamber. The lower chamber
contained medium plus 10% SFB. The system was incubated for 16 h (MDA-
MB-231 cells) or 24 h (HUVEC) at 37 °C in normoxic and hypoxic conditions.
Filters were fixed with 3.7% paraformaldehyde and the remaining cells on
the upper surface were removed using a cotton swab. The nuclei of migrating
cells were stained with 0.7 ng/uL DAPI solution (Thermo Fisher Scientific,
Waltham, MA, USA, Catalog Number: 62248). Membranes were assembled
on a microscope slide for automated cell counting in an ImageXpress Micro
microscope (Molecular Devices, San Jose, CA, USA) under 10x magnification
with the Meta-X-press software, and quantified using the Multi Wavelength
Cell Scoring.

4.4. Transendothelial Cell Migration Assay

To evaluate MDA-MB-231 cell migration through a layer of endothelial cells, 8 x 10*
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HUVECs were subcultured onto 8.0 pm pore 12-well inserts (Greiner Bio-
one® Frickenhausen, Germany Catalog number: C34554) with serum in the
upper and lower chambers for 24 h in 5% COzat 37 °C. Then, MDA-MB-231
cells (0.6 x 10°) were labeled with Cell Trace TM CFSE (Thermo Fisher
Scientific, Waltham, MA, USA, Catalog number: C34554). MDA-MB-231 cells
were treated with DisBa-01 in serum-free medium for 30 min at room
temperature, and then allowed to transmigrate through the endothelial layer
for 16 h at 37 °C in a normoxic and hypoxic environment. The lower chamber
contained  medium plus 10% SFB. Filters were fixed with 3.7%
paraformaldehyde and the remaining cells on the upper surface were
removed using a cotton swab. The nuclei of migrated cells were stained with
0.7 ng/uL DAPI solution (Thermo Fisher Scientific, Waltham, MA, USA,
Catalog Number: 62248). Membranes were assembled on a microscope slide
for automated cell counting in an ImageXpress Micro microscope (Molecular
Devices San Jose, CA, USA) under 10x magnification with the Meta-X-press
software, quantified using the Multi Wavelength Cell Scoring.
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4.5. Wound Healing Assay

MDA-MB-231 cells (1 x 105) and HUVEC (1 x 105) were seeded in a 24-well culture
plate for 48 and 24 h, respectively. The confluent monolayer was wounded
using a sterile 200 uL pipette tip to generate a cell-free area. Then, cells were
treated with 10 pg/mL  mitomycin-c (Sigma, St. Louis, MO, USA,
Code:M4287) for 4 h, followed by washing 2x with PBS. Cells were treated
with DisBa-01 in medium containing 10% FBS and incubated in normoxia
and hypoxia for 24 h. The images were captured using an inverted
microscope (Axio Vert.Al Zeiss — AxioCam MRc Zeiss camera, Oberkochen,
Germany) using the AxionVision Rel.4.8 software of a Vert. A1 microscope
(Zeiss) in a 10x magnifying glass in three areas each well. Cell migration was
analyzed through Image] v.1.52a [65] software considering the percentage of
wound opening border: = Ah x 100/T0, where Ah is the area of the wound
measured at different times and TO is the average of the area of the wound
measured immediately after scratching.

4.6. Zymography Assay

The conditioned media from the transwell Boyden chamber, transendothelial, and
wound healing assays with MDA-MB-231 cells were analyzed for their MMP
content by gelatin zymography. Culture medium was collected, protein
quantified, and incubated in sample buffer under non-reducing conditions.
Samples were resolved on a 10% polyacrylamide gel containing 0.1% gelatin
at 4 °C. Gels were washed two times with 2.5% Triton X-100 and incubated
at 37 °C for 18 h in 50 mM Tris buffer, pH 8.0, 5 mM CaClz, 0.02% NaNs, and
10 mM ZnCl. After staining with Coomassie Blue R-250 and destaining with
acetic acid:methanol:water (1:4:5), the clear bands were quantified by
densitometry using Image] software. MMP-2 and MMP-9 were represented
in arbitrary units (AU).

4.7. Tube Formation Assay

The tube formation assay on Matrigel (Growth Factor Reduced —GFR, Product
Number: 354230, Corning, NY, USA) was performed to evaluate the ability
of DisBa-01 in inhibiting angiogenesis after 10 h incubation under hypoxic
conditions. Firstly, HUVECs (3 x 104cells) were treated for 30 min with DisBa-
01 and plated on 1:1 Matrigel dilution (35 uL/well) in 0.5% SFB medium in a
96-well plate. Images were photographed using the AxionVision Rel.4.8
software of a Vert.Al microscope (Zeiss, Oberkochen, Germany) in a 10x
magnifying glass and analyzed using the Angiogenesis Analyzer plugin for
Image] software v.1.52a.

4.8. Analysis of Cell Morphology

MDA-MB-231 cells (1 x 10*cells/well) and HUVECs (3 x 104 cells/well) were plated in
a 96-well black microplate (Corning 3603) overnight at 37 °C, 5% CO.. Cells
were exposed to DisBa-01 for 4 h in DMEM supplemented with 10% FBS in
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normoxia and hypoxia. Afterwards, cells were fixed in 3.7%
paraformaldehyde for 10 min, permeabilized using 0.3% Triton X-100 for 5
min, and stained with Alexa Fluor® 488 Phalloidin (F-actin dye, Thermo
Fisher Scientific, Catalog Number: 12379) in DAPI-PBS (1:40) for 30 min.
Fluorescent samples were observed using ImageXpress (Molecular Devices)
equipment with 40x magnification. Morphology was analyzed in Image]
software v.1.52a [65] and quantified using Threshold for MDA-MB-231 and
ImageXpressMicro microscope (Molecular Devices, San Jose, CA, USA)
under 40x magnification with the Meta-X-press software, and quantified
using the Multi Wavelength Cell Scoringfor HUVEC.

4.9. Profile of 3 Integrin Subunit in Normoxia and Hypoxia by Flow Cytometry

Cells were incubated without and with DisBa-01 for 24 h in normoxia and hypoxia.
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Then, cells are harvested and centrifuged at 400 g in 4 °C. MDA-MB-231 cells
and HUVECs were incubated with monoclonal integrin beta 3 antibody
(ab11992, Abcam, Cambridge, UK), and washed and incubated with Alexa
Fluor 488-labeled secondary

antibody (ab11008, ThermoFisher, Waltham, MA, USA), followed by
analysis in a flow cytometer (BD AccuriTM C6, BD Biosciences, Franklin
Lakes, NJ, USA).

4.10. Apoptosis Assay

The possible apoptotic activity of DisBa-01 on MDA-MB-231 cells and HUVECs under

hypoxia was analyzed by flow cytometry with the PE-Annexin V Apoptosis
Detection Kit (BD Biosciences, Catalog Number: 559763). Cells (1 x 10%) were
seeded in 24-well plates with  DMEM and incubated overnight. A cell-free
area was created using a sterile 200 pL pipette tip following treatment with
or without mitomycin-c for 4 h for MDA-MB-231 and 2 h for HUVECs at 37
°C and 5% COsa. Then, cells were treated with DisBa-01 in medium containing
10% FBS and incubated in a normoxic and hypoxic environment for 24 h.
After this period, control cells were harvested, heated at 100 °C for 5 min,
and chilled at 4 °C immediately. Cells were incubated with PE-Annexin V
and 7-aminoactinomycin D (7ADD) for 15 min in the dark at 4 °C, followed
by the addition of binding buffer. Cells treated with DisBa-01 (0, 100, and
1000 nM) were incubated with PE-Annexin V and 7ADD, harvested,
centrifuged at 400 g, and suspended in binding buffer. Analyses were
performed in a flow cytometer (BD AccuriTM C6, BD Biosciences, Franklin
Lakes, NJ, USA).

4.11. Statistical Analysis

Data were obtained in at least triplicate in three independent series of experiments

and analyses were performed using the statistical SigmaPlot7 program. For
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parametric data, we performed two-way ANOVA or one-way ANOVA and
post hoc Tukey test, and non-parametric data were subjected to the Kruskall-
Wallis one-way analysis of variance on ranks post hoc Dunn test. Values of
p < 0.05 were considered statically significant. Graphics were generated in
the GraphPad program showing mean + SD for normal distribution of
population and median + SD for non-normal distribution of population.

Supplementary Materials: The following supporting information can be downloaded
at:  www.mdpi.com/article/10.3390/ijms23031745/s1, Supplementary. Figure SI.
Apoptotic assay of MDA-MB-231 cells treated with mitomycin-C and DisBa-01. (A)
Cells treated with DisBa-01 in normoxia. (B) Controls with or without dyes (7AAD
and PE-Annexin V) in normoxia. (C) Cells treated with DisBa-01 in hypoxia. (D)
Controls with or without dyes (7AAD and PE-Annexin V) in hypoxia. Supplementary
Figure S2 Apoptotic assay of MDA-MB-231 cells treated with DisBa-01 without
mitomycin-C. (A) Cells treated with DisBa-01 in normoxia. (B) Controls with or
without dyes (7ZAAD and PE-Annexin V) in normoxia. (C) Cells treated with DisBa-
01 in hypoxia. (D) Controls with or without dyes (7JAAD and PE-Annexin V) in
hypoxia. Supplementary Figure S3. Apoptotic assay of HUVECs treated with
mitomycin-C and DisBa-01. (A) Cells treated with DisBa

01 in normoxia. (B) Controls with or without dyes (7AAD and PE-Annexin V) in
normoxia. (C) Cells treated with DisBa-01 in hypoxia. (D) Controls with or without
dyes (7AAD and PE-Annexin V) in hypoxia. Supplementary Figure S4. Apoptotic
assay of HUVECs treated with DisBa-01 without mitomycin-C. (A) Cells treated with
DisBa-01 in normoxia. (B) Controls with or without dyes (ZAAD and PE-Annexin V)
in normoxia. (C) Cells treated with DisBa-01 in hypoxia. (D) Controls with or without
dyes (7ZAAD and PE-Annexin V) in hypoxia.
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Abstract

The tumor microenvironment is represented mainly by the presence of tumor cells, endothelial
cells, stromal and immune cells, and the deposition of matrix proteins. Fibronectin (FN) and
vitronectin (VN) are extracellular matrix compounds that bind to integrins present on the surface
of cells. Interaction between integrins and extracellular matrix (ECM) proteins, such as the binding
between avBs and asP: integrins with VN and FN, respectively, is an important key to
understanding tumor responses, mainly through cell migration, angiogenesis and metastasis.
Inhibitors of the avps integrin were demonstrated to be important targets in efforts to develop new
drugs with anti-angiogenic or anti-metastatic properties. DisBa-01, a recombinant RGD-disintegrin
from Bothrops alternatus, binds with high affinity to avf3 integrin inhibiting cellular events related
to tumor progression, such as migration and endothelial cell proliferation in both in-vitro and in-
vivo models. DisBa-01 does not induce apoptosis, but it inhibits tube formation on matrigel coating
in normoxia and hypoxia. Furthemore, OSCC on FN coated losts migration directionality in DisBa-
01 presence. Our hypothesis is that DisBa-01 could act as an anchor between ECM proteins and
the cell, so it would avoid motility and anoikis as well. The aim of this study was to investigate a
possible direct interaction of DisBa-01 with FN/VN. We demonstrated that DisBa-01 binds to FN
(Kq: 4.61 x 10 *M) and VN (kq: 4.8 x 10 8 M) with similar affinities. This disintegrin colocalizes
with ayfBs integrin and FN/VN coating in HUVEC. Overall, we inferred that DisBa-01 anchors
HUVEC with compounds of the matrix, FN and VN during migration.

Keys-word: fibronectin, vitronectin, integrins avPs and osPi, DisBa-01, dissociation constant,

plasmon resonance
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1. INTRODUCTION

Tumor cell behavior is influenced by its surrounding microenvironment, including adjacent cells

(e.g, immune, endothelial, mesenchymal stem cells (MSCs - tumor-associated fibroblasts) and the
extracellular matrix (ECM) (Korkaya, Liu, and Wicha 2011) (Das et al. 2017). ECM participates
in multiple biological events including the regulation of cell proliferation and migratory behavior.
ECM degradation by matrix metalloproteinases (MMPSs) and the expression of the ECM receptors
such as the integrins on the surface of the tumor and endothelial cells are critical steps for
angiogenesis and metastasis (Harisi and Jeney 2015) (Clapp et al. 2009).

ECM is composed of biomolecules such as collagen, laminin, glycoproteins and proteoglycans
that are mainly produced by fibroblasts and endothelial cells (Schultz and Wysocki 2009). In this
context, vitronectin (VN) and fibronectin (FN) are key ECM proteins due to their ability to integrin
binding, triggering key events such as changes in cell polarity and motility, survival and
proliferation (Bae et al. 2012) (Zollinger and Smith 2017).
Tissue levels of VN increase in pathophysiologic conditions associated with acute inflammation
contributing to organ injury, such as in cancer. VN is a multifunctional glycoprotein that binds to
various biological receptors. The somatomedin B domain (SMB) of VN binds the urokinase
receptor while the hemopexin domain interacts with heparin and collagen (Bae et al. 2012) (Hwang
et al. 2014). FN is secreted and polymerized in plasma or interstitial liquid by the endothelium or
liver, respectively (Kumra and Reinhardt 2016). Two isoforms are observed in the tumor
environment, the extra domain-A and —B (EDA and EDB), both involved in angiogenesis. The
Arg-Gly-Asp (RGD) adhesive motif is present in different domains of FN and VN and interacts
with some integrins, mainly the asp: and avfs (Kumra and Reinhardt 2016).

Integrins are transmembrane receptors composed of different combinations of 18 o and 8 3 subunits
forming 24 heterodimers. Eight subgroups recognize the RGD sequence in the native ligands
(Barczyk et al. 2010) (Guo and Giancotti 2004). FN contains the RGD motif and the PHSRN
peptide sequence that interacts simultaneously with asf1 integrin, conferring high affinity binding.
In contrast, only the RGD loop of FN interacts with avps integrin, which preferentially binds to
VN rather than FN (Wang et al. 2016).

The process of cell migration is mostly affected by a balance between the ovf3 and asP1 integrins.

The avps integrin actives Racl and the integrin asf1 actives RhoA, but the activation of Racland
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RhoA is differently regulated in the protrusive front and retracting rear of the cell body. More
specifically, Racl drives the formation of lamellipodium in front of cells while RhoA induces
actin/myosin complex contraction in the rear of cells (Huveneers and Danen 2009) (Danen et al.
2005). The blockage of either asP1 and avf3 integrins leads to an interchange in receptor profile.
Cilengitide, a synthetic peptide with a RGD motif that antagonizes integrins, especially ayvf3z and
avPs, increases VEGFR2 levels in endothelial cells. It also promotes recycling between avf3 and
asf1 in ovarian carcinoma (Caswell, Vadrevu, and Norman 2009) (Mas-Moruno, Rechenmacher,
and Kessler 2011) (Caswell et al. 2008) (Reynolds et al. 2009).

Cilengitide has been used in patients with highly vascularized tumors such as pancreas tumor in
phase Il study and glioblastoma in phase 111 study, however preliminary results indicate no changes
in overall patient survival suggesting that cilengitide can be most effective before metastasis.
Recently, patients with solids tumors, such as breast cancer, have been treated with cilengitide in
phase | study (Friess et al. 2006) (Lombardi et al. 2017) (Haddad, et al. 1999) (Hariharan et al.
2007).

Viperidae snake venoms contain several integrin antagonists, named disintegrins, derived by
proteolysis from precursors named snake venom metalloprotease (SVMP). Classification of
disintegrins can be also according to each motif disintegrins present such as RGD, MLD or R/KTS
(Fox and Serrano 2008). The effects caused by integrin inhibition upon treatment with this class of
compounds became an important target on efforts to develop new drugs, such as Aggrastat®, a
disintegrin with RGD motif used commercially to treat myocardial infarction through platelet
fibrinogen receptor binding to integrins oubB3 and ovPs (Calvete 2013) (Macédo et al. 2015).
Furthermore, RGD-disintegrins can affect angiogenesis in tumors, as the two highly homologous
disintegrins (CC5 and CC8) and r-mojastin 1 from the venom Cerastes cerastes and Crotalus
scutulatus scutulatus, respectively. Disintegrins CC5 and CC8 (also containing WGD) interfere in
cell viability, adhesion, migration and angiogenesis of HMEC-1 and HBMEC (Human
Brain/Microvascular Endothelial Cells). While r-mojastin (RGDWN) and its mutant (RGDD_)
inhibit cell proliferation in a human melanoma cell line (SK-Mel-28) (Ben-mabrouk, Zouari-
kessentini, and Montassar 2016) (Ramos et al. 2016) (Crotalus et al. 2012).

In the present study, we used DisBa-01, a recombinant RGD disintegrin from the Brazilian snake
Bothrops alternatus. DisBa-01 has high affinity to avf33 integrin and promotes anti-angiogenic, anti-
metastatic and anti-thrombotic proprieties in animal models (Ramos et al. 2008) (Montenegro et
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al. 2017) (Kauskot, et al2008). In endothelial cells, DisBa-01 inhibits proliferation and impairs
VEGF signaling and response, blocking VEGFR2 downstream signaling. DisBa-01 also inhibits
breast (MDA-MB-231 cell) and prostate (DU-145 cell) cancer cell migration, lung melanoma
metastasis and sponge-induced-fibrovascular tissue in mice (Montenegro et al. 2012) (Selistre-de-
Araujo et al. 2010) (Cassini-Vieira et al. 2014) (Ramos et al. 2008). In the presence of DisBa-01
oral squamous carcinoma cells (OSCC) lose directionality and increase focal adhesion in FN
coating (Montenegro et al. 2017). Recently, we reported that DisBa-01 does not induce anoikis, a
type of cell death induced by cell detachment. Instead, it induced autophagy in 4T1BM2 cells
treated with this disintegrin (Lino, et al. 2019). In addition, DisBa-01 impairs the response of
endothelial cells to VEGF, blocking the activation of VEGR2 downstream signaling (Tais M.
Danilucci et al. 2019).

Taken together, our previous results confirm a direct effect of DisBa-01 on cells through integrin
binding and inhibition of downstream signaling. However, a possible interaction of this disintegrin
with the ECM compounds, mainly FN, VN and collagen, has not been addressed yet.

Our hypothesis is that DisBa-01, besides binding to integrins, could also bind to ECM components,
acting as an anchor between ECM and the cell, so it would keep the cell partially attached with
decreased motility. For that, we used surface plasmon resonance (SPR) to investigate the binding
properties of DisBa-01 to purified ECM components and fluorescent cell-based assays.

2. MATERIALS AND METHODS

2. 1. Expression and Purification DisBa-01

Recombinant disintegrin DisBa-01, a His-tag protein (GenBank accession AY259516) was
produced from a cDNA venom gland library of a Bothrops alternatus snake, as previously
described [Ramos et al., 2008] (Ramos et al. 2008). Briefly, pET28-a plasmid cloned with DisBa-
01 gene were transformed in Escherichia coli BL21 (DE3) and induced by thio-b-D-
galactopyranoside (IPTG, 100mM, - Sigma) for 3 hours. The culture cell was centrifuged (27,500q;
15 min, 4 °C) and ressuspended in binding buffer (40 mM Tris, 0.5 M NaCl and 5mM Immidazole)
and sonicated (6 times, 4 °C, 10 s interval).

The soluble cellular fraction was obtained by centrifugation (27,500g; 15 min) and suspended in
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binding buffer containing 6 M urea and incubated in ice bath for one hour (4 °C). Cell lysis extract
was purified by three-step chromatographic process, using an affinity column (HIS-Select® Nickel
Affinity Gel, Sigma-Aldrich®), followed by 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 (PierceTM BCA

Protein Assay, Thermo Scientific).

Biospecific interaction analysis (BIA)

2.2.1 Fluorescence analysis of DisBa-01 direct binding to fibronectin and vitronectin

To perform the assay of the direct DisBa-01 binding to FN and VN by fluorescence, we firstly
labelled the DisBa-01 with Alexa Fluor 546 dye (ThermoFisher Scientific) in sodium bicarbonate,
pH 8.3 in dimethyformamide according with instructions of the manufacturer. At the same time,
plates were coated with fibronectin (5 pg/cm?) and vitronectin (0.1 pg/cm?), at 4°C overnight.
After, it was added BSA (Bovine Serum Albumin — Sigma) to the wells and plates were incubated
at 37 °C for 1 hour. Then, fluorescent stained DisBa-01 (0.05 - 1.5 uM) was applied to immobilized
FN and VN in 96-well black plates (Corning Incorporated 3603), followed by incubation for 1 hour
at 4°C. To avoid inespecif interactions, the wells were washed with PBS (200 pL) for 3 times. The
images were captured in image-X-press and quantified by Analyses Transfluor — Pit Integrated

Intensity, 6 module, software MetaXpress.

2.2.2 Surface plasmon resonance (SPR)

The affinity of DisBa-01 to immobilized FN and VN (Sigma) was measured using SPR (BIAcore
T200; GE Healthcare, Little Chalfont, UK). FN and VN were covalently attached via amine
coupling to sensor chip CM5(GE Healthcare, Little Chalfont, UK). After testing the sensor chip in
a pH gradient (pH Scouting), FN and VN presented at pH 4.0 best performance. The FN (60 pg/mL)
and VN (30 pg/mL) in acetate buffer containing 0.01 M Hepes, pH 7.4, 0.15 M NacCl, and 0.005
%, were immobilized on the sensor chip surface, resulting in 2108.1 Resonance Unit (RU) and
781.9 RU, respectively. DisBa-01 (0.1 to + 7 uM) was diluted in phosphate-buffer saline (PBS) at
25°C and injected at flow rate of 15 pL/min in the sensor chip with both immobilized FN and VN.
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Chip regeneration was performed by injection of Gly HCI 2M, pH 2.0 for 10s. Association and
dissociation constant rates were calculated by curve fitting, using BIA evaluation software (v. 1.1)
assuming that DisBa-01 (analyte) is monomeric with a MR of 12,000 Da. Association constant

between DisBa-01 and the FN and VN were calculated using GraFit 5.0 software

2.3.1. Cell culture

HUVEC cell line was obtained from the American Type Culture Collection [ATCC CRL-1730],
and routinely maintained in DMEM (Nutricell), pH 7.4 cell culture medium supplemented with
10% fetal bovine serum (FBS - Vitrocell) at 37 °C and 5%CO-/air atmosphere. Serial passages (12
to 18) were carried out by treatment of 80% confluent monolayers to trypsin-EDTA 0.1% (Sigma).

2.3.2 Fluorescence Analysis of DisBa-01 interaction in HUVEC

Cells were seeded (10° cells) on 12 mm glass coverslips (KASVI) in 24-well plates and incubated
overnight at 37 °C 5% CO>/air atmosphere. The next day, cultures were treated with fluorescent-
labelled DisBa-01 1uM for 5 minutes at room temperature. Then the cells were fixed 20 minutes
with 4% paraformaldehyde (PFA) and nuclei were stained with DAPI for 10 minutes. Samples
were mounted in ProLong Diamond Antifade Mountant (Invitrogen by Thermo Fisher Scientific).
Fluorescence images were acquired in Image-X-press microscope (Molecular Devices), using
magnifying lens 20x and 60x.

2.3.3.1 Immunofluorescence analysis

Cells were seeded (10° cells) on 12 mm glass coverslips (Exacta) in 24-well plates (KASVI K12-
024) or 4 x 10° cells were seeded in culture chambers (Lab-Tek Slide w/ Cover Glass Slide Sterile),
previously coated with FN 5 pg/cm? in PBS, and kept at 37°C and 5%CO incubator. Cells were
subsequently treated or not with cilengitide 1uM (Sigma) for 1 hour in PBS at 37°C 5%CO.. DisBa-
01 (0.01, 0.1, TuM) was incubated for 2 minutes in HUVEC. Cells were fixed 20 minutes with 4%
paraformaldehyde (PFA) in PBS, permeabilized for 10 minutes with triton x-100 0,3% in PBS,
blocked with 100 mM glycine solution for 5 minutes and 1 hour with BSA 2% in PBS. Primary
antibodies diluted in blocking buffer were added and the plate incubated for 1 hour at room
temperature or overnight at 4°C. After washing, secondary antibodies were incubated in blocking
buffer for 1 hour at temperature room. Cells were stained with DAPI for 20 minutes. Samples were
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mounted in ProLong Diamond Antifade Mountant (Invitrogen by Thermo Fisher Scientific).
Antibodies used were mouse monoclonal to the integrin avfz (abcam — ab78289); mouse
monoclonal to the integrin osfB1 (LSBio — C70775); rabbit polyclonal to the fibronectin (abcam -
ab2413); rabbit monoclonal to the vitronectin (abcam ab45139). Secondary antibodies used were
goat polyclonal anti-mouse FITC (abcam — ab6785), goat polyclonal anti-mouse Alexa 488
(Thermo Fisher Scientific — 11001a), goat anti-rabbit Alexa 633 (Thermo Fisher Scientific —
A21070). All antibodies were centrifuged for 10,000 g at 4°C, 45 minutes before dilution in BSA
2% in PBS.

Confocal laser scanning microscopy images were acquired in an Axio Observer (Zeiss, Jena,
Germay), LSM 780 System, software ZEN BLACK or Fluowview, FVV10 (Olympus), version 2.10
F10, using same laser intensity, with zoom 2x- magnifying lens 63x and 1 oil immersion objective.
FijilmageJ program was used to constructed and analyses the images. Images were assembled and
analyzed using software FIJI (Schneider et al. 2017) (SCHINDELIN, 2012). Quantification of
Manders's overlap, tM1, coefficients was performed using Colocalization Threshold and for DisBa-

01 x avB3 complex, we used the JaCoP plugin from FijilmageJ.

2.4 Profile of avps integrin, B3, as, p1 Integrin Subunit by Flow Cytometry

Cells (1x10 ®) were incubated without and with DisBa-01 for 5 minutes following cells are
harvested and centrifuged at 400 g in 4 °C. HUVECs were incubated with primary antibody of
integrin beta 3 (sc52685- 1pg), alpha 5 (sc13547 - 1ug) e beta 1 (sc13590) and a3 integrin (sc7312
- 1ug) for 1h and washed and incubated with polyclonal anti-mouse FITC (abcam — ab6785) for
1h. Results was analysed in flow cytometer (BD AccuriTM C6)

2.5 Statistical analysis

We used Statistical Program GraphPad (v. 8.0) or Sigma Plot (v. 12.0) software. followed One
Way Analysis of variance on ANOVA- Tukey Test to normal distribution data or Kruskall-Wallis
one-way analysis of variance on ranks post hoc Dunn test to non-parametric data. Values of p <
0.05 were considered statistically significant. Data obtained from at least three independents series

of experiments.

3. RESULTS
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3.1 DisBa-01 binds to the isolated ECM components VN and FN

To determine whether the disintegrin is able to interact with ECM components, labeled DisBa-
01(Alexa Fluor 546) was applied directly on FN and VN coatings. In both FN (Fig.1A) or VN
(Fig.1B), increasing DisBa-01 concentrations resulted in an augment of fluorescence intensity,
indicating that the protein bound to the coatings was in a concentration-dependent manner with
ECs0 =0.270 uM and 0.287 uM to FN and VN, respectively.

FNcoating —  VNcoating
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Figure 1) Binding of labeled DisBa-01 in FN and VN coating. Representative images of the
interaction between different concentrations of Alexa Fluor 546-labeled DisBa-01 with (A) FN and
B) VN coating. Sum of Pit Integrated Intensity of each selected concentration was transformed in
Log1o following Log (agonist) vs. normalized response - Variable slope to DisBa-01 x FN and VN.
Graphics are represented Porcent Maximal Response x concentration of DisBa-01. Data on three
independent experiments performed in triplicates or duplicates. (Scale bar: 100 pum).

3.2 Interaction between the DisBa-01 with FN and VN by SPR
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We also evaluated the binding ability of DisBa-01 to FN and VN by SPR. The interaction between
the recombinant RGD disintegrin to the two distinct coatings was similar and affinity constant
determined showed very close values for DisBa-01 with FN as 4.61 x 10° M (Fig.2A) and 4.8 x
10 M for VN (Fig.2B).
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Figure 2) Interaction of DisBa-01 (0 uM - 7 uM) with FN and VN. Concentration curve of DisBa-
01 binding to immobilized FN (A) and VN (B). SPR = RU x time. K4 = RU (Resonance Units) x
Concentration of DisBa-01 (uUM)

3.3 Fibronectin coating promotes change on DisBa-01 internalization in HUVEC cells

To investigate the relevance of DisBa-01 localization in cells, we carried out analyze with Alexa
Fluor 546-labeled DisBa-01 in HUVEC cells. After incubation of fluorescent DisBa-01 with
HUVEC for 5 minutes without protein coating, it was possible to visualize the perinuclear
localization of the internalized protein. Moreover, protein localization showed a polarization
pattern on cells, suggesting clusters of the disintegrin (Fig. 3A-B). To track the binding of DisBa-
01 with possible integrins on the cell surface, the incubation time was decreased to 2 minutes, using
both FN coated and non-coated conditions. Cells plated over FN coated showed more DisBa-01
(0.1, 0.5, 1uM) signals inside, surrounding cells and in FN coating (Fig. 3C-D-E), while non-coated
conditions revealed diminished protein signals, like specific points, in cells (Fig. 3F-G).
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Figure 3) Fluorescence analysis of DisBa-01 localized in HUVEC and the influence of FN coating.
A - B) Epifluorescence image of DisBa-01(red) incubated for 5 minutes with HUVEC cells without
coating. Magnification of 20 (left) and 60x (right) (Scale bar: 100 and 10 um). C-D-E) Confocal
images of DisBa-01 incubated for 2 minutes in HUVEC with the presence of FN coating. F)
Confocal images of DisBa-01 incubated for 2 minutes in HUVEC without FN Coating. G)
Quantification of integrin intensity density of DisBa-01 in HUVEC with and without coating for
figures C-D-E-F. Kruskall-Wallis one-way analysis of variance on ranks post hoc Dunn test (Scale
bar: 10 pm).

3.4 DisBa-01 colocalizes with avps integrin in FN coated surface
Previously published results of SPR showed that DisBa-01 has high affinity with avf3 integrin (Kq
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4.63 x 107 M) (C.F. Montenegro et al. 2017). For a better understanding of the interaction of
DisBa-01 with cells, we performed colocalization studies between this RGD-disintegrin with the
avPz integrin from HUVEC in FN coating.

Concentrations of DisBa-01 (0.1 - 1 uM) clearly demonstrated colocalization with ayf3 integrin in
FN coating (Fig. 4A-B-C). This RGD-disintegrin also binds outside cells, mainly in higher
concentrations, confirming the results observed in Fig. 1.

To observe whether the results obtained so far were product of DisBa-01-avf33 interaction, we
treated adhered HUVEC cells with cilengitide (1uM) prior to incubation with labeled DisBa-01 (2
min) (D-E-F). The colocalization between DisBa-01 at the tested concentrations and avf3 integrin
remained stable upon treatment without/with cilengitide (Fig. 4G) In this way, the inhibitor of o3
integrin did not influence the interaction between DisBa-01 with this integrin (Fig. 4B). In absence
of DisBa-01, avp3 integrin is increased with cilengitide treatment for 1 hour in HUVEC (Fig. 4H-
I-J). Hence, we can infer that avp3 integrin was blocked by cilengitide, but this integrin was able to
return after this period for cell.
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Figure 4) DisBa-01 colocalizes with oyvf3 integrin from HUVEC cells in FN coating. A-B-C)
Colocalization between different concentrations of the DisBa-01 (red) with avf3 integrin (green) in
FN coating from HUVEC. D-E-F) HUVEC was treated with cilengitide for 1 hour following the
colocalization between different concentrations of the DisBa-01 with o3 integrin in FN coating.
G) Quantification of DisBa-01 colocalization with avfBs integrin in FN coating, with or without
cilengitide treatment. tM1: Manders Overlap Coefficient using a threshold. ANOVA followed by
Tukey’s test. H) Representative images of HUVECS and labeled avf3. I) Representative images of
HUVEC:s treated with Cilengitide and labeled avfBs. J) avpBs integrin with Cilengitide treatment and
without DisBa-01 from HUVEC. 1) Quantification of integrin intensity density in untreated
HUVECs and Cilengitide-treated cells (Scale bar: 10 pum).

3.5 DisBa-01-avBs integrin complex colocalizes with FN/VN coated under HUVEC
The interaction between integrins with ECM compounds, such as binding between avfs integrin

and VN/FN, promotes changing in cell polarity and cytoskeletal structure organization (Shattil S
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F, Kim C, and Ginsberg M H 2010). We showed that DisBa-01 binds to FN/VN and colocalizes
with avBs integrin in FN coating, however if DisBa-01-avp3 integrin complex colocalizes with
FN/VN in HUVEC it was not elucidated. Firstly, we observed the DisBa-01-ayf3 integrin complex,
then the colocalization between DisBa-01 with FN and finally, the DisBa-01-oyf33 integrin complex
with FN coating (Fig.5-A-B-C-D). We also performed this complex with VN coating, the
colocalization between DisBa-01 and VN and DisBa-01-ayvf33 integrin complex with VN coating in
HUVEC (Fig. 5 E-F-G-H). Both DisBa-01 and the DisBa-01-ay3 integrin complex colocalize with
FN and VN coating in HUVEC. We also observed that the FN and VN are more around in HUVEC

(nucleus is represented in blue), in presence and absence of DisBa-01 (Fig. 5-1-J).

3.6 Colocalization between DisBa-01-avBsintegrin complex and FN/VN in HUVEC without
coating

Endothelial cells endogenously express proteins such as FN and VN, so we pondered how the
interaction between DisBa-01 and extracellular matrix proteins FN/VN produced by HUVECsS,
occurs in uncoated surfaces. DisBa-01 colocalizes strongly with basal FN, but colocalization
between DisBa-01-avf3 integrin complex with FN was not as strong (Fig. 6 A-B-C-D). This finding
may have been relationed with ayfs preference VN ligand than FN, beyond that signals from FN
and VN in HUVEC. DisBa-01 also colocalizes with basal VN similarly to how the DisBa-01-avf3
integrin complex does with VN (Fig. 6-E-F-G-H). We observed that signals from FN is robuster
than VN in HUVEC (nuclei are represented in blue) around endothelial cells without coating (Fig.
6-1-J-K).
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Figure 5) DisBa-01 and DisBa-01-avBs integrin complex colocalize with FN/VN coating in
HUVEC. A) DisBa-01 (red) and avfBs integrin (green) form a DisBa-01-onf3 integrin complex
(yellow) in FN coating. B) Colocalization between DisBa-01 and FN coating (blue). C)
Colocalization between DisBa-01, integrin and FN coating (white). D) Quantification of
colocalization. tM1: Manders Overlap Coeficient using threshold to DisBa-01 with FN. For,
colocalization between DisBa-01 - avBs integrin — complex with FN was used tM1 from JACoP
plugging. Statistical data analysis by ANOVA one-way followed by Tukey’s post-hoc test. E)
DisBa-01(red) and avpB3 integrin (green) forming a DisBa-01-ayf3 integrin complex (yellow) in VN
coating. F) Colocalization between DisBa-01, integrin and VN coating (white). G) Colocalization
between DisBa-01and avf3 integrin formed by DisBa-01 - avps integrin —complex and VN coating.
H) Quantification of colocalization. tM1: Manders Overlap Coeficient using threshold for DisBa-
01 and VN. For DisBa-01-avBs integrin complex and VN, tM1 from JACoP plugin was used.
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Statistical data analysis by ANOVA one-way followed by Tukey’s post-hoc test. 1) FN without
DisBa-01 and ayfs integrin J) VN without DisBa-01 and avfs3 integrin. (Scale bar: 10 um).
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Figure 6) DisBa-01 and DisBa-01- avfs integrin complex colocalizes with FN/VN in HUVEC. A)
DisBa-01(red) and avf3 integrin (green) forming the DisBa-01-avf3 integrin complex (yellow). B)
Colocalization between DisBa-01and basal FN. C) Colocalization between DisBa-01, integrin and
basal FN (white). D) Quantification of colocalization. tM1: Manders Overlap Coeficient using
threshold to DisBa-01 with FN. For, colocalization between DisBa-01 - oyvf3 integrin — complex
with FN was used tM1 from JACoP plugging. Statistical data analysis by ANOVA one-way
followed by Tukey’s post-hoc test. E) DisBa-01(red) and avf3 integrin (green) forming the DisBa-
01-avPs3 integrin complex (yellow). F) Colocalization between DisBa-01, integrin and basal VN
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(white). G) Colocalization between DisBa-01-avf3 integrin complex and VN. H) Quantification of
colocalization. tM1: Manders Overlap Coeficient using threshold for DisBa-01 and VVN. For DisBa-
01-avPs3 integrin complex and VN, tM1 from JACoP plugin was used. 1) FN without DisBa-01 and
avPs3 integrin J) VN without DisBa-01 and avf33 integrin. K) Quantification of FN and VN intensity
density in untreated HUVEC. Statistical data analysis performed using ANOVA one-way followed
by Tukey’s post-hoc test (Scale bar: 10 um).

3.6 DisBa-01 colocalizes with asp1 integrin in HUVEC.

We have previously demonstrated that DisBa-01 has lower affinity towards osf integrin (Kq: 7.62
x 10° M), compared with a.Bs integrin (MONTENEGRO et al., 2017). To investigate the
possibility of binding between DisBa-01 to asp: integrin in HUVEC via colocalization assays, we
performed colocalization studies. Confocal image analysis showed that DisBa-01, in addition of
avPs integrin binding, also colocalizes with asf: integrin, as indicated by the Mander’s coefficients
(Fig. 7A-B-C). Visual analysis of each fluorescent-labelled protein in separated channels
confirmed their whereabouts (Fig.7-D-E-F-G). Furthermore, we denoted stronger signals from asf1
than avfs integrin without DisBa-01 in HUVEC (Fig. 7-H-1-J)
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Figure 7) Colocalization between DisBa-01 with avps and asP: integrins in HUVEC. A)
Colocalization between DisBa-01(red) and avfz integrin (green). B) Colocalization between DisBa-
01 and asPy integrin (green). C) Quantification of DisBa-01 colocalization with integrin ovf33 and
asPB1 using tM1 (Manders overlap coefficient using threshold). Statistical data analysis performed
using ANOVA one-way followed by Tukey’s post-hoc test. D-E-F-G) Different channels of DisBa-
01, avPBs and asP1 integrins. H) avBs and aspP1 integrin untreated. I) Quantification of avB3 and asf:
integrin intensity density in untreated HUVEC. Statistical data analysis performed using ANOVA
one-way followed by Tukey’s post-hoc test

3.7 Profile of integrins in HUVECs in the presence and absence of DisBa-01

To better understand DisBa-01 binding properties, we investigated the profile of integrins
expression in HUVEC by flow cytometry. Endothelial cells express higher levels of as (75%) and
B1 (93%) integrin subunits than ovB3 (25%) integrin and B3 subunit alone (50%) (Fig. 8-A).
However, we observed an increase in ayvpz and B3 integrins when cells were treated with DisBa-01
for 5 minutes (Fig. 8-B-C). Protein levels of subunits as and 1 were not affected by DisBa-01
presence (Fig. 8-D-E).
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Figure 8) Integrin protein expression in HUVECs. avfs, B3, as, 1 integrins in HUVEC by Flow
Cytometry. A) Profile of integrin expression, showing avf3 (black), B3 (orange), as (blue) and P1
(beige) with comparative quantification (percentage shown above) of negative control (green, only
secondary antibody). B) Expression of integrin avps increases by 24% upon DisBa-01 (red)
treatment. C) Protein expression of integrin subunit B3 increases 43% with DisBa-01 presence. D-
E) Histogram denoting unchanged profile of integrins as (D) and B1 (E) after DisBa-01 exposure.
HUVEC were treated with 1 uM DisBa-01 for 5 minutes prior to collection.

4. DISCUSSION AND CONCLUSION

We have previously shown that DisBa-01 affects endothelial cells in in vitro assays (Danilucci et
al. 2019). However, the binding mechanisms to these cells is still not completely understood. Here,
we demonstrated, by using fluorescence and SPR experiments (Fig.1 and 2), that additionally to
the interaction with the avf3 integrin, DisBa-01 is able to bind to ECM components with kg = 4
UM or 4 x 10 M to DisBa-01 versus VN/FN (Montenegro et al. 2017). DisBa-01 has 10 times
more affinity to FN and VN than asf1 integrin, but it has 10 times less affinity with FN and VN
than avf3 integrin (Ramos et al. 2008).

The interaction between avfs integrin and VN was demonstrated before (Bachmann et al. 2017),
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in which a kg < 1pM (10° M) was determined via biolayer interferometry. This result was also
corroborated by another study, which used a solid phase receptor assay with radiolabeled VN and
integrin ayf3 coating (Orlando and Cheresh 1991).

Our results indicate that DisBa-01 binds to ECM components 1000 times less specifically than the
natural binding of integrin avf3 to VN. Moreover, when compared to the interaction between FN
to integrin avPs (K¢ = 5.3 X 10 nM) (Bachmann et al. 2017) and integrin asp1 (ke = 8 x 10 7 M)
(Parisi et al. 2020) (Akiyama and Yamada 1990), DisBa-01 is 100 times less specific in binding to
FN than integrin avBs and 10 time less specific than integrin a5f1. Even so, DisBa-01 binding to
FN and VN discourages key biological responses in HUVEC such as migration and cell adhesion
(T.M. Danilucci et al. 2019).

We showed clusters of DisBa-01 binding to HUVEC perinuclear regions (Fig. 3). We suggest that
DisBa-01 binds to avB3 integrin in endothelial cells and is internalized in a pattern similarly found
in avB3 integrin blockade (Pellinen and Ivaska 2006). We also found that DisBa-01 disperses
through FN coating, but clusters in uncoated surfaces. Considering FN binding activates integrins,
it also increases the interactions between DisBa-01 and endothelial cells.

Crosstalk between avfBs integrin and VEGFR?2 is essential for angiogenesis. DisBa-01 colocalizes
with both receptors (Danilucci et al. 2019), but it is unknown whether this response is maintained
with lower concentrations of the disintegrin or with the presence of Cilengitide, a cyclic RGD
inhibitor of integrin ovf3. Here, we presented that DisBa-01 colocalizes with avfB3 integrin in FN
coating, regardless of its concentration (Fig. 4). Considering Cilengitide does not interfere with
integrin avP3 levels in HUVEC, as demonstrated previously (Alghisi, Ponsonnet, and Riegg 2009),
we supposed it would not modify the colocalization between DisBa-01 and integrin ayvf33. Despite
their similar mechanism of action, Cilengitide is a partial, synthetic agonist that affects tumor
microenvironment establishment in low nanomolar concentrations, whereas DisBa-01 is a
recombinant protein with likely antagonistic action that interferes with tubulogenesis and
angiogenesis in micromolar concentrations (Li et al. 2019) (Danilucci et al. 2019) (Cassini-Vieira
et al. 2014).

It is well described that HUVEC cells produce extracellular matrix, but surface coating with FN
and VN can mimic conditions of the tumor environment that are key for the establishment of
angiogenesis, tumorigenesis, vascularization and tumor stiffening (Wang et al. 2016) (Hielscher et
al. 2016). We found that DisBa-01 colocalizes with FN/VN and the DisBa-01-ovf3 integrin
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complex binds to matrix protein (Fig.5), although the disintegrin alone is preferential in FN
binding. We believe that this complex is supporting the inhibitory effect of DisBa-01 over
endothelial cell migration. Interestingly, the colocalization between DisBa-01 versus VN, and
DisBa-01-avfs integrin complex versus VN is akin (Fig. 6). Hence, we demonstrated that DisBa-
01 acts as an anchor between ECM and cells, through the binding of integrin avBs and FN/VN.

To investigate whether DisBa-01 stimulates integrin concentration immediately in HUVEC,
DisBa-01 was incubated in short periods (Caswell et al. 2009). We observed that DisBa-01
colocalizes more with integrin asf; rather than ayvf3 integrin, despite its stronger affinity to the
latter. This is possibly due to the higher availability of asp1 in HUVECs (Fig. 7). Short-loop or fast
recycling between avfB3 and asP1 integrins is related in fibroblast migration, prior to avps integrin
blockade (White, Caswell, and Norman 2007). Nonetheless, the modulation of avf3 and asP1
integrins were not described after disintegrin blockade. DisBa-01 can interfere with the recycling
of avP3 and asP1 integrins and increases owfs integrin in HUVEC. This effect is irrelevant for
tubulogenesis and migration in presence of DisBa-01 (De, et al. 2018).

Integrins are presented in different quantities in distinct endothelial cells, as previously
demonstrated by (Micocci, et al. 2016). Here, we reveal that HUVEC has predominant integrin
asPB1 and more B3 subunit enrichment integrin than dimer o33 integrin. Both B3 integrin subunit and
avPB3 integrin dimer increase upon treatment DisBa-01 in short-time (Fig. 8). This interaction is
probably related with the short-loop recycling pathway of the integrins after blocking avfB3 integrin,
as it is the case avfs3 integrin blocking mentioned above (Bridgewater, Norman, and Caswell 2012).
This is the first time that an increase in integrin expression has been observed after treatment with
this disintegrin.

We conclude that the mechanism of DisBa-01 to impair cell migration and angiogenesis is binding
to matrix components and integrins, anchoring cells to the extracellular matrix. Therefore, we
suggest that DisBa-01 interferes in integrins-ECM interaction dynamics, immobilizing endothelial

cells to form vessels.
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CAPITULO Il1: Consequéncias do blogueio da integrina avfz no compacto agregado da
célula MDA-MB-231 e no esferdide da HUVEC com o tratamento da DisBa-01 em

normoxia e hipoxia

I11-A) RESULTADOS

Apbs a formacéo da cultura 3D em micromolde ndo adesivo, tentou-se retirar a cultura 3D
por jatos de PBS, mas as células MDA-MB-231 ndo se mantiveram compactas. Entao as celulas
provenientes da cultura 3D foram fixadas no micromolde n&o adesivo, seguida de sanduiche entre
agaroses, cuja mantém a solidificacdo em altas temperaturas, para analise histologica. Foram feitas
duas coloracgdes na cultura 3D, Tricromico de Masson e H&E, para observar a matriz extracelular
(MEC), como o colageno.

A cultura celular 3D proveniente das células MDA-MB-231 ndo secretam matriz
extracelular suficiente para observar colageno, mostrada em ambas coloracfes, compreendendo
que ocorre uma formacéo de aglomerado de células dispersas circular, mesmo mantendo o didmetro
em torno de 600 um por 7 e 21 dias (Fig. 12 A-B)

Dessa forma foi observado que as células MDA-MB-231 necessitam de uma membrana
basal para ocorrer a automontagem, entdo acrescentou-se 7% de matrigel GFR no meio base para
a formacdo do aglomerado compacto da cultura 3D das células MDA-MB-231 e formacéo de
esferoide para a HUVEC (Fig. 12 C-D). Assim foi possivel retirar do micromolde de ambas

culturas 3D no 7° dia para testar a migracdo celular em camara de Boyden.
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Figura 12: Aglomerado disperso x aglomerado compacto da célula MDA-MB-231 e esferoide da
HUVEC. A-B) Padronizacdo da cultura 3D. C-D) Padronizacdo da histologia do compacto
agregado e esferoide em lamina silanizada.
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Foi estabelecido 5 x 10 ° das células MDA-MB-231 por 7 dias com um didmetro final em
torno de 500 pum. Para a cultura 3D das HUVECs, o cultivo inicial foi de 1 x 10 ® células por 7
dias com um didmetro final em torno de 400 pm.

Ap0s a retirada dos compactos agregados e esferdides no micromolde de agarose, as
culturas 3D foram tratadas com a DisBa-01 por 30 minutos em temperatura ambiente, seguida da
transferéncia para o inserto da camara de Boyden. Apo6s 24h, os compactos agregados e 0S
esferdides foram coletados de dentro dos insertos para imunomarcagéo e as células que migraram
no compartimento inferior na membrana do inserto foram analisadas (Fig. 13 A).

A migracao das células MDA-MB-231 foram inibidas pelo tratamento com 10 e 1000 nM
da DisBa-01 em ambas as condi¢des de oxigenacdo, porém ndo houve inibi¢cdo em 100 nM (Fig.
13 B-C). A migragdo de HUVECs foram inibidas a partir de 100 nM da DisBa-01 em ambas as
condi¢Bes de oxigenagdo. Houve um aumento de migragdo das células provenientes dos

esferdides néo tratadas com a DisBa-01 em normoxia em relacgdo a hipdxia (Fig. 13 C-D).
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Figura 13: Anélise dos compactos agregados e esferdides A) Esquema mostrando 0s compactos
agregados e os esferdides transferidos na camara de Boyden, com as células migrantes
representadas como esferas azuis, seguida da fixacdo dos nicleos na membranda do inserto e
imunomarcacao. B-C) Inibicdo da migracdo das células MDA-MB-231 proveniente dos compactos
agregados pelo tratamento com a DisBa-01 em normdxia e hipdxia. D-E) Inibicdo da migragdo de
HUVECs proveniente dos esferdides pelo tratamento com a DisBa-01 em normoxia e hipoxia. Os
resultados da inibigdo da migréo (média + DP) foram comparados usando ANOVA two-way com
pos teste de Tukey (p < 0,05 em trés inventosdepentedes (n = 3) em duplicata. A letra “a” dos
gréaficos representam as comparagdes das células ndo tratadas com as células tratadas com a DlsBa-
01 e também as células ndo tratadas em normoxia e hipoxia.
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Foram feitos controles para imunomarcacdo dos compactos agregados e os esferdides. A
figura 14 mostra os controles dos compactos agregado. Podemos observar dois controles (Fig.
14, coluna A-B), mais a imagem bruta que sera explicado em detalhes (Fig. 14, coluna C), assim
como a imagem editada para analise (Fig. 14, coluna D).

Foram adicionados apenas os anticorpos secundarios anti-mouse-FITC e anti-rabbit-633
para observar uma possivel interagdo inespecifica, no controle 1, coluna A, representados na
primeira e segunda fileira, integrina avps e colageno tipo I, respectivamente. Mesmo sem 0s
anticorpos primarios, observamos fluorescéncia verde e baixa fluorescéncia vermelha, observada
principalmente na captura das imagens pelo microscopio confocal. Nos questionamos se
realmente era interagdo inespecifica ou uma auto-fluorescéncia, entdo foi feito o controle 2,
coluna B, sem adicéo de anticorpos e mesmo assim as fluorescéncias foram observadas da mesma
forma que o controle 1. Assim inferimos que a cultura 3D da célula MDA-MB-231 emite auto-
fluorescéncia, principalmente verde.

Para quantificarmos as fluorescéncias (Fig. 14), foi feito uma subtragdo das imagens da
coluna C menos as imagens da coluna A (anticorpo secundario) e B (auto-fluorescéncia), que
resultou a coluna D divido pelos niucleos. Em outras palavras, o resultado da coluna D é
proveniente das imagens com anticorpos primarios e secundarios (coluna C) menos as imagens
com anticorpos secundarios (coluna A) ou sem anticorpos (coluna B) divido pelos nucleos.
Assim, quantificamos a integrina avBs e 0 colageno tipo | para anélise estatistica posteriormente
representados na coluna D.

Foram feitos os mesmos controles para os esferdides que apresentaram auto-fluorescéncia
verde e baixa auto-fluorescéncia vermelha, assim como os compactos agregados. Desta forma,
também foi feita a subtracdo das imagens brutas para a quantificacdo da integrina o3 e colageno

tipo | dos esferoides.
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Figura 14: Anélise da imunomarcacdo da cultura 3D de células MDA-MB-231. Foram utilizados
como controle 1 (A): anticorpos secundarios; para o controle 2, (B): controle sem anticorpos; (C):
imunomarcagdo com anticorpos primarios e secundarios; D: imagem normalizada para
quantificacdo
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Para analise das fluorescéncias provenientes dos compactos agregados (Fig. 15 A),
observamos que houve aumento da intensidade de fluorescéncia da integrina ovf3 em normoxia
e uma diminuicdo em hipdxia com 1000 nM da DisBa-01 (Fig. 15 B). Porém, ndo houve
alteracdes da intensidade de fluorescéncia do colageno tipo | no tratamento da DisBa-01 em
normdxia hipoxia (Fig. 15 C).

Para os esferoides (Fig. 15 D), observamos a diminui¢do na intensidade de fluorescéncia
da integrina avps em condi¢do de normdxia com o tratamento da DisBa-01, porém houve um
aumento em ambiente hipdxico com o tratamento da DisBa-01 (Fig. 15 E). A intensidade de
fluorescéncia do colageno tipo | aumentou com o tratamento da DisBa-01 em normoxia, mas néo

em hipoxia (Fig. 15 F).



101

Figura 15: Fluorescéncias da integrina avf33 e do colageno tipo | do compacto agregado e esferoide.
A) Imagens da fluorescéncia da integrina ovf3, do colageno tipo | e merge do compacto agregado.
B) Quantificacdo da fluorescéncia da integrina avfs, C) e do colageno tipo | dos compactos
agregados. D) Imagens da fluorescéncia da integrina avf33, do colageno tipo | e merge do esferdide.
E) Quantificacdo da fluorescéncia da integrina avfs, F) e do colageno tipo | dos esferdides. Os
grupos foram comparados usando ANOVA two-way com pos teste de Tukey (p < 0,05) ou Analise
de variancia de Kruskall Wallis com pos-teste de Dunn. A letra “a” dos graficos representam as
comparacg0es das celulas ndo tratadas com as células tratadas com a DisBa-01 e também as células
ndo tratadas em normoxia e hipdxia.
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111-B) DISCUSSAO E CONCLUSAO

A MCF7, linhagem tumoral de mama positivo para os receptores ER e PR, porém negativo
HER, é capaz de formar esferdides, diferentemente do que observamos para a linhagem MDA-
MB-231 que apresenta negativo para ambos receptores, bem como para HER-2 e ap6s adi¢do de
matrigel em um micromolde n&o adesivo forma compactos agregados. Assim compreendemos que
ndo é apenas a origem que influencia na automontagem de cultura 3D, pois ambas sdo carcinoma
de origem epitelial, mas também a caracteristica celular (FROEHLICH et al. 2016).

Apos a retirada da cultura 3D do micro-molde, observamos maior tendéncia do compacto
agregado em fusionar com outro, principalmente apds serem alocados e retirados dos insertos para
a migracdo em camara de Boyden. Por outro lado, observamos uma menor tendéncia de fusdo no
caso dos esferdides e uma maior resisténcia por manter uma limita¢do ou contorno da cultura 3D,
caracteristica principal destas estruturas. Como os esferdides seguem as leis da mecéanica dos
fluidos, é razoavel postular que a resisténcia dos esferdides em fusionar é correlacionada com o
aumento da tensdo superficial que leva uma estabilidade e maturidade celular (STUART, et al.
2017).

A cdmara de Boyden é um dos métodos mais utilizados para analisar a migra¢ao ou invasao
tumoral que foi adaptada para migracdo da cultura 3D. Esse tipo de sistema foi usado para analisar
a invasdo de diferentes células tumorais a partir de culturas 3D, como as linhagens de melanoma
humano (A375), célula pancreatica (BXPC3), HER positivo de paciente de tumor de mama (BR-
58) e células de linfonodo derivado de paciente (M21) (SHOVAL, et al., 2017) (NATH, DEVI,
2017).

Neste trabalho, utilizamos o ensaio de migragdo em camara de Boyden para avaliar o
impacto da inibigdo da integrina avps procurando mimetizar o maximo possivel a situacéo real de
um tumor sélido, com regides hipoxicas em seu interior. A desintegrina recombinante RGD,
DisBa-01, foi utilizada como bloqueador especifico para a integrina ovf33, conforme demonstrado
previamente por RAMOS et al., (2008), MONTENEGRO et al., (2017) e CASALI et al. (2022).
Até o momento é a primeira vez que é utilizado esse tipo de cultivo de cultura 3D seguida de
migracdo em camara de Boyden com o tratamento de uma desintegrina.

Observamos a inibicdo da migracdo das celulas MDA-MB-231 que se destacaram dos
compactos agregados tratadas com 10 e 1000 nM da DisBa-01 apresentando 66,13% e 70,75% de



103

inibicdo, exceto para 100 nM da DisBa-01 que inibiu 38,60% de células migrantes em normoxia.
Ao comparmos a concentracdo da desintegrina RGD com a porcentagem inibitoria, analisamos
uma curva em sino (curva em laranja) versus uma curva em U (curva em azul) tanto em normdxia
quanto em hipodxia. (Fig. 16). Em outras palavras, com os dados na faixa de concentragéo entre 10
a 1000 nM com a interacdo da integrina ovf33 ocorre o efeito em U ou curva de sino para o modelo
de migracdo em cultura 3D das células MDA-MB-231 231 em camara de Boyden.

O conceito de dose resposta em “curva em U”, U-shaped, ou “curva em sino”, bell shaped,
também chamado de hormese, € bem conhecido na biologia e medicina, ndo exibindo um
comportamento classico de reposta-concentracdo em curva-sigmoidal ou ndo-sigmoidal, um dos

motivos por serem agonistas (OWEN et al., 2014).

Figura 16: Curva em U x Curva em sino plotado a partir da figura 13-B da inibicdo da migracao
das células MDA-MB-231 provenientes dos compactos agregados

Curva em U x Curva em sino
0mM Normoxia 0nM Hipoxia
66.13% o 100 nM
100 nM \ . A
oo’ o
10 nM 1000 nM

./
10 nM L]
1000 nM

——[nibig#o da migrac¢io das células MDA-MB-231 provenientes dos agregados compactos (%)

s Células migrantes (%) - Concentragio da DisBa-01

A endostatina é um inibidor angiogénico, competidor do VEGF-C pelo VEGF-R2, que
possui uma estrutura colageno tipo XVI1II que posteriormente foi adicionado 0 motivo RGD, Fc -
IgG para aumentar a meia vida dentro do tumor e zinco para diminuir a degradacdo do Fc - 1gG.
Além disso a endostatina se liga as integrinas ovps e aspi com afinidade similar, KD = 17.5 nM e
18.3 nM, respectivamente (WALIA et al., 2015). Baixas e altas concentra¢Ges da endosdatina
apresentam uma curva denominado pelos autores “efeito bifasico” para HUVECs e também
demonstraram esse efeito em alguns tipos de tumores (WALIA et al., 2015; CELIK et al., 2005).
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A inibigdo da migracéo das células MDA-MB-231 em monocamada através do bloqueio da
integrina ovPs com o tratamento da DisBa-01 apresenta em uma curva sigmoidal, diferentes da
transmigracao que apresenta uma curva em sino discretamente, ou seja, uma curva inibitériaem U
com ICsp = 5,2 nM em normoxia e hipdxia, além de ter demonstrado a curva em U para a inibicao
da migracdo por Wound Healing, (CASALI et al., 2022). Nao é a primeira vez que encontramos a
inibicdo da transmigracéo da célula MDA-MB-231 em curva em sino com o tratamento de uma
desintegrina. J& foi observado que a transmigracdo da célula MDA-MB-231 com o tratamento de
40 nM com uma desintegrina simile que contém motivo adesivo ECD, denominada ALT-C,
apresentou significativamente a curva em sino (MORITZ et al., 2018).

Inferimos que bloqueio da integrina avps com o tratamento da DisBa-01 em diferentes
modelos celulares da célula MDA-MB-231 podem apresentar diferentes comportamentos, cultura
3D versus monocamada, ou seja, a curva em U versus curva sigmoidal (Tabela 5-A). Além disso a
diferenga entre de quantidade da integrina avps em cultura 3D e monocamada, também pode estar

relacionado com as diferentes curvas inibitdrias (Tabela 5-B).

Tabela 5: Andlise da inibicdo da migracdo das células MDA-MB-231 em cultura 3D e monocama
em possivel “curvas em U” em 100 nM da DisBa-01. A) Modelos migratérios da célula MDA-
MB-231 e B) quantificacOes da integrina avf3 € subunidade da integrina Bs. Abreviagdes: norm=
normdxia, hip= hipdxia.

Modelos migratérios em camara de Boyden
Célula MDA-MB-231 - monocamada
Compacto agregado
"Curvaem U" em 100nMem |ICs;=13,43 nM em norm
norm e hip 1Cs,=19,87 nM em hip
DisBa-01 Transmigragio da célula MDA-MB-231
ICso 2 5,2nM em norm e hip, porém apresenta "Curva em U" em 100 nM
Wound Healing - monocamada
"Curva em U" em 100 nM em
norm por 48h
B Célula MDA-MB-231
Oteert 8 subunidade da
e
groa o.Ps integrina B,
norm hip norm hip
Monocamada analisado por citdmetria de fluxo - +

Compacto agregado analisado por fluorescéncia = =

Esses comportamentos bioldgicos migratérios apresentados podem estar relacionados com
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0 comportamento agonista do blogueador da integrina ovfs, DisBa-01 que contém alta afinidade
entre ligante (kd = 4,63 x 10" M). Além disso a DisBa-01 pode se ligar em outras proteinas (VN,
FN e VEGF-R2) com menor afinidade (em pM) sendo seletivo para esses alvos secundarios.
Acreditamos que a DisBa-01 pode estar agindo como SCANVAGER na interacdo com a FN/VN,
ou seja, sequestrando as proteinas de matriz e impedindo a interacdo das proteinas com a integrina
avfs. Parte do efeito da DisBa-01 pode ser que ndo se liga na integrina avfs, mas se liga na FN e
VN (SCANVAGER) e outra parte do efeito da desintegrina pode ser que ocorra interacao integrina
avps em alta afinidade competindo com o agonista endogeno FN e VN, se comportando com o
efeito de agonista pleno, a qual gera 0 maximo de resposta durante a inibi¢cdo da migracao. Porém,
mais investigagdes sdo necessarias para delimitar melhor esse achado (CASALI et al, Manuscrito
em redacao).

O bloqueio da integrina avf3 na inibicdo da migragéo dos esferoides foi a partir de 100 nM
da DisBa-01 em normoxia e hipoxia, apresentando uma curva sigmoidal (Figura 17). Diferente da
inibicdo da migracdo em HUVECs em monocamada que foi a partir de 1000 nM da DisBa-01
apenas em hipoxia por 24h, porém em 6 horas ja foi observado a inibi¢do da migracdo em HUVECs
com o tratamento de 1000 nM da DisBa-01, principalmente com o VEGF exdgeno (CASALI et al.
2022; DANILUCCI et al., 2019). Observamos as possiveis a inibi¢cdo da migracdo de HUVECs
curvas em sino em relacdo a concentracdo do bloqueador da integrina avfBs, DisBa-01, e curva em
U em relagdo a porcentagem inibitéria em monocomada de HUVEC por Wound Healing e alguns
parametros da formacdo de tubo das células endoteliais em matrigel GRF (CASALI et al., 2022).
Esse achado também pode estar relacionado com o perfil proteinco da integrina av33 em cultura
3D e monocamada. Vale ressaltar que a HUVEC apresentou maior quantidade da integrina o33 e
a subunidade B3 comaparada a célula MDA-MB-231 em monocamada ou cultura 3D (CASALI et
al., 2022) (Tabela 6). Curiosamente, CASALI et al., (manuscrito em fase de redacdo) observam
que a integrina avp3 aumentou na HUVEC em monocomada tratada com a DisBa-01 por 5 minutos,

analisada também por citbmetria de fluxo.
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Figura 17: Curvas Sigmoidais classicas plotadas a partir da figura 13-D da inbi¢do da migracéo de
HUVECs provenientes dos esferoides
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Tabela 6: Analise da inibicdo da migracdo das células de HUVECs em cultura 3D e monocama em
possiveis “curvas em U” em 100 nM da DisBa-01. A) Modelos migratorios da HUVEC e B)
quantificagOes da integrina avfBs e subunidade da integrina 3. Abrevia¢Ges: norm= normoxia, hip=
hipoxia.

Modelos migratérios em camara de Boyden
Esferdide HUVECs - monocamada
Inibigdo a partir de 100nM em |Inibigdo a partir de 1000 nM apenas em hipdxia
DisBa-01 norm e hip 1000 nM com VEGF exégeno em normoxia por 6h
Wound Healing - monocamada Formagdo de tubos
"Curvaem U" em 100 nM em Parametros, total lenght, n.of nodes,
norm por 48h apresentaram "Curva em U" em 100 nM em norm
B HUVEC
integi 8 subunidade da
oA aPs integrina B,
norm hip norm hip
Monocamada analisado por citdmetria de fluxo +
Compacto agregado analisado por fluorescéncia = =

*HUVECs apresentaram maior quantidade das integrinas em relagdo as células MDA-MB-231

Dessa forma, podemos inferir que o tempo de bloqueio da integrina ovfs, internalizacéo e
reciclagem do receptor, a seletividade para outros alvos secundarios em diferentes modelos
celulares, monocomada e cultura 3D, podem estar envolvidos nas diferentes respostas bioldgicas
(CASWELL, VADREVU, NORMAN, 2009; MAS-MORUNO, RECHENMACHER, KESSLER,
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2010).

O entendimento do comportamento da integrina ov3 que pode apresentar uma
conformacao fechada, fechada-extendida, extendida-aberta, apos o bloqueio da DisBa-01, além da
comparacdo com a via de sinalizacdo em normoxia e hipoxia, também devem ser investigadas
(TOLOMELLI et al., 2017).

Matrizes tridimensionais com diferentes proteinas, como o coldgeno, vém sendo
construidas para entender o microambiente tumoral com mais profundidade mimetizando assim o
ambiente in-vivo (LV et al. 2016) (HERROON, DIEDRICH, PODGORSKI, 2016). Algumas
integrinas comecaram a ser estudadas em diferentes matrizes e células tridimensionais, como as
integrinas owvP3 € asP1 em célula ovariana de cancer humano (A2780), e as subunidades Bs e 1 em
linhagem celular de mama humano (HMT-3522 ou T4-2, célula de mama tumoral benigna, MECs
célula epitelial de mama ndo tumoral) (CASWELL et al., 2008) (BISSELL et al., 2002). Além
disso, a matriz extracelular alterada pode desencadear um fen6tipo invasivo de células epiteliais.
De acordo com CAREY, MARTIN, REINHART-KING, 2017, a MCF10 embebida na matriz de
colageno levou ao aumento da expressao de gene mesenquimal, MT-MMP1 (metaloprotease tipo
| de membrana).

Neste trabalho, analisamos coldgeno em cultura 3D da célula MDA-MB-231 e HUVEC em
normoxia e hipdxia por fluorescéncia. Embora o bloqueio da integrina avps inibiram a migracdo
direcional por quimiotaxia das células MDA-MB-231 em cultura 3D, ndo houve alteracdo do
colageno tipo | do compacto agregado na auséncia ou presenca da DisBa-01. Entretanto, ja foi
descrito a inibicdo de adesdo da célula MDA-MB-231 no colageno tipo | sob fluxo com o
tratamento da DisBa-01, como uma simulacdo da corrente sanguinea (MONTENEGRO et al.
2012).

O colageno tipo I ¢ um ligante especifico para as integrinas o131 € a2B1 € capaz suportar a
migracdo quimiotatica na formacédo de tubo e brotamento da célula endotelial (DAVIS, SENGER,
2005). Embora a fluorescéncia do colageno tipo | nos esferdides aumentaram na presenca da
DisBa-01 em normoxia, houve a inibicdo da migracdo quimiotéaxica da cultura 3D de HUVEC em
camara de Boyden. Além disso as alteracBes do colageno tipo | pode estar envolvido com a
alternancia dessas integrinas apds o blogueio da integrina avfs em normoxia e hipoxia (MAS-
MORUNO, RECHENMACHER, KESSLER, 2010)

Dessa forma podemos reforgar que essa desintegrina RGD inibe a migragéo direcional das
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diferentes células, como as células MDA-MB-231 e HUVECs em monocomada e 3D, além da
inibicdo da formacdo de tubos de HUVEC em matrigel GFR que contém também o colégeno,
principalmente em hipdxia (CASALI et al., 2022) (DANILUCCI et al., 2019)

Concluimos que a integrina avps na cultura 3D da célula MDA-MB-231 e HUVEC é
essencial para migracdo celular. Dessa forma, inferimos que a DisBa-01 é um bom bloqueador para
a integrina avB3 e um o6timo inibidor para migracdo direcional por quimiotaxia em cultura 3D em

normoxia e hipoxia.
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CAPITULO IV: A sutil interagio entre a DisBa-01 com o VEGF-R2 e andlise da EndoMT em
HUVECsSs com o bloqueio da integrina avfs.

IV-A) RESULTADOS

O VEGF-R2 (pH 4,0) foi imobilizado atingindo 12916,0 RU numa concentracdo de 30
ug/mL (Dados ndao mostrados). Apos a aplicagdo da DisBa-01 no chip contendo o VEGF-R2,
observou-se que para 7 uM da DisBa-01 ocorre interacdo com 0 VEGF-R2 em 8 RU (Fig. 18 A).
A SPR mostrou a interagdo de kd = 1,74 uM (1,74 x 10 M) (Fig. 18 B). A figura 18 C mostra o
sensograma RU x concentragdo da DisBa-01, e a figura D 0 sensograma apds a retirada de algumas

concentracdes da DisBa-01 (baseline acima de 0).
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Figura 18: A sutil interacdo entre DisBa-01 e 0 VEGF-R2. A) Gréfico da ligacéo da DisBa-01 com
0 VEGF-R2, Resposta Relativa (RU) x ciclo (concentracdo do analito), e tabela referente ao
grafico. B) Constante de dissocia¢do (kd) entre a DisBa-01 e o VEGF-R2. Célculo analisado pelo
GraphPad e feito no GraFit 7.0. C) Sensograma em RU (Unidade de Ressonancia) x tempo (em
segundos). D) Sensograma normalizado (baseline acima de 0), n=3.

A B

Bar Chart

RU A" DisBa-01 [1M] Kd=1.74x10°M

Report Point Resp (RU)
HBSEP 27
HBSEP -3

HBSEP -1.8
DisBa-010uM  |-15
DisBa-01 0.05 uM [-0.4 8
DisBa-010.1uM (0.1 SRR R S S R
DisBa-010.3uM |02 0 5 10 15 20 25 30 35 40
DisBa-01 0.6 uM (0.9
DisBa-01 1 uM 12
DisBa-013uM |26
Disfa-017uM (8.4
DisBa-0110uM [12.1
DisBa-0130 M [34.8

Response (RU)
\
|

Relative Response

DisBa-01 [uM]

cycle

Report Binding

RU 200

150

150
DisBa-01
100 DisBa-01
— 1pMm 100

— 10uM

— 20puM

Response
@ Response

— 3uM

]

30 uM

7 uM

HBSP
50 | -100 |
200 400 Time 800 1000 second 198 398 Time 798 996 second

Embora a DisBa-01 apresenta alta especificidade para a integrina av33 € mostra ser seletivo
para 0 VEGF-R2 e também para as proteinas de matriz (VN e FN), nos questionamos se essa
desintegrina pode afetar o processo de EndoMT, ja que existe um cross-talking entre a integrina
avBs € TGF-B, cujo é o principal marcardo EMT (SCOTT, WEINBERG, LEMMON, 2019;
MAMUYA, DUNCA, 2012). Assim analisamos a VE-caderina na HUVEC em normoxia e hipoxia
apos o bloqueio da integrina avf3 em 1000 nM da DisBa-01.

Observamos um aumento da intensidade de fluorescéncia da VE-caderinaem HUVECs em
normoxia comparado a hipdxia. Além disso, houve uma diminui¢o da intensidade da fluorescéncia

da VE-caderina na HUVEC com o tratamento da DisBa-01 e norméxia. Porém, ndo observamos
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alteracOes entre as fluorescéncias das células sem e com o tratamento da DisBa-01 em hipdxia.
Podemos observar as imagens da VE-caderina da figura 19-A, o resultado em B e o controle

negativo em C.

Figura 19: Andlise do marcador EndoMT com o bloqueio da integrina avf3 através do tratamento
da DisBa-01 na HUVEC em normdxia e hipoxia. A) Imagens da VE-caderina (em verde) em torno
dos nucleos da HUVEC (em azul) em normoxia e hipoxia, com e sem o tratamento da DisBa-01.
B) Quantificacdo da VE-caderina na HUVEC. C) Controle negativo. As imagens foram subtraidas
pelo controle negativo, divido pelos nicleos. A intensidade da VVE-Caderina foi comparada usando
ANOVA two-way com pos teste de Tukey (p < 0,05). A letra “a” dos graficos representam as
comparagOes das células ndo tratadas com as células tratadas com a DisBa-01 e também as células
ndo tratadas em normoxia e hipdxia.
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IV-B) DISCUSSAO E CONCLUSAO

O VEGF-R2 ¢ o principal receptor para 0 VEGF que desempenha um dos papé€is essenciais
na angiogénese, como a proliferacdo, migracdo e sobrevivéncia da célula endotelial para a
formagédo de vasos sanguineos, contribuindo para a metéstase tumoral (WANG et al. 2020).
Curiosamente, 0 VEGF-R2 também com co-expressa em diferentes células tumorais, como a célula
tumoral de mama tripla negativa (ZHU, ZHOE, 2015). Né&o se sabe exatamente funcdo do VEGF-
R2 nas células tumorais, mas ja foi observado que a interacdo da proteina supressora de tumor,
p53, com o complexo SWI/SNIF impacta a transcricdo do VEGF-R2 na célula MDA-435,

mostrando assim que SWI-SNIF pode ser mais um alvo terapéutico, mesmo para tumores que
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apresentam mutacgdo na p53 (PFISTER, et al. 2015).

Uma possivel ligacdo entre a DisBa-01 com o VEGF-R2 foi analisada por SPR. A DisBa-01
se ligou com uma kd = 1,74 uM, observando uma afinidade 10 vezes menor comparada entre a
interagdo da DisBa-01 com a integrina avBs, a qual mostrou afinidade ou kd = 4,63 x 107 M, e
equilibrio de dissociagdo ou cinética ko = 1,6 x 10”7 M, sendo que a kd mostra o qudo forte é a
interacdo e 0 Kp é a razdo entre kd/ka (CASALLI, et al. 2022) (MONTENEGRO, et al. 2017)
(RAMOS, et al. 2008).

A variacdo da ligacdes dos splicings alternativos do VEGF com 0 VEGFR2 estdo entre Kp
= 0,67 pM (0,67 x 102 M) e 1,4 nM (1,4 X 10° M), ou seja, 0 VEGF ¢é 1000 vezes ou 1.000.000
vezes mais especifico do que a DisBa-01 (MAMER, WITTENKELLER, IMOUKHUED, 2020).

Ao fazer uma relacdo da concentracdo da DisBa-01 x 8 RU do ligante, a interacdo com a
integrina owP3 foi a partir de 0,3 uM da DisBa-01 e para o VEGFR2 foi partir de 7 uM
(MONTENEGRO, etal. 2017). CASALI et al., (manuscrito em reda¢do) também mostrou a ligacdo
entre a DisBa-01 com a FN e VN com uma kd = 4 uM formando uma ancora entre as proteinas de
matriz com a célula. Mesmo assim observamos o bloqueio da DisBa-01 com a integrina avf3 pela
alta afinidade dessa interacdo e diferentes respostas celulares como a inibi¢do da migragéo da célula
tumoral de mama e endotelial em normoxia e hipoxia (CASALL, et al., 2022) (LINO, et al., 2019)
(DANILUCCI, et al., 2019).

A interagdo entre ovf33 € VN foi demonstrada por BACHMANN, et al. 2017 com kq < 1pM
(10° M) determinado por biolayer interferometry. Além disso, a FN interage com as diferentes
células apresentando um kd = 8 x 10" M para alguns receptores, uma vez que a FN também se liga
a integrina avps (BACHMAN, et al. 2015). A maioria dos peptideos inibidores RGD apresentam
kd = 10° M, mostrando assim a alta especificidade da ligacdo entre a DisBa-01 com a integrina
avfs3, 0 qual equivale uma interacdo entre as proteinas heminina e protoporfirina IX com o niquel
kd=0,5 uM ou 5 x 10 7 M) e maior do que a interagdo entre a calmodulina com o Ca?* (kd = 3 x
10 * M a2 x 10° M) (Fig.20) (LIU, PAN, XU, 2010) (SHEPHERD, et al. 2007) (CROUCHX,
KLEE, 1980).
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Figura 20: Diferentes interagdes em kd=[M] entre analito x ligante.
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A interacdo entre a DisBa-01 com o VEGF-R2, mesmo mostrando uma menor afinidade,
corrobora a colocalizacdo de ambas proteinas na HUVEC analisada por DANILUCCI et al., 2019.

Observamos que o blogueio da integrina o3 inibe a migracéo da célula MDA-MB-231 e
HUVEC com o tratamento da DisBa-01 em normoéxia e hipdxia (CASALI et al., 2022). Dessa
forma inferimos que o bloqueio da integrina avBs e a seletividade para outras proteinas de matriz
(VN e FN) e o VEGF-R2 na HUVEC com a presenca da DisBa-01, principalmente em 1000 nM,
pode atrapalhar o processo de endoMT na célula endotelial, além da célula MDA-MB-231. Para
confirmar esse evento analisamos o marcador endotelial VE-caderina em HUVECSs no bloqueio da
integrina ovfPs com o tratamento da DisBa-01 em 1000 nM.

Demonstramos um aumento da intensidade de fluorescéncia da VE-caderina na HUVEC
em normoxia, podendo identificar que o fenotipo tipo epitelial e as jun¢des das células endoteliais
estdo mais evidentes em normdxia do que em hipoxia (Fig.15-B). Resultado que corrobora ao LI1U
et al., (2019) que observaram a diminuicdo da VE-caderina na HUVEC em baixa oxigenacdo em
24, 48 e 72h por western blotting.

Além disso CASALLI et al., (2022) observaram uma morfologia circular para célula MDA-
MB-231 e aumento da pro-MMP9 com o bloqueio avBsz da integrina através do tratamento da
DisBa-01 em normoxia e hipdxia, tendo evidéncias que as célula estdo em transicdo da EMT e
MET de acordo com BATHIA et al., 2020. O mesmo observamos para HUVEC, podendo inferir
0 a transicdo EndoMT (CASALI et al., 2022; DANILUCCI et al., 2017; BATHIA et al., 2020).

A interacdo entre a osteopontina (OPN) com a integrina avfs induz o HIF1-a aumentar a
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expressdo da mTOR ativando TCF12, cujo repressor da VE-caderina. Foi identificado que a célula
endotelial tratada com OPN reduz a VE-caderina e aumenta e a invaséo e a migragéo celular (FAN,
et al., 2018). Embora o bloqueio da avf3 com o tratamento da DisBa-01 diminui a fluorescéncia da
VE-caderina na célula endotelial em normoxia, assim como ocorre com o tratamento da OPN,
houve a inibi¢do da migracdo da HUVEC por 6h de acordo com DANILUCCI et al., 2019, porém
por 24h ndo apresentou diferenca entre as células tratadas ou ndo com a DisBa-01 na célula
endotelial em normoxia (CASALI et al. 2022). Além disso o bloqueio da integrina avps € a
seletividade para as outras proteinas na HUVEC em normoxia com o tratamento da DisBa-01 pode
estar relacionado com a diminuicdo do fen6tipo endotelial e perdas sutis das juncbes endoteliais
analisado pela VE-caderina e morfologia celular (MAS-MORUNO, RECHENMACHER,
KESSLER, 2010; CASALI et al. 2022).

N&o observamos alteracdes entre as fluorescéncias das células sem tratamento e com o
tratamento da DisBa-01 em hipoxia, reforcando que as células estar em processo entre EndoMT e
MET, com a diminuicdo das juncbes endoteliais, porém ocorrendo a inibicdo da migracdo no
bloqueio da integrina avf33 na HUVEC e alteragdo da morfologia em hipoxia (CASALI et al., 2022).

A VE-caderina esta presente no brotamento das células endoteliais, aumentando assim a
angiogénese (CLERE, RENAULT, CORRE, 2020). Porém mostramos a diminui¢do da formacéo
do tubo nas HUVEC com o tratamento da DisBa-01 em normoxia e hipdxia (DANILUCCI et al.,
2019; CASALI et al., 2022).

Dessa forma concluimos que a DisBa-01 pode afetar rapidamente a ativacdo do eixo
VEGF/VEGFR2, tendo alta especificidade para a integrina avf3, podendo ser seletivo para
VEGFR2 e também as proteinas de matriz, VN e FN, inferindo o processo entre EndoEMT e MET
para células endoteliais, incluindo mais um modelo anti-angiogénico e corroborando aos resultados
de CASSINI-VIEIRA, et al., 2014, DANILUCCI et al., 2019 e CASALI et al., 2022.
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5. CONSIDERACOES FINAIS

Nossos resultados indicam que o bloqueio da integrina avf3 em condicdes de hipdxia pode
demandar uma maior concentracdo de inibidores. A DisBa-01 se liga na integrina ayvpz em alta
afinidade, requer no méximo 1000 nM para inibir a migracdo em monocamada para célula tumoral
MDA-MB-231 e HUVEC, porém se torna mais efetivo para migracdo quimiotaxica em cultura 2D
em normoxia e em hipoxia a partir 10 nM dessa desintegrina RGD.

A célula MDA-MB-231 provenientes dos compactos agregados forma uma curva em sino na
faixa de concentracdo da DisBa-01 entre 10 e 1000 nM apresentando a inibicdo em curva em U,
diferentemente dos esferoides que apresentam uma inibicdo em curva sigmoidal na mesma faixa
de concentracdo da DisBa-01.

Neste trabalho também foi possivel confirmar que a DisBa-01 ancora na HUVEC através da
ligagéo entre os componentes da matriz, VN e FN, apresentado um efeito de SCANVAGER dessas
proteinas de matriz impedindo a interagcdo com o0s seus receptores. Outro efeito dessa desintegrina
é a interacdo integrina avps em alta afinidade competindo com o agonista endogeno FN e VN, se
comportando com o efeito de agonista pleno, além de afetar brevemente a ativacdo do eixo
VEGF/VEGFR2. Devemos considerar que cada tipo celular correponde o bloqueio da integrina
avB3 em diferentes tempos e afetando o desenvolvimento do microambiente tumoral (Fig. 21).

Este trabalho pdde contribuir para o entendimento da complexidade do bloqueio da integrina
avB3 em hipoxia e os mecanimos de acdo da DisBa-01 com as sutis interacbes em seus alvos
secundarios. Além disso, questionamentos podem ser provocados para desenvolvimentos de novos

projetos.



116

Figura 21: Esquema da anédlise das consideracGes finais. Inferimos que o bloqueio da integrina
avp3 pode dificultar o desenvolimento e migragdo no microambiente tumoral em normoxia e em
hipoxia.
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