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RESUMO

O cancer consiste em uma das principais causas de mortalidade precoce, € 0
surgimento de resisténcia a quimioterapia convencional, torna esse problema ainda
mais preocupante. Existem varios mecanismos conhecidos relacionados a resisténcia
a multiplas drogas (MDR) em pacientes com cancer, sendo a superexpressao de
transportadores ABC considerada a principal causa dessa condigao clinica. Dentre os
48 transportadores ABC codificados pelo genoma humano, trés se destacam por seu
envolvimento no fenotipo de MDR: a glicoproteina-P (P-gp ou MDR1), a proteina
associada a resisténcia a multiplas drogas (MRP1) e a proteina de resisténcia ao
cancer de mama (BCRP ou ABCG2). Esses trés transportadores sao capazes de
reconhecer e eliminar uma ampla variedade de agentes antineoplasicos,
guimicamente nao relacionaveis. Dessa forma, estdo sendo realizados estudos para
identificar novos compostos capazes de inibir a atividade dessas proteinas. Embora o
ABCG2 seja um dos principais transportadores ABC associados a MDR, ainda nao
existem inibidores direcionados para essa proteina em estagios clinicos de
desenvolvimento de novos farmacos. Portanto, € de extrema relevancia a identificagao
e caracterizacdo de novas moléculas que possam atuar como inibidores seletivos
dessa proteina. Tendo isso em vista, quatro novos derivados de indeno[1,2-b]indoles
foram testados quanto a capacidade de inibicdo de ABCG2. Somente um dos
compostos, o NB4, apresentou seletividade para ABCG2 quando testados frente aos
transportadores P-gp e MRP1. Além disso, constatou-se que a capacidade inibitéria e
nao dependente de substrato, apresentando valores de ICso de 208 nM para Hoechst
33342 e de 162 nM para Mitoxantrona. O composto, ainda, nao apresentou
citotoxicidade significativa, com um valor de IGso >10 uM e razao terapéutica (RT) >
62 para Hoechst e >48 para Mitoxantrona. Foi também demonstrada a capacidade de
reversao do fenoétipo de resisténcia do NB4, mesmo este sendo um inibidor parcial, e
de promover o aumento do reconhecimento do anticorpo conformacional 5D3, bem
como a auséncia de interagdes agonistas e antagonistas com outros inibidores. Por
fim, ao incorporar o NB4 em uma formulagdo farmacéutica baseada em vesiculas
extracelulares (VEs), ambas as VEs de células sanguineas e de plasma foram
capazes de inibir o transportador ABCG2, demonstrando seu potencial em ensaios in
Vivo.

Palavras-chave: cancer; resisténcia a multiplas drogas; transportadores ABC; ABCG2;
inibidores; derivados de indeno[1,2-b]indole.



ABSTRACT

Cancer is one of the leading causes of premature mortality, with the added complexity
of resistance to conventional chemotherapy intensifying this challenge. Several known
mechanisms related to multidrug resistance (MDR) in cancer, including the
overexpression of ABC transporters, are considered the primary cause of the MDR.
Among the 48 ABC proteins encoded by the human genome, three stand out for their
involvement in the MDR phenotype: P-glycoprotein (P-gp or MDR1), multidrug
resistance-associated protein 1 (MRP1), and breast cancer resistance protein (BCRP
or ABCG2). These three ABC transporters can actively transport a wide variety of
chemically unrelated antineoplasic agents. To overcome the MDR mediated by ABC
transporters, studies are being conducted to identify new compounds that can inhibit
the activity of these proteins. Although ABCG2 is one of the main ABC transporters
associated with MDR, there are currently no specific inhibitors for this protein in clinical
trials. Therefore, identifying and characterizing new molecules that can act as selective
ABCG2 inhibitors is of utmost importance. Hence, four new indeno[1,2-blindole
derivatives were tested for their ability to inhibit ABCG2 activity. Only one of the
compounds, NB4, showed selectivity towards ABCG2 when tested against P-gp and
MRP1. Furthermore, it was found that the inhibitory capacity was substrate-
independent, showing ICso values of 208 and 162 nM for hoechst 33342 and
mitoxantrone, respectively. NB4 also did not exhibit significant cytotoxicity, with an 1Gso
value higher than 10 yM and a therapeutic ratio (TR) > 62 for hoechst 33342 and > 48
for mitoxantrone. A cell viability assay also demonstrated the ability of NB4 to reverse
the resistance phenotype. In addition, this inhibitor increased the binding of the
conformational antibody 5D3 and did not cause additive or antagonistic inhibition
effects when associated with other ABCG2 inhibitors. Finally, human extracellular
vesicles (EVs) were tested as a pharmaceutical formulation for NB4. Both blood cell-
derived EVs and plasma-circulating EVs loaded with NB4 were able to deliver the
inhibitor on target cells, demonstrating their potential for in vivo studies.

Key words: cancer; multidrug resistance (MDR); ABC transporters; ABCG2; inhibitors;
indeno[1,2-b]indole derivatives.
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OBJETIVOS

OBJETIVO GERAL

° Estudo de derivados de indeno[1,2-b]indoles como inibidores

seletivos do transportador ABCG2.

OBJETIVOS ESPECIFICOS

° Screening de quatro derivados de indeno[1,2-blindoles como
inibidores do transportador ABCGZ2;

° Verificar a seletividade de inibicdo frente aos transportadores P-
gp e MRP1;

° Determinar o valor de ECso da inibicdo do transportador ABCG2
do composto mais promissor usando diferentes substratos;

° Determinar o valor de 1Gso do composto mais promissor por

ensaio de citotoxicidade;

° Determinar a razado terapéutica (TR) do composto mais
promissor;
° Verificar as mudangas conformacionais no transportador ABCG2

causada pelo inibidor por meio do ensaio de ligacdo de anticorpo
conformacional (5D3);
° Propor uma formulacdo farmacéutica baseada em vesiculas

extracelulares para o inibidor mais promissor.
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1 RESUMO DA DISSERTAGAO

Os resultados descritos nessa dissertacdo trazem uma nova compreensao a
respeito da identificagdo e caracterizacdo do mecanismo de inibigdo de derivados de
indeno[1,2-b]indoles sobre o transportador ABG2. Assim, o documento foi escrito da

seguinte forma:

e Uma introducgdo para contextualizagdo do tema abordando céncer e resisténcia
a multiplas drogas, transportadores ABC - com foco no transportador ABCG2,
uso de inibidores, derivados de indeno[1,2-b]indoles e um tdpico sobre
sistemas de liberacédo de drogas baseadas em vesiculas extracelulares;

e O capitulo 1 mostra a identificacdo e a caracterizacdo do NB4, um derivado do
indeno[1,2-blindole como um novo inibidor seletivo e ndo citotéxico do
transportador ABCG2.
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2 REVISAO DE LITERATURA

2.1 TUMORES MULTIRRESISTENTES E O FENOMENO MDR

O cancer compreende um conjunto de mais de 100 doengas que apresenta
maior indice de mortalidade precoce (antes dos 70 anos de idade) (INCA, 2022). No
Brasil, dados apresentados pelo INCA em 2022 apontam uma estimativa de mais de
704 mil casos novos para o triénio de 2023 a 2025, sendo o cancer de mama e de
prostata os mais incidentes (Fig. 1)(INCA, 2022). Na populagdo masculina, por
exemplo, o cancer mais frequente - excetuando o cancer de pele ndo melanoma -
serao o de préstata (30,0%), colon e reto (9,2%), traqueia, bréonquio e pulméo (7,5%)
e estdbmago (5,6%). Por outro lado, nas mulheres - também excetuando o cancer de
pele ndo melanoma - os canceres de mama (30,1%), célon e reto (9,7%), colo do utero
(7,0%), traqueia, bronquio e pulméo (6,0%) e glandula tireoide (5,8%) serdo os mais
prevalentes (INCA, 2022).

FIGURA 1 - DISTRIBUICAO PROPORCIONAL DOS DEZ TIPOS DE CANCER MAIS INCIDENTES
ESTIMADOS PARA 2023-2025 POR SEXO, EXCETO DE PELE NAO MELANOMA

Distribui¢ao proporcional dos dez tipos de cdncer mais incidentes estimados para 2023 por

sexo, exceto pele nao melanoma*

Localizagao Primaria Casos % Localizagao Primaria Casos

Prostata 71.730 30,0% Homens Mulheres Mama feminina 73.610 30,1%

Colon e reto 21.970 9,2% Colon e reto 23.660 9,7%

Traqueia, bronquio e pulmao 18.020 7,5% Colo do utero 17.010 7,0%

Estdmago 13.340 5,6% Traqueia, bronquio e pulmao ~ 14.540 6,0%

Cavidade oral 10.900 4,6% ‘ Glandula tireoide 14.160 5,8%

Esofago 8.200 3,4% Estdmago 8.140 3,3%

Bexiga 7.870 3,3% [ Corpo do atero 7.840 3,2%

Laringe 6.570 2,7% Qvério 7.310 3,0%

Linfoma nao Hodgkin 6.420 2,7% Péncreas 5.690 2,3%

Figado 6.390 2,7% ] Linfoma nao Hodgkin 5.620 2,3%

Fonte: INCA, 2022.
Nota: numeros arredondados para multiplos de 10.

Apesar do grande progresso com relagao a prevengao, detecgao e tratamento
do cancer, o desenvolvimento de resisténcia a quimioterapia (também conhecido
como multidrug resistance - MDR) é um dos maiores desafios encontrados na
terapéutica atual, sendo responsavel pelo insucesso no tratamento de mais de 90%
de canceres metastaticos (BUKOWSKI; KCIUK; KONTEK, 2020; SAMPSON et al.,

2019; SUN et al., 2012). Esse quadro clinico deve-se a inumeras condi¢des, a citar:
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aumento da capacidade de reparo do DNA, diminuigdo do influxo de substancias e
falha dos mecanismos de morte celular programada, como a apoptose. Contudo, o
principal mecanismo de MDR ¢é o efluxo ativo de quimioterapicos mediados pelos
transportadores ABC (ATP binding cassete) (GOTTESMAN; FOJO; BATES, 2002;
SZAKACS et al., 2006).

Ainda, a MDR mediada pelos transportadores ABC esta relacionada ao
desenvolvimento de resisténcia a inumeros farmacos nao relacionados quimicamente,
haja vista que esses transportadores sdo descritos como promiscuos (FALASCA,;
LINTON, 2012; ROBEY et al., 2018; SZAKACS et al., 2006). Portanto, pode-se dizer
que a expressao dos transportadores ABC em pacientes oncoldgicos com quadros
clinicos de MDR possui um impacto significativo, sendo considerado o principal
mecanismo de resisténcia ao tratamento, uma vez que o quimioterapico nao
permanece dentro da célula na concentragao correta e nem pelo tempo suficiente para
exercer seu efeito bioldgico (Fig. 2) (FALASCA; LINTON, 2012; GOTTESMAN; FOJO;
BATES, 2002; ROBEY et al., 2018).

FIGURA 2 - Representagdo dos mecanismos celulares capazes de causar resisténcia a multiplas
drogas

Diminuigdo do

influxo de substancias

000
%90
So

Ativacao do
processo de
reparo do DNA

Bloqueio de
apoptose

%O
Aumento do e OO
efluxo de OO Ativacgao de
substancias O 0O Co sistemas de
(exercido por 00 detoxificacdo

bombas de efluxo
ATP-dependentes)

Fonte: ZANZARINI, 2019.

Nota: As células cancerosas podem se tornar resistentes a drogas por diversos mecanismos. Um deles
é efluxo destas por meio do aumento da atividade de bombas de efluxo dependente de ATP, como
transportadores ABC; outro é a redugéo do influxo de drogas. Nos casos em que o acumulo de drogas
ndo € alterado, a ativagdo de proteinas de detoxificagdo celular - como o citocromo P450 - pode
promover a resisténcia. As células podem, também, ativar mecanismos que reparam danos no DNA

celular
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induzidos por drogas. Por fim, alteragdes nas vias de sinalizagdo da apoptose faz com que as células
se tornem resistentes a morte celular induzida por drogas.

2.2 TRANSPORTADORES ABC

Os transportadores ABC fazem parte de uma superfamilia de proteinas que
esta presente em todos os reinos biologicos. S&o responsaveis pelo transporte de
substratos pelas membranas celulares, utilizando energia proveniente da ligagao e
hidrélise de ATP (FORD; BEIS, 2019; KATHAWALA et al., 2015). Em bactérias, esses
transportadores realizam a captacdo de substancias do meio extracelular para o
intracelular, enquanto, em mamiferos, sdo responsaveis quase que exclusivamente
pelo efluxo de substancias (KATHAWALA et al., 2015). De maneira geral, os
transportadores ABC regulam os niveis celulares de horménios, lipideos, ions,
xenobidticos e outras moléculas. Além disso, participam do controle intracelular de
organelas, a exemplo da mitocéndria, lisossomos, reticulo endoplasmatico e
Complexo de Golgi (ROBEY et al., 2018).

Em humanos foram identificados 48 genes que codificam proteinas da familia
ABC, as quais séo classificadas de acordo com a similaridade filogenética e
organizagdo dos dominios em sete subfamilias, de ABCA a ABCG (FORD; BEIS,
2019; KATHAWALA et al., 2015), todas com fungao de transporte, exceto as familias
ABCE e ABCF, as quais nao apresentam fungao clara de efluxo de substancias
(FORD; BEIS, 2019).

Essas proteinas sdo geralmente expressas em tecidos como intestinos,
cérebro e placenta, com o objetivo de prevenir o acumulo de xenobidticos.
Consequentemente, este papel protetivo leva os transportadores a afetar parametros
farmacocinéticos de drogas, como absorcao, distribuicdo, metabolismo e excrecao
(ROBEY et al., 2018; SZAKACS et al., 2006).

Importante ressaltar que os principais transportadores ABC envolvidos no
fendmeno de MDR séo a glicoproteina P (também conhecida como MDR1 ou P-gp),
a proteina 1 associada a resisténcia a multiplas drogas (MRP1) e a proteina de
resisténcia ao cancer de mama (conhecida por BCRP- breast cancer resistance
protein). Estes sdo codificados pelos genes ABCB1, ABCC1 e ABCG2,
respectivamente (ECKENSTALER; BENNDORF, 2020; SZAKACS et al., 2006).

Os transportadores ABC sao essencialmente compostos por dois dominios

transmembrana (TMDs - Transmembrane Domains) e dois dominios ligantes de
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nucleotideo (NBDs - Nucleotide Binding Domain). Os TMDs sao constituidos por 6 a-
hélices transmembrana, os quais sao responsaveis por reconhecer e transportar os
substratos; enquanto os ultimos encontram-se no citoplasma e sao responsaveis pela
ligacdo e hidrolise do ATP necessario para o transporte (ECKENSTALER;
BENNDORF, 2020; FORD; BEIS, 2019; ROBEY et al., 2018).

Quando esses quatro dominios estdo presentes como uma unica cadeia
polipeptidica, esses transportadores sdo chamados de completos (full transporters),
como observado na estrutura do transportador ABCB1 (P-gp). Em contrapartida, os
transportadores incompletos (half transporters), como o ABCG2, possuem somente
um dominio TMD e um dominio NBD - também expressos em uma cadeia
polipeptidica - e precisam dimerizar-se para apresentar funcionalidade
(ECKENSTALER; BENNDORF, 2020; ROBEY et al., 2009). Ainda, ha a variante
estrutural presente no subtipo ABCC, a exemplo do transportador ABCC1 (MRP1),
composta por um dominio transmembrana adicional (designado TMDO), o qual possui
5 a- hélices que nao faz parte da cadeia principal (ROBEY et al., 2018; SZAKACS et
al., 2006). Os trés modelos estruturais citados estao representados na figura a seguir
(Fig. 3).

FIGURA 3 - Estruturas tridimensionais em alta resolugao dos transportadores ABCG2, P-gp e MRP1
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(BCRP) (MDR1/P-gp) (MRP1)
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Fonte: Adaptado (ROBEY et al., 2018).

Os dominios TMDs, presentes na membrana plasmatica, desempenham um
papel crucial no reconhecimento e transporte de substratos. A ligacéo e liberagao
desses substratos no meio extracelular requer mudangas conformacionais nos TMDs.
Essas alteragcbes séo induzidas pela ligagdo e hidrolise de duas moléculas de ATP

nos NBDs, que sao partes conservadas da proteina. Dessa forma, apds o substrato
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se ligar ao sitio de ligagao nos TMDs, duas moléculas de ATP se ligam aos NBDs. A
hidrolise da primeira molécula de ATP direciona as mudancas conformacionais nos
TMDs, resultando na liberagao do substrato, devido a abertura da proteina em diregao
ao meio extracelular. A segunda molécula de ATP é ent&o hidrolisada para que o
transportador retorne a sua conformacéo inicial, permitindo a ligagao e saida de novos
substratos. Esse processo completa um ciclo catalitico (Fig. 4) (CHEN et al., 2016;
ECKENSTALER; BENNDORF, 2020; ROBEY et al., 2018).

FIGURA 4 - Representagao esquematica do processo completo de efluxo de substratos
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Fonte: Adaptado (ROBEY et al., 2018).

E importante destacar que, embora a estrutura e a funcéo dos NBDs sejam
semelhantes entre os transportadores ABC, os TMDs apresentam uma composi¢cao
altamente heterogénea, o que permite o reconhecimento de uma ampla variedade de
substratos. Além disso, a energia derivada da ligagédo e hidrolise das moléculas de
ATP permite o transporte de substancias através da membrana independentemente

do gradiente de concentragcédo predominante na célula (ROBEY et al., 2018).

2.2.1 Transportador ABCG2

O transportador ABCG2 foi descoberto praticamente em concomitancia por
trés laboratorios diferentes, sendo denominado de BCRP (breast cancer resistance
protein) devido a conferir resisténcia em células de cancer de mama (MCF-7) (DOYLE
et al., 1998), ABCP, nome relacionado a sua expressao abundante na placenta
(ALLIKMETS et al., 1998), e MXR, relacionado a resisténcia a mitoxantrona (MYIAKE
et al., 1999).

Este transportador, codificado pelo gene ABCG2, ao contrario dos demais ja

citados, € classificado como um transportador incompleto, uma vez que possui apenas
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um dominio TMD - constituido por 6 a-hélices - e um dominio NBD, unidos por uma
Unica cadeia polipeptidica. Assim, sua conformacao funcional é a de homodimero
estabilizado por ligagdes dissulfeto (ROBEY et al., 2009; SCHINKEL; JONKER, 2003),
como representado na Figura 5.

Essa proteina, de 72kDa, encontra-se expressa regularmente em
células-tronco, nas barreiras hematoencefalica (BBB), hematotesticular (BTB) e
hematoplacentaria (BPB), além de células hepaticas e renais. Como ABCG2 é
expresso na membrana apical das células e, portanto, na superficie de érgaos que
realizam a excrecao, também possui papel fundamental na protecao e detoxificacdo
dos tecidos contra xenobiodticos, bem como apresenta a capacidade de alterar
caracteristicas farmacocinéticas de certas drogas, o que reforga a sua funcao protetiva
(ROBEY et al., 2007; SCHINKEL; JONKER, 2003; TAYLOR et al., 2017).

O ABCG2 é responsavel pelo transporte de uma ampla variedade de
compostos, incluindo agentes citotoxicos como mitoxantrona, topotecan e
metotrexato, corantes fluorescentes como o Hoechst 33342, e certos compostos
toxicos encontrados em alimentos (SARKADI et al., 2004).

Diversos estudos demonstraram que a superexpressao desse transportador
leva a uma diminuicdo significativa na eficacia dos regimes quimioterapicos,
resultando em um fendtipo resistente a varias drogas. Essa superexpressao também
foi observada em células hematopoiéticas e linfoides malignas no ambiente tumoral,
sugerindo uma possivel fungdo do ABCG2 como marcador de células-tronco imaturas
e leucémicas. Além disso, o referido transportador também esta presente na "side
population" (SP), uma subpopulacdo de células encontradas em certos tumores que
exibem caracteristicas semelhantes as células-tronco, como resisténcia a multiplas
drogas e alta capacidade de formagao de tumores (ROBEY et al., 2007; SCHINKEL;
JONKER, 2003; TAYLOR et al., 2017).
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FIGURA 5 - Estrutura tridimensional do transportador ABCG2

Fonte: Taylor et al., 2017
Nota: Estrutura tridimensional do transportador ABCGZ2, resolvida por crio-microscopia eletrénica
de Unica particula com resolucao de 3.8 a.

2.3 USO DE INIBIDORES DE TRANSPORTADORES ABC E DESENVOLVIMENTO
DE NOVAS DROGAS

A estratégia mais promissora para contornar o fenétipo de MDR é o uso de
inibidores dos transportadores ABC. Estes, ao bloquearem o efluxo das drogas
anticancer, melhoram a resposta ao tratamento farmacolégico, resultando idealmente

na remissao do tumor, como representado a seguir (Fig. 6) (ZATTONI et al., 2022).

FIGURA 6 - Representacao do uso de inibidores como estratégia para reverter o fenétipo de MDR
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Fonte: ZATTONI et al., 2022
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Essa busca por novos inibidores compreende varias abordagens, como o
reposicionamento de drogas, a triagem de diferentes classes de compostos e o
desenho racional de drogas (ZATTONI et al., 2022b).

A primeira delas possui um beneficio de que, ao utilizar-se de drogas ja
testadas em humanos e que ja sao utilizadas no tratamento de outras doencas,
reduziria drasticamente o tempo e o custo do desenvolvimento de uma nova droga
(SHIM; LIU, 2014). Por sua vez, a triagem de estruturas quimicas de diferentes classes
moleculares continua sendo a alternativa mais utilizada, uma vez que compostos
naturais - como flavonoides e polifendis - sdo grande fonte de esqueletos quimicos e,
consequentemente, uma fonte abundante de inibidores (GANDHI; MORRIS, 2009).
Por fim, estudos de relagao estrutura-atividade permitem a sintese racional de drogas,
pois, ao analisar a influéncia de certos substituintes ou grupos carbdnicos, pode-se
chegar a uma estrutura quimica otimizada (MATTER et al., 2001).

Porém, existe duvida quanto a utilizagado de inibidores dos transportadores
ABC na clinica, devido as fun¢des que essa familia de proteinas possui no organismo.
Dessa forma, € imprescindivel a pesquisa e desenvolvimento de compostos
especificos para cada transportador, os quais inibiriam suas atividades de maneira
seletiva. Importante ressaltar que o bloqueio seletivo de um transportador ABC
envolvido na resisténcia a multiplas drogas nao afetaria a atividade fisiolégica dos
demais - visto que esses transportadores apresentam similaridades estruturais - e
garantiria o processo de detoxificagao celular, realizado por estes de maneira regular
(ROBEY et al., 2018; THEILE; WIZGALL, 2021).

2.3.1 Uso de inibidores no transportador ABCG2

O primeiro inibidor seletivo para o transportador ABCG2 reportado foi a toxina
fungica Fumitremorgin C (FTC), porém, a elevada neurotoxicidade em ensaios in vivo
levou a impossibilidade do seu uso na clinica (NISHIYAMA; KUGA, 1989;
RABINDRAN et al., 1998). A fim de obter inibidores mais potentes e com menor
toxicidade, foram desenvolvidos analogos sintéticos do FTC, dentre os quais se
destaca o Ko143, que se mostrou promissor in vitro, apesar de citotoxicidade residual
(ALLEN et al., 2002).

Posteriormente, foram desenvolvidos outros inibidores especificos de ABCG2

a partir da modificagao estrutural de inibidores ja conhecidos, como o elacridar e o
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tariquidar. Estas substancias consistem em séries de compostos ndo relacionaveis
guimicamente, a exemplo de cromonas (HONORAT et al., 2015; PIRES et al., 2016;
VALDAMERI et al, 2012c), chalconas (VALDAMERI et al, 2012b),
estilbenos(VALDAMERI et al., 2012a), porfirinas(ZATTONI et al., 2022a) e indeno[1,2-
blindoles (GOZZI et al., 2015a, 2015b; KITA et al., 2021), as quais apresentaram
resultados satisfatérios nos ensaios in vitro. Porém, ainda ndo ha inibidores seletivos
para ABCG2 que seguiram para a realizagdo de testes clinicos, o que ressalta a
relevancia e urgéncia da descoberta de um inibidor seletivo desse transportador.

Algumas caracteristicas relevantes e que devem ser levadas em
consideragao no desenvolvimento de um novo inibidor de ABCG2 é a alta poténcia de
inibicdo - com concentragdes de inibicdo em escala nanomolar, baixa ou nenhuma
citotoxicidade e alta seletividade com relagdo aos principais transportadores ABC
envolvidos com MDR (P-gp e MRP1) (ZATTONI et al., 2022b).

2.4 INDENOI[1,2-b]INDOLES

A porcao estrutural indenoinddlica ocorre em varios produtos naturais, bem
como o nucleo inddlico (KAUSHIK et al., 2013; PRAKASH; RAJA, 2012; RONGVED
et al.,, 2013) e apresentam vasta gama de fungdes biologicas, como atividades
antioxidante e anticancer (KASHYAP et al., 2013; RONGVED et al., 2013). Além disso,
0os nucleos heterociclicos permitem modificagbes e a adicdo de varios grupos
substituintes em sua estrutura (Fig. 7) (LOBO et al., 2015; RONGVED et al., 2013).
Nesse ambito, derivados de indeno[1,2-blindoles foram desenvolvidos, inicialmente
como inibidores da proteina quinase Il (CK2)(GOZZI et al., 2015a, 2015b).

A CK2 é uma proteina heterotetramérica, composta por duas subunidades
cataliticas (a) e duas subunidades regulatérias (B), e pode utilizar-se de ATP ou de
GTP como cofator. A superexpressao e a elevacdo da atividade de CK2 esta
intimamente relacionada a varios tipos de cancer, como prostata, mama, pulmao e
pancreas, impactando de forma significativa na sobrevida do paciente (BORGO et al.,
2021; GOZZI et al., 2015a, 2015b; HUNDSDORFER et al., 2012). E também
evidenciado que a CK2 esta envolvida na potencializagdo do fenotipo de MDR, uma
vez que aumenta a expressdo e a atividade de efluxo dos trés principais
transportadores ABC (P-gp, MRP1 e ABCG2) (BORGO et al., 2021).
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Devido a essa interacao entre CK2 e os transportadores ABC, evidenciou-se
que inibidores dessa quinase poderiam agir como inibidores do transportador ABCG2,
a depender dos substituintes presentes no nucleo indeno[1,2-b]inddlico. Dessa forma,
novos derivados desses compostos vém sendo sintetizados como um desenho
racional objetivando uma molécula especifica e potente como inibidores seletivos
desse transportador (BORGO et al., 2021; GOZZI et al., 2015a, 2015b; KITA et al.,
2021).

FIGURA 7 - Representagao da estrutura base de um Indeno[1,2-b]Indole
0 0

N

2.5 SISTEMA DE LIBERAGCAO DE DROGAS BASEADAS EM VESICULAS
EXTRACELULARES

Fonte: Adaptado (GOZZI et al., 2015a).

Recentemente, sistemas de liberacdo de drogas (drug delivery) vém
ganhando importancia, uma vez que podem solucionar problemas de entrega de
medicamentos com baixa solubilidade em agua (PATRA et al., 2018), como € o caso
dos inibidores do transportador ABCG2 (SHUKLA; WU; AMBUDKAR, 2008). Dessa
forma, a aplicagdo de nanoestruturas, como lipossomas (LI et al, 2017),
microemulsdes (QU et al., 2017) micelas (QU et al., 2019) e vesiculas extracelulares
(ELSHARKASY et al., 2020; N'DIAYE et al., 2022; PATRA et al., 2018) pode impactar
significativamente na solubilidade, absor¢cdo e biodisponibilidade, bem como na
reducao dos efeitos adversos dessas drogas (ELSHARKASY et al., 2020; PATRA et
al., 2018; SERCOMBE et al., 2015).

As vesiculas extracelulares (VEs), mais que eliminar compostos nao
necessarios para as células, tém papel fundamental na troca de componentes entre
células - acidos nucleicos, lipideos e proteinas - bem como na sinalizagdo em
processos homeostaticos celulares normais ou como consequéncia de patologias
(COLOMBO; RAPOSO; THERY, 2014; LO CICERO; STAHL; RAPOSO, 2015).
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Os lipossomos - nanocarreadores mais comuns - sdo compostos por uma
bicamada lipidica, a qual possibilita acomodar drogas hidrofobicas, e uma fase interna
aquosa, capaz de acondicionar drogas hidrofilicas (ELSHARKASY et al., 2020;
SERCOMBE et al., 2015). Esse sistema permitiu com que fossem desenvolvidas
formulagdes farmacéuticas que viabilizassem a administragao de diversas drogas. A
primeira delas, Doxil®, foi a primeira formulagao lipossomal disponivel no mercado,
sendo aprovada no ano de 1995 pelo Food and Drug Administration (FDA)
(BARENHOLZ, 2012).

Por sua vez, as VEs - também com composi¢cao de bicamada lipidica - sdao
secretadas por todos os tipos celulares, variando em numero, composi¢cao e
caracteristicas fisico-quimicas (JONG et al., 2019). Importante ressaltar que as VEs
possuem vantagem significativa frente aos sistemas sintéticos uma vez que, por terem
origem biolégica, seu uso n&o resulta em reagbes de hipersensibilidade
(ELSHARKASY et al., 2020; PATRA et al., 2018).

As VEs fazem parte de uma populacao heterogénea de particulas, as quais
podem ser classificadas em duas categorias: exossomas e microvesiculas. A primeira
delas - exossomas - possuem de 30 a 100 nm de diametro e sdo vesiculas
intraluminais originadas do brotamento interno da membrana endossomal durante o
processo de maturagdo dos endossomos multivesiculares (MVEs). Esses MVEs
atuam como intermediarios no sistema endossomal e sao liberados apo6s fusdo com a
superficie celular. Por sua vez, as microvesiculas sdo geradas pelo brotamento
externo e fissdo da membrana plasmatica e subsequente liberacdo no espaco
extracelular, e possuem tamanho de 50 a 1000 nm de diametro (Figura 7) (ALBERRO
et al., 2021; ELSHARKASY et al., 2020; JONG et al., 2019; VAN NIEL; D’ANGELO;
RAPOSO, 2018).
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FIGURA 8 - Representacao das diferentes origens das vesiculas extracelulares
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Nota: Representacdo das origens de vesiculas extracelulares secretadas por células viaveis:
€X0Ssomos e microvesiculas.

As VEs podem ser encontradas em diversos fluidos bioldgicos, como saliva,
leite materno, urina, liquido amnidtico e saliva; porém uma das fontes mais estudadas
e aplicadas é o sangue (CABY et al., 2005; ELSHARKASY et al., 2020; KELLER et
al., 2007; KIM; LEE; GHO, 2017). Neste caso, tem-se as VEs secretadas pelas
préprias células sanguineas e aquelas circulantes, as quais podem possuir diversas
origens e sao facilmente obtidas por meio de amostras minimamente invasivas
(ALBERRO et al., 2021). Vale ressaltar que o processo de vesiculacdo também pode
ser induzido por meio do aumento da concentracio de calcio citoplasmatico aliado a
alteracao na simetria dos fosfolipidios da membrana plasmatica, embora o processo
ainda nao seja completamente esclarecido (RAPOSO; STOORVOGEL, 2013).
Sugere-se, entdo, que a elevagdo dos ions Ca?* realiza a ativagdo de algumas
enzimas - escramblase, calpaina e gelsolina - que desempenham papel no transporte
de fosfolipidios e nas alteragdes no citoesqueleto (COCUCCI; RACCHETTI;
MELDOLESI, 2009). Assim, leva-se a formagédo de microvesiculas constituidas por
uma bicamada lipidica composta por fosfolipidios intercalados com proteinas de
membrana e de adesao, além do colesterol (RAPOSO; STOORVOGEL, 2013).

Dessa forma, pode-se evidenciar que as VEs produzidas por células
sanguineas podem ser utilizadas como um sistema de liberagdo de drogas, uma vez
que ha na literatura exemplos bem-sucedidos de estudos in vitro, a exemplo da
entrega da Cromona 4a como inibidor do transportador ABCG2 (VALDAMERI et al.,

2023), bem como in vivo com a utilizagao dessas VEs para entrega de dopamina (QU
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et al., 2018) e de um peptideo terapéutico (BAY55-9837), que tem como alvo células
pancreaticas objetivando o aumento da secregao de insulina (ZHUANG et al., 2019).

Portanto, devido a sua alta capacidade de incorporagdo de drogas -
principalmente de compostos hidrofébicos - e sua baixa toxicidade e imunogenicidade,
as vesiculas extracelulares surgem como uma alternativa promissora para sistemas

de liberacéo de drogas.



25

3 REFERENCIAS

ALBERRO, A. et al. Extracellular vesicles in blood: Sources, effects and applications.
International Journal of Molecular Sciences. MDPI, 1 ago. 2021.

ALLEN, J. D. et al. Potent and Specific Inhibition of the Breast Cancer Resistance
Protein Multidrug Transporter in Vitro and in Mouse Intestine by a Novel Analogue of
Fumitremorgin C 1. [s.l: s.n.]. Disponivel em: <http://aacrjournals.org/mct/article-
pdf/1/6/417/2221812/gd0602000417 .pdf>.

ALLIKMETS, R. et al. A Human Placenta-specific ATP-Binding Cassette Gene (ABCP)
on Chromosome 4g22 That Is Involved in Multidrug Resistance1.Cancer Research.
Disponivel em: <http://aacrjournals. org/cancerres/article-
pdf/58/23/5337/2946542/cr0580235337 .pdf>.

BARENHOLZ, Y. Doxil® - The first FDA-approved nano-drug: Lessons learned.
Journal of Controlled Release, 10 jun. 2012.

BORGO, C. et al. Protein kinase CK2: a potential therapeutic target for diverse human
diseases. Signal Transduction and Targeted Therapy. Springer Nature, 1 dez. 2021.

BUKOWSKI, K.; KCIUK, M.; KONTEK, R. Mechanisms of multidrug resistance in
cancer chemotherapy. International Journal of Molecular Sciences.MDPI AG, 2 maio
2020.

CABY, M. P. et al. Exosomal-like vesicles are present in human blood plasma.
International Immunology, v. 17, n. 7, p. 879-887, jul. 2005.

CHEN, Z. et al. Mammalian drug efflux transporters of the ATP binding cassette (ABC)
family in multidrug resistance: A review of the past decade. Cancer Letters, v. 370, n.
1, p. 153-164, 2016.

COCUCCI, E.; RACCHETTI, G.; MELDOLESI, J. Shedding microvesicles: artefacts no
more. Trends in Cell Biology, fev. 2009.

COLOMBO, M.; RAPOSO, G.; THERY, C. Biogenesis, secretion, and intercellular
interactions of exosomes and other extracellular vesicles. Annual review of cell and
developmental biology, 2014.

DOYLE, L. A. et al. A multidrug resistance transporter from human MCF-7 breast
cancer cells (mitoxantroneanthracyclinestransporter proteins). [s.l: s.n.]. Disponivel
em: <www.pnas.org.>.

DUTRA, J. DE P. Inibidores do transportador ABCG2: reguladores de expressao,
reposicionamento de farmacos e sistema de drug delivery baseado em vesiculas
extracelulares humanas. Curitiba: Universidade Federal do Parana, 2022.

ECKENSTALER, R.; BENNDORF, R. A. 3D structure of the transporter ABCG2—
What’s new? British Journal of Pharmacology,John Wiley and Sons Inc., , 1 abr. 2020.



26

ELSHARKASY, O. M. et al. Extracellular vesicles as drug delivery systems: Why and
how? Advanced Drug Delivery Reviews,Elsevier B.V., , 1 jan. 2020.

FALASCA, M.; LINTON, K. J. Investigational ABC transporter inhibitors. Expert
Opinion on Investigational Drugs, v. 21, n. 5, p. 657-666, 2012.

FORD, R. C.; BEIS, K. Learning the ABCs one at a time: Structure and mechanism of
ABC transporters. Biochemical Society Transactions, Portland Press Ltd, , 2019.

GANDHI, Y. A.; MORRIS, M. E. Structure-activity relationships and quantitative
structure-activity relationships for breast cancer resistance protein (ABCG2). AAPS
Journal, set. 20009.

GOTTESMAN, M. M.; FOJO, T.; BATES, S. E. Multidrug resistance in cancer: Role of
ATP-dependent transporters. Nature Reviews. Cancer European Association for
Cardio-Thoracic Surgery, , 2002.

GOZZl, G. J. et al. Converting Potent Indeno[1,2-b]indole Inhibitors of Protein Kinase
CK2 into Selective Inhibitors of the Breast Cancer Resistance Protein ABCG2. Journal
of Medicinal Chemistry, n. 58, p. 265-277, 2015a.

GOZZl, G. J. et al. Phenolic indeno[1,2-b]indoles as ABCG2-selective potent and non-
toxic inhibitors stimulating basal ATPase activity. Drug Design, Development and
Therapy, v. 9, p. 3481-3495, 3 jul. 2015b.

HONORAT, M. et al. MBL-1I-141, a chromone derivative, enhances irinotecan (CPT-
11) anticancer efficiency in ABCG2-positive xenografts. Oncotarget, v. 5, n. 23, p.
11957-11970, 2015.

HUNDSDORFER, C. et al. Indeno[1,2-b]indole derivatives as a novel class of potent
human protein kinase CK2 inhibitors. Bioorganic and Medicinal Chemistry, v. 20, n. 7,
p. 2282-2289, 1 abr. 2012.

INCA. Estimativa 2023- Incidéncia de Cancer no Brasil. [s.l: s.n.].

JONG, O. et al. Drug Delivery with Extracellular Vesicles: From Imagination to
Innovation. Accounts of Chemical Research, v. 52, p. 1761-1770, 2019.

KASHYAP, M. et al. Indenoindolone derivatives as topoisomerase ll-inhibiting
anticancer agents. Bioorganic and Medicinal Chemistry Letters, v. 23, n. 4, p. 934—
938, 15 fev. 2013.

KATHAWALA, R. J. et al. The modulation of ABC transporter-mediated multidrug
resistance in cancer: A review of the past decade. Drug Resistance Updates, Churchill
Livingstone, , 2015.

KAUSHIK, N. K. et al. Biomedical importance of indoles. Molecules, jun. 2013.

KELLER, S. etal. CD24 is a marker of exosomes secreted into urine and amniotic fluid.
Kidney International, v. 72, n. 9, p. 1095-1102, nov. 2007.



27

KIM, O. Y.; LEE, J.; GHO, Y. S. Extracellular vesicle mimetics: Novel alternatives to
extracellular vesicle-based theranostics, drug delivery, and vaccines. Seminars in Cell
and Developmental Biology, Elsevier Ltd, , 1 jul. 2017.

KITA, D. H. et al. Mechanistic basis of breast cancer resistance protein inhibition by
new indeno[1,2-b]indoles. Scientific Reports, v. 11, n. 1, 1 dez. 2021.

LI, Y. et al. Mucus interactions with liposomes encapsulating bioactives: Interfacial
tensiometry and cellular uptake on Caco-2 and cocultures of Caco-2/HT29-MTX. Food
Research International, v. 92, p. 128-137, 1 fev. 2017.

LOBO, G. et al. Synthesis, crystal structure and effect of indeno[1,2-blindole
derivatives on prostate cancer in vitro. Potential effect against MMP-9. European
Journal of Medicinal Chemistry, v. 96, p. 281-295, 26 maio 2015.

LO CICERO, A.; STAHL, P. D.; RAPOSO, G. Extracellular vesicles shuffling
intercellular messages: For good or for bad. Current Opinion in Cell Biology, Elsevier
Ltd, , 1 ago. 2015.

MATTER, H. et al. Computational Approaches Towards the Rational Design of Drug-
like Compound Libraries Combinatorial Chemistry & High Throughput Screening. [s.I:
s.n.].

MYIAKE, K. et al. Molecular Cloning of cDNAs Which Are Highly Overexpressed in
Mitoxantrone-resistant Cells: Demonstration of Homology to ABC Transport Genes.
Cancer Research. [s.l: s.n.]. Disponivel em: <http://aacrjournals.org/cancerres/article-
pdf/59/1/8/3228958/ch0199000080.pdf>.

N’'DIAYE, E. R. et al. Chemically Modified Extracellular Vesicles and Applications in
Radiolabeling and Drug Delivery. Pharmaceutics. MDPI, , 1 mar. 2022.

NISHIYAMA, M.; KUGA, T. Central Effects of the Neurotropic Mycotoxin
Fumitremorgin A in the Rabbit (l) Effects on the Spinal Cord. [s.l: s.n.].

PATRA, J. K. et al. Nano based drug delivery systems: Recent developments and
future prospects. Journal of Nanobiotechnology, BioMed Central Ltd, , 19 set. 2018.

PIRES, A. DO R. A. et al. New, highly potent and non-toxic, chromone inhibitors of the
human breast cancer resistance protein ABCG2. European Journal of Medicinal
Chemistry, v. 122, p. 291-301, 2016.

PRAKASH, C. R.; RAJA, S. Indolinones as Promising Scaffold as Kinase Inhibitors: A
Review. Reviews in Medicinal Chemistry. [s.l: s.n.].

QU, D. et al. Oral Nanomedicine Based on Multicomponent Microemulsions for Drug-
Resistant Breast Cancer Treatment. Biomacromolecules, v. 18, n. 4, p. 1268-1280, 10
abr. 2017.

QU, G. et al. Self-assembled micelles based on N-octyl-N’-phthalyl-O-phosphoryl
chitosan derivative as an effective oral carrier of paclitaxel. Carbohydrate Polymers, v.
207, p. 428-439, 1 mar. 2019.



28

QU, M. et al. Dopamine-loaded blood exosomes targeted to brain for better treatment
of Parkinson’s disease. Journal of Controlled Release, v. 287, p. 156—166, 10 out.
2018.

RABINDRAN, S. K. et al. Reversal of a Novel Multidrug Resistance Mechanism in
Human Colon Carcinoma Cells by Fumitremorgin. Cancer Research. Disponivel em:
<http://aacrjournals.org/ cancerres/ article-pdf/58/24/5850/
2468366/cr0580245850.pdf>.

RAPOSO, G.; STOORVOGEL, W. Extracellular vesicles: Exosomes, microvesicles,
and friends. Journal of Cell Biology, fev. 2013.

ROBEY, R. W. et al. ABCG2: Determining its relevance in clinical drug resistance.
Cancer and Metastasis Reviews, mar. 2007.

ROBEY, R. W. et al. ABCG2: A perspective. Advanced Drug Delivery Reviews, 31 jan.
2009.

ROBEY, R. W. et al. Revisiting the role of ABC transporters in multidrug-resistant
cancer. Nature Reviews Cancer, v. 18, n. 7, p. 452-464, 2018.

RONGVED, P. et al. Indenoindoles and cyclopentacarbazoles as bioactive
compounds: Synthesis and biological applications. European Journal of Medicinal
Chemistry, Elsevier Masson SAS, , 2013.

SAMPSON, A. et al. Doxorubicin as a fluorescent reporter identifies novel MRP1
(ABCC1) inhibitors missed by calcein-based high content screening of anticancer
agents. Biomedicine and Pharmacotherapy, v. 118, n. July, p. 109289, 2019.

SARKADI, B. et al. ABCG2 - A transporter for all seasons. FEBS Letters. Anais...1 jun.
2004.

SCHINKEL, A. H.; JONKER, J. W. M ammalian drug efflux transporters of the ATP
binding cassette (ABC) family: an overview. Advanced Drug Delivery Reviews.
Disponivel em: <www.elsevier.com/locate/drugdeliv>.

SERCOMBE, L. et al. Advances and challenges of liposome assisted drug delivery.
Frontiers in Pharmacology. Frontiers Media S.A., , 2015.

SHIM, J. S;; LIU, J. O. Recent advances in drug repositioning for the discovery of new
anticancer drugs. International Journal of Biological Sciences. Ivyspring International
Publisher, , 10 jun. 2014.

SHUKLA, S.; WU, C. P.; AMBUDKAR, S. V. Development of inhibitors of ATP-binding
cassette drug transporters - present status and challenges. Expert Opinion on Drug
Metabolism and Toxicology, v. 4, n. 2, p. 205-223, 2008.

SUN, Y.-L. et al. Role of ABC transporters in cancer chemotherapy. Chinese Journal
of Cancer, v. 31, n. 2, p. 51-57, 2012.

SZAKACS, G. et al. Targeting multidrug resistance in cancer. Nature Reviews Drug
Discovery, mar. 2006.



29

TAYLOR, N. M. I. et al. Structure of the human multidrug transporter ABCG2. Nature,
v. 546, n. 7659, p. 504-509, 22 jun. 2017.

THEILE, D.; WIZGALL, P. Acquired ABC-transporter overexpression in cancer cells:
transcriptional induction or Darwinian selection? Naunyn-Schmiedeberg’s Archives of
Pharmacology. Springer Science and Business Media Deutschland GmbH, , 1 ago.
2021.

VALDAMERI, G. et al. Methoxy stilbenes as potent, specific, untransported, and
noncytotoxic inhibitors of breast cancer resistance protein. ACS Chemical Biology, v.
7,n.2,p. 322-330, 17 fev. 2012a.

VALDAMERI, G. et al. Investigation of chalcones as selective inhibitors of the breast
cancer resistance protein: Critical role of methoxylation in both inhibition potency and
cytotoxicity. Journal of Medicinal Chemistry, v. 55, n. 7, p. 3193-3200, 12 abr. 2012b.

VALDAMERI, G. et al. 6-Halogenochromones Bearing Tryptamine: One-Step Access
to Potent and Highly Selective Inhibitors of Breast Cancer Resistance Protein.
ChemMedChem, v. 7,n. 7, p. 1177-1180, jul. 2012c.

VALDAMERI, G. et al. Characterization of Potent ABCG2 Inhibitor Derived from
Chromone: From the Mechanism of Inhibition to Human Extracellular Vesicles for Drug
Delivery. Pharmaceutics, v. 15, n. 4, 1 abr. 2023.

VAN NIEL, G.; D’ANGELO, G.; RAPOSO, G. Shedding light on the cell biology of
extracellular vesicles. Nature Reviews Molecular Cell Biology, Nature Publishing
Group, , 1 abr. 2018.

ZANZARINI, |. DA S. IDENTIFICACAO E CARACTERIZACAO DE DERIVADOS DE
CARBAZOLES COMO NOVOS INIBIDORES DO TRANSPORTADOR ABCG2.
Curitiba: Universidade Federal do Parana, 2019.

ZATTONI, I. F. et al. A new porphyrin as selective substrate-based inhibitor of breast
cancer resistance protein (BCRP/ABCG2). Chemico-Biological Interactions, v. 351, 5
jan. 2022a.

ZATTONI, I. F. et al. Targeting breast cancer resistance protein (BCRP/ABCG2):
Functional inhibitors and expression modulators. European Journal of Medicinal
Chemistry, v. 237, 5 jul. 2022b.

ZHUANG, M. et al. SPION-Decorated Exosome Delivered BAY55-9837 Targeting the
Pancreas through Magnetism to Improve the Blood GLC Response. Small, v. 15, n.
52, 1 dez. 2019.



30

CHAPTER 1

Title: Identification of a new indeno[1,2-b]indole as a potent, selective and non-
cytotoxic ABCG2 inhibitor

Authors: Marina Hembecker!, Diogo Henrique Kita', Julia de Paula Dutra', Isadora da
Silva Zanzarini', Bruna Estelita Ruginsk’, Vivian Rotuno Moure', Fabiane Gomes de
Moraes Rego?, Geraldo Picheth?, Marc Le Borgne® and Glaucio Valdameri'”

'Graduate Program in Pharmaceutical Sciences, Laboratory of Cancer Drug
Resistance,Federal University of Parana, Curitiba 80210-170, PR, Brazil.

°Graduate Program in Pharmaceutical Sciences, Federal University of Parana,
Curitiba 80210-170, PR, Brazil.

3Small Molecules for Biological Targets Team, Centre de recherche en cancérologie
de Lyon, Centre Léon Bérard, CNRS 5286, INSERM 1052, Université Claude Bernard
Lyon 1, Univ Lyon, 69373, Lyon, France.

*Corresponding author. E-mail address: gvaldameri@ufpr.br (G. Valdameri).

1 INTRODUCTION

The emergence of multidrug resistance (MDR) poses a significant challenge
in cancer treatment. MDR is marked by the resistance to unrelated drugs and can result
from various factors, such as alterations in drug metabolism, disruptions in
programmed cell death regulatory mechanisms, diminished drug uptake, and more [1].
However, the predominant mechanism behind MDR is associated with the active
expulsion of anticancer drugs facilitated by ATP-binding cassette (ABC) transporters.
The overexpression of these transporters profoundly impacts intracellular drug
concentrations, thereby affecting treatment effectiveness [2,3].

The human genome encodes 48 ABC proteins, with three of them playing a
pivotal role in the MDR phenotype: P-glycoprotein (P-gp or MDR1 - encoded by the
ABCB1), Multidrug Resistance Protein 1 (MRP1 - encoded by the ABCC1), and Breast
Cancer Resistance Protein (BCRP - encoded by the ABCG?2) [3-5].
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Overcoming MDR mediated by ABC transporters is commonly achieved
through the use of functional inhibitors [6]. These inhibitors, when combined with
anticancer drugs, can elevate intracellular drug concentrations, thereby sensitizing
tumors to their cytotoxic effects [6].

Despite recent advancements, potent and non-toxic ABCG2 inhibitors suitable
for clinical trials remain in short supply, given the overexpression of these transporters
in various cancer types. In recent years, several classes of compounds have shown
promise as potent ABCG2 inhibitors, including chromones [7-9], chalcones [10],
stilbenes [11], porphyrins (ZATTONI et al., 2022a), and indeno[1,2-b] indoles [12—-14].
While these compounds have shown promising results in vitro, there is still a lack of
selective inhibitors for ABCG2 that have progressed to clinical trials, underscoring the
importance and urgency of discovering a selective inhibitor for this transporter.

Initially developed as inhibitors of human protein kinase casein kinase Il (CK2),
indeno[1,2-b]indoles were found to interact with ABC transporters associated with the
MDR phenotype, such as ABCG2, albeit with distinct structure-activity relationships
[12]. This discovery suggests that with appropriate modifications, CK2 inhibitors can
be converted into ABCG2 inhibitors and vice versa [12].

Based on these insights, a rational drug design approach was initiated to
identify the optimal structure-activity relationship for an ABCG2 transporter inhibitor. In
this study, new derivatives of indeno[1,2-b]indole were tested as ABCG2 inhibitors,
and the inhibitory mechanism of the most promising compound was characterized

using cell-based assays to assess its potential.

2 MATERIAL AND METHODS

2.1 Chemistry

The indenol[1,2-b]indoles derivatives (NB4, NA16-1, AF95a and AF84a) were
synthesized by Prof. Dr. Marc Le Borgne's research group from Université Claude
Bernard Lyon 1, Institute of Pharmaceutical and Biological Sciences, Lyon - France.
All the compounds were prepared in DMSO at 10 mM and maintained at -20°C and

thawed when necessary.
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2.2 Cell lines and culture

HEK293 cells, as well the stably transfected HEK293-ABCG2, NIH3T3-ABCB1
and BHK21-ABCCT1 cells were kindly provided by Dr. Attilio Di Pietro (IBCP, Lyon,
France). All cells were maintained in High Glucose Dulbecco's Modified Eagle's
Medium (DMEM), supplemented with 10% of fetal bovine serum (FBS), 1%
penicillin/streptomycin, and 0,25 mg/mL amphotericin at 37°C and 5% COz2, under
controlled humidity.

2.3 Transport Assay

The transfected cells (HEK293-ABCG2, NIH3T3-ABCB1 and BHK21-ABCC1)
were seeded in a 24-well plate with a density of 2.0x10° cells/well and incubated for 48
hours at 37°C and 5% CO2. When the cell confluence reached 90%, the medium was
removed, and the cells were treated with different concentrations of the tested
compounds (or with the reference inhibitors) and the substrates for 30 minutes at 37°C
and 5% COo2. After incubation, the media was removed, and the cells were washed
with saline solution (PBS) at 37°C, trypsinized, and resuspended in cold PBS. For
bimodulation assays, cells were treated with one or two inhibitors simultaneously under
conditions as described before.

The intracellular fluorescence was measured by flow cytometry with
acquisition of at least 10,000 events. The maximum fluorescence, taken as 100%, was
determined by the median of fluorescence of the transfected cells incubated with the
reference inhibitors (Verapamil 30 uM for MRP1, GF120918 1 uM for P-gp and Ko143
1 uM for ABCG2).

The percentage of inhibition was calculated according to the formula:

c—95)

1
) X 100

% Inibition =

in which “C” represents the intracellular fluorescence of the substrate plus the tested
compounds, “S” represents the intracellular fluorescence in the presence of the
substrate alone and “I” represents the intracellular fluorescence of the substrate plus

the reference inhibitor.
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2.4 Cytotoxicity assay

Cell viability was evaluated by a colorimetric assay using diphenyltetrazolium
3-(4,5-dimethylthiazol-2-yl)-2,5-bromide (MTT) [15]. First, parental cell line (HEK293)
and transfected cell line (HEK293-ABCGZ2) were seeded in 96-well plates at a density
of 1.5x10% cell per well. After overnight incubation, the cells were treated with the
compounds at various concentrations (0.020 - 10 yM) for 72 hours at 37°C and 5%
CO2. For chemosensitization assay (MDR phenotype reversion), cells were
simultaneously treated with NB4 at 1 uM (saturating concentration) and SN-38 at 0.1
MM for 72 hours. Afterward, 20 pL of MTT (5 mg/mL) was added, and the cells were
incubated for 4 hours at 37°C and 5% COz. Then, the formazan crystals were dissolved
with a solution 1:1 of DMSO and ethanol, and the absorbance was measured using an
iMark microplate reader (Bio-Rad) at 595 nm wavelength. Results express the

percentage of viable cells compared to the control cells (1% DMSO), taken as 100%.

2.5 Conformational antibody binding (5D3) assay

The conformational antibody binding (5D3) assay was performed with
HEK293-ABCG2 cells. Cells were detached with trypsin and centrifuged at 1,000 x g
for 3 minutes. The supernatant was removed and the cells were resuspended in 100
pL of (PBS). Then, 4 uL of BSA solution (1 mg/mL) and NB4 at 10 uM or reference
inhibitor (Ko143) at 2 uM were added and incubated for 10 minutes at 37°C. After that,
1 uL of the primary antibody (5D3) was added (Purified mouse anti-human CD338, BD
Pharmigen - 1:100 dilution) and incubated for 30 minutes at 37°C. Another
centrifugation was made at 1,000 x g for 3 minutes, the supernatant was removed, and
the cells were resuspended in 100 yL of PBS, and then 0.5 pyL of the secondary
antibody was added (PE Goat anti-mouse 1gG, Abcam- 1:200 dilution) and incubated
for 30 minutes at 37°C. After this step, the cells were centrifuged at 1,000 x g for 3
minutes and resuspended in 300 pL of PBS. Then, an analysis by flow cytometry
(FACS Celesta - Becton Dickinson) at B-575 channel was performed. The results were

expressed as a ratio related to the control.

2.6 Preparation of human extracellular vesicles (EVs) containing NB4
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To obtain the human EVs, 9 mL of blood was collected and 8 mM of EGTA
was added. Then, the material was centrifuged at 425 x g for 10 minutes to allow the
separation of the blood cells from the plasm. Plasma was stored in a 15 mL falcon tube
(approximately 4 mL) while the cells were further processed. RPMI medium (same
amount of volume, approximately 5 mL) was added to the cells and the material was
centrifuged again at 425 x g for 10 minutes. The supernatant was discarded and the
cell pellet resuspended with 5 mL of RPMI medium containing 2 mM CaClz and
incubated for one hour at 37°C to stimulate the vesiculation.

After this time, the plasm and the cells were centrifugated at 425 x g for 10
minutes at 10°C, and the supernatant was transferred to microcentrifuge tubes. This
material was centrifuged at 4,000 x g for 30 minutes at 10°C, transferring the
supernatant from this step again to new 1.5 mL tubes that were subjected to the last
centrifugation step at 11,000 x g for 120 minutes at 10°C. In this last step, the
supernatant was discarded and the pellet containing the EVs was solubilized in 60 pL
of PBS.

The EVs were then transferred to new microcentrifuge tubes (10 pL) and
diluted in PBS (190 pL) and treated with the reference inhibitor Ko143 (1 uM) and the
tested inhibitor (NB4) at a concentration of 10 uM and incubated at room temperature
for 30 minutes to enable the incorporation of the compounds on the EVs. After this
time, the tubes were centrifuged at 11,000 x g for 120 minutes and 10°C to remove the
solvent DMSO. The supernatant was transferred to other microcentrifuge tubes, and
the EVs from cells and plasm pellets were resuspended with 50 uL of PBS.

The inhibition was evaluated as described in the subsection 2.3 - Transport
Assay. Cells were treated with EVs (from cells and plasm) and the supernatant (from
cells and plasm) for three and a half hours at 37°C and 5% CO..

2.7 Statistics

Data was analyzed by the software GraphPad Prism version 6.01. Normality
of the data was verified by Shapiro-Wilk's test. In the case of the Chemosensitization
assay, one-way ANOVA test was applied and presented P- value of 0.0026. For
Bimodulation assay, Kruskal-Wallis test was applied and P- value was <0.0001.

3 RESULTS
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3.1 ldentification of NB4 as a selective ABCG2 inhibitor

The four indeno[1,2-b]indoles derivatives (Fig. 1) tested in this work were
obtained by substitution reactions on the indeno[1,2-b]indole core structure. These
compounds were evaluated as potential ABCG2 inhibitors by assessing their effect on
ABCG2-mediated efflux using the substrate Hoechst 33342. Cells stably transfected
to overexpress the ABCG2 transporter (HEK293-ABCGZ2) were incubated with 10 and
50 uM of the indeno[1,2-b]indoles derivatives. The intracellular fluorescence of
Hoechst 33342 was measured by flow cytometry, and the inhibition capacity caused
by these compounds was calculated based on the effect caused by the reference
inhibitor (Ko143).

NA16-1 0 NB4
0
so > SN
4 |;\| Br
[/ HLC —
HiC. = . CH
CH;
AF95a 0 AF84a 0
) _0 (I .°
N _CHa
OMe N CH OMe /
c— 12—\
HAC = ¥ -

Fig. 1 - The chemical structure of the four indeno[1,2-blindole derivatives studied in this work.
Indeno[1,2-blindole core appears in black and in red the modifications made in the structure.

All compounds inhibited ABCG2 (Fig. 2A). NA16 inhibited approximately 100% at both
concentrations tested, while NB4 presented 55% and 65% at 10 and 50 uM,
respectively. On the other hand, AF95 showed 20% at 10 uM and 32% at 50 pM,
whereas AF84 inhibited 60% at 10 yM and 93% at 50 uM (Fig. 2A).
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Fig. 2 - Screening of indeno[1,2-b]indoles derivatives as inhibitors of ABCG2 (A), P-gp (B) and MRP1(C).
HEK293-ABCG2, NIH3T3-ABCB1, and BHK-ABCC1 were incubated with the indeno[1,2-b]indole
derivatives at 10 yM and 50 pM and the substrates Hoechst 33342 (3 uM), Rhodamine 123 (10 uM) and
Fluorescein (50 uM), for ABCG2, P-gp and MRP1, respectively. The reference inhibitors (taken as 100%
of inhibition) used were Ko143 (1 uM), GF 120918 (1 pM) and Verapamil (50 yM) ABCG2, Pgp and
MRP1, respectively. The intracellular accumulation of the fluorescent substrates was monitored by flow
cytometry. The data are represented as mean + SD of at least three independent experiments. (D), (E),
and (F): Histograms of ABCG2, P-gp and MRP1 inhibition comparing the reference inhibitors with the
compound NB4.

In order to evaluate the selectivity of the indeno[1,2-blindoles derivatives
towards the ABCG2 transporter, the same assay was performed using cells stably
transfected to overexpress the P-gp and MRP1 transporters (NIH3T3-ABCB1 and
BHK21-ABCC1) using Fluorescein and Rhodamine 123 as fluorescent substrates,
respectively. For P-gp, only NA16 presented a significant inhibition at 50 uM (Fig. 2B).
Moreover, for MRP1, NA16 presented an inhibition of 63% and 78% at 10 yM and 50
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MM, respectively; NB4 did not show significant inhibition regarding this transporter, nor
AF95 at 10 M, while AF95 at 50 pM presented 47% of inhibition and AF84 showed
nearly 50% of inhibition at both concentrations tested (Fig. 2C).

Among the indeno[1,2-b]indoles derivatives tested against the ABC
transporters, only NB4 demonstrated specificity towards ABCG2 since there was no
significant inhibition regarding the other two transporters (Fig. 2D, E and F). Selectivity
is crucial to prevent unintended consequences arising from the inhibition of other ABC
transporters, which hold significant roles in physiological functions. Thus, a

characterization of the mechanism of ABCG2 inhibition caused by NB4 was performed.

3.2 Identification of the therapeutic ratio (TR) for NB4

In order to determine the ECso value (concentration that causes half of the
maximal effect of inhibition) of ABCG2 inhibition for the only selective indeno[1,2-
blindole derivative, NB4, HEK293-ABCG2 cells were treated with increasing
concentrations of the compound. The ECso value was initially calculated using the
substrate Hoechst 33342. As shown in figure 3A, NB4 showed a high affinity toward
ABCG2, showing a ECso value of 208 nM. To further characterize the ABCG2 inhibition
caused by NB4, a second ABCG2 substrate was used. NB4 inhibited the mitoxantrone-
mediated efflux, showing a ECso0 value of 162 nM (Fig. 3B), and confirming that the
ABCG?2 inhibition caused by this compound is not substrate-dependent. As the ECso
values were in the same order of magnitude (nM) for both substrates, NB4 appears as

a new promising very potent ABCG2 inhibitor.
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Fig. 3 - ECso0 values of ABCG2 inhibition. HEK293-ABCG2 cells were treated with 3 yM of Hoechst
33342 (A) or 10 uM of Mitoxantrone (B), respectively, and the NB4 (50, 100, 200, 300, 400, 500, 1000
e 2000 nM). Intracellular accumulation of the fluorescent substrates was monitored by flow cytometry.
Results were expressed as inhibition percentages compared to the reference inhibitor (Ko143 (1 uM)).
Data represent mean = SD of at least three independent experiments.

The cytotoxic effect of NB4 was evaluated in cells overexpressing ABCG2
(HEK293-ABCG2) and the parental cell line (HEK293) after 72 hours of exposure. The
cytotoxic effect was evaluated in both cell lines to additionally investigate a possible
transport mediated by ABCG2. As shown in Figure 4A, NB4 did not show any
cytotoxicity even at high concentrations, since it did not significantly reduce the cell
viability neither on parental cells nor on cells overexpressing the ABCG2 transporter.
In addition, the absence of a cytotoxic effect hampers the transport analysis, however,
the similar pattern in both cell lines suggests that NB4 is not recognized as an ABCG2

substrate.
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Fig. 4 - Cell viability assay to evaluate the cytotoxic effect of NB4. HEK293-ABCG2 and HEK293 cells
were treated with increasing concentrations of NB4 (0.020 — 10 uM) for 72 hours. The values were
obtained by the MTT method, and the results were expressed as a percentage of viable cells compared
to the control. Data represent mean £SD of three independent experiments.

Taking into consideration these two fundamental characteristics of the
identification of new ABCG2 inhibitors, the potency of inhibition, given by the ECso
value of inhibition, and cytotoxicity, expressed by the 1Gso value, the therapeutic ratio
(TR) was calculated as the ratio between IGso and ECso values. TR values were
calculated for both substrates, showing a value > 62 for Hoechst 33342 and > 48 for
Mitoxantrone. These high values of TR indicate a promising perspective to use the
NB4 in future in vivo assays, since the low cytotoxicity is mandatory to follow in animal
models.

3.3 NB4 reverse the MDR phenotype mediated by ABCG2

In order to evaluate the capability of the NB4 to reverse the MDR phenotype,
a chemosensitization assay was performed with HEK293-ABCG2 and HEK293 cells
after 72 hours of treatment. HEK293-ABCG2 cells were treated with 0.1 uM of SN-38,
the active metabolite of the anticancer drug Irinotecan, used in the treatment of various
types of cancer, such as colon and lungs (FUJITA et al., 2015) alone or associated
with NB4, while HEK293 cells were treated only with 0.1 uM of SN-38. The cell viability
of cells overexpressing the ABCG2 was not affected by treatment with SN-38 (Fig. 5).
In contrast, the cell viability of the parental cell line (HEK293) was significantly reduced
by SN-38. Interestingly, co-treatment of cells overexpressing ABCG2 with SN-38 and
NB4 caused a cytotoxic effect similar to the observed with the effect of SN-38 alone in

HEK293 cells. Thus, this result strongly suggests NB4 is able to chemosensitize cells
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with MDR phenotype (overexpressing the ABCG2 transporter), demonstrating a
phenotype reversion (Fig. 5).

120

Bl HEK 293- ABCG2
] HEK 293- WT
100

80+

N/S

60+

Cell viability (%)

40-

20+

0-

SN-38 0,1 UM + + +
NB4 1 uM - - +

Fig. 5 - The chemosensitization effect was investigated in HEK293-ABCG2 cells. Cells were treated with
SN-38 alone or associated with NB4. The effect on cell viability was compared with the parental cell line
HEK293 treated with SN-38. Data represent mean +SD of three independent experiments. P-value was
0.0026.

3.4 Effect of NB4 on antibody 5D3 binding

The effect of NB4 binding on protein conformation was evaluated by the 5D3
shift assay. This approach involves the use of a conformational antibody called 5D3
that recognize a specific epitope located in the extracellular loop of ABCG2. As shown
in figure 5A, the reference inhibitor Ko143 increases the 5D3 binding, confirming the
effect that ABCG2 inhibitors produce conformational changes that can be monitored
by the 5D3 shift [6]. The indeno[1,2-b]indole derivative NB4 caused a similar increase
in the 5D3 binding when compared to Ko143 (Fig. 6B). This result suggests that the

interaction between NB4 and ABCG2 results in significant conformational changes.
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Fig. 6 - 5D3 shift assay. Cells HEK293-ABCG2 were exposed to a saturating concentration of NB4
(10uM) and incubated with the primary antibody 5D3 and a secondary antibody. Positive and negative
controls were performed using the reference inhibitor Ko143 at 2 yM and the fluorescent substrate
Hoechst 33342 at 1 uM, respectively. Data represents the overlay of untreated control and cells treated
with Ko143 2uM (A) and NB4 10uM (B).

3.5 Study of agonist and antagonist effects of NB4

To get insights about the binding of NB4 on ABCG2, a bimodulation assay was
performed. This bimodulation assay is possible to be performed only for the partial
inhibitors, such as NB4. Thus, to evaluate its capacity to promote an agonist or an
antagonist effect when treated concomitantly with other inhibitors, this experiment was
performed associating several others ABCG2 inhibitors, including a chalcone (MBL Il
123), a chromone (C4a), Elacridar (GF120918), Ko143 and the indeno[1,2-b]indole
derivative 5e. Cells overexpressing ABCG2 were treated for 30 minutes with the
inhibitor alone - at saturation and ECso concentrations for total inhibitors and only at a
saturating concentration in the case of 5e, a partial inhibitor. In all cases, a comparison
of the presence and absence of NB4 was evaluated. As showed in figure 7, no
statistically significant antagonist or agonist behavior was observed for all conditions

and inhibitors evaluated.
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Fig. 7 - Bimodulation assay using the partial inhibitor NB4 at the saturating concentration of 1 yM and
in association with different ABCG2 inhibitors (white bars). Four complete inhibitors (Ko143, GF120918,
C4a and MBL Il 123) at saturating (black bars) and ECso concentrations (grey bars) and one partial
inhibitor (5e) at a saturating concentration (black bar) were used. The transport activity was evaluated
in HEK293-ABCG2 cells using Hoechst 33342 as a substrate. Data represent mean £SD of at least

three independent experiments.

3.6 Delivery of NB4 using extracellular vesicles (EVs)

The very poor solubility of NB4 in water consists in an important challenge for

the use of indeno[1,2-blindole derivatives. To overcome this critical feature, we

proposed the use of EVs to incorporate and promote the delivery of NB4 in target cells.

Here, we have used a system based on EVs derived from stimulated human blood

cells and circulating plasm EVs. This approach allows the incorporation of drugs on a
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pharmaceutical formulation compatible with the patient, since the EVs comes from the
donator.

EVs from stimulated blood cells and circulating plasm EVs were incubated with
NB4 at 10 uM for 30 minutes to allow its incorporation. After that, these EVs were
centrifuged to remove the solvent DMSO and resuspended in PBS for cell treatment
(EVs-NB4). The supernatant containing the non-incorporated NB4 was also tested
(SUPT-NB4). HEK293-ABCG2 cells were incubated for three and a half hours with
EVs containing NB4 (EVs-NB4) to allow the release of the drugs inside the cells and
with the supernatant containing NB4 (SUPT-NB4). As shown in figure 8, NB4 in DMSO
caused a partial inhibition, as observed in figures 2 and 3. Interestingly, both EVs from
stimulated blood cells and circulating plasma EVs efficiently incorporated and delivered
NB4 for target cells causing ABCG2 inhibition. In addition, the supernatant fraction
(SUPT-NB4) also inhibited ABCG2, suggesting that the NB4 was not completely
incorporated into EVs. In summary, these results demonstrate that this approach

based in the use of human EVs were capable of deliver NB4 inhibiting ABCG2.

SUPT-NB4
Circulating plasma EVs
EVs-NB4
SUPT-NB4+ EVs from stimulated
EVs-NB4- - blood cells
NB4-DMSO -

0 20 40 60 80 100 120
ABCG2 inhibition (%)

Fig. 8 - Delivery of NB4 using human EVs from stimulated blood cells and circulating plasm EVs. Ko143
at 1 yM was used as control (100 % of inhibition). NB4 in DMSO at 10 uM was also used as a control.
Human EVs were incubated with NB4 at 10 uM. Both fractions were tested, EVs containing NB4 (EVs-
NB4) and the supernatant containing the non-incorporated NB4 (SUPT-NB4). SUPT-NB4 condition was
used as a control for the incorporation of NB4 in the EVs. The transport activity was evaluated in
HEK293-ABCG2 cells using Hoechst 33342 as a substrate. Data represent mean +SD of three
independent experiments.

4 DISCUSSION
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The indeno[1,2-b]indole derivatives were initially described as human casein
kinase Il (CK2) inhibitors [16]. After, a series of indeno[1,2-b]indole-9,10-dione
derivatives were tested against ABCG2, showing promising results and demonstrating
that it was possible to convert, through suitable substitutions, indeno[1,2-b]indole
derivatives designed as CK2 inhibitors into potent ABCG2 inhibitors [12]. In addition to
ketonic indeno[1,2-b]indole derivatives, it was also demonstrated that phenolic and p-
quinonic derivatives also inhibited ABCG2 [13]. Recently, structural optimization of the
indeno[1,2-b]indole was synthesized and tested as ABCG2 inhibitors. The mechanism
of ABCG2 inhibition and the differences between compounds that produce a complete
versus partial inhibition of mitoxantrone transport were also studied for the best
compounds [14].

In this work, four new derivatives (Fig. 1) were initially tested against the three
most important transporters related to the MDR phenotype. Only the compound NB4
presented selectivity towards the ABCG2 transporter, showing no effect on P-gp and
MRP1 (Fig. 2). Other indeno[1,2-b]indole derivatives present similar behavior, such as
6a, that is also selective to ABCG2 [14]. In addition, NA16, AF95 and AF84 showed a
dual effect inhibiting ABCG2 and MRP1, without effect against P-gp (Fig. 2). This dual
effect was already reported for some ketonic, phenolic and p-quinonic derivatives
[13,14]. Interestingly, NA16 inhibited the three ABC transporters, consisting in the first
indeno[1,2-b]indole derivative that inhibit P-gp (Fig. 2) and can be considered a pan-
inhibitor.

The selectivity towards ABCG2 is a desirable feature considering the
perspective to future clinical trials [6], and this effect observed for NB4 can also be
found in other classes of compounds, including methoxy derivatives of stilbenes [11],
chalcones and analogs [10], chromones [9], and porphyrin derivatives [17]. Other
feature of ABCG2 inhibitors is the saturation effect. Some compounds cause a
complete inhibition and others produce a partial effect; thus, these compounds could
be divided in complete and partial inhibitors [6]. Kita and collaborators (2021) were the
first to characterize this complete and partial effect of inhibition for indeno[1,2-b]indole
derivatives. The partial inhibitor 6a presented 62% of maximum inhibition of
mitoxantrone efflux with ECso of 210 nM, while 5e presented 36% of maximum
inhibition and ECso of 150 nM [14]. Here, NB4 showed 55% of maximum inhibition with
an ECso of 162 nM (Fig. 3B), demonstrating that NB4 is similar to the best indeno[1,2-

blindole derivatives already reported.
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Another relevant issue regarding ABCG2 inhibitors is cytotoxicity. There are
no compounds yet in clinical trials due to their neurotoxicity, such as FTC[18,19] or
residual cytotoxicity, as observed with Ko143 [20]. Indeno[1,2-b]indole derivatives
appears as a promising class of ABCG2 inhibitors to overcome this challenge, since
some compounds presented very low to no cytotoxicity, including the derivatives 5e
and 6a, that showed |Gso values of 66 and > 100 uM, respectively [14]. NB4 presented
a non-cytotoxic effect even in a long-term assay with the use of high concentrations
(about 10-fold greater than the ICso value), with an 1Gso > 10 pM (the higher
concentration tested). This feature of NB4 makes this compound very promising to
follow in preclinical studies.

The indeno[1,2-b]lindole derivatives have been previously described as
compounds not transported by ABCG2 [14]. In this study, we examined the hypothesis
of transport mediated by ABCG2 through a cell viability assay using both the parental
and cells that overexpress ABCG2. Since NB4 was not cytotoxic at the highest
concentration tested (10 uM), additional techniques need to be applied to investigate
a possible transport mediated by ABCG2, since the use of this approach is based in
the comparison of the cytotoxic effect in different cells. However, the absence of
cytotoxicity is a positive feature for the development of a new inhibitor, that impacts
directly in the TR, that for NB4 was estimated to be > 62 for Hoechst 33342 and > 48
for Mitoxantrone. These values are promising, since they are higher than other ABCG2
inhibitors, such as porphyrin derivatives (TR around 10) [17].

In order to evaluate the compound's capacity to sensitize cells overexpressing
ABCG2 to an anticancer drug, a cell viability assay was made with the co-treatment of
the cells with NB4 at a saturating concentration (10 puM) and SN-38, the active
metabolite of Irinotecan. This result (Fig. 5) confirmed that NB4 chemosensitized the
cells overexpressing ABCG2, supporting the hypothesis previously identified that a
partial inhibitor is sufficient to completely abrogate a chemoresistant phenotype [14].

Generally, ABCG2 inhibitors increases the binding of the conformational-
sensitive antibody 5D3 to the extracellular loop of ABCG2, while substrates have little
either no effect, or even decreases the binding [21-23]. NB4 showed a similar effect
that other functional inhibitors, such as Ko143 and chromone 4a [24], thus suggesting
the occurrence of conformational changes on protein structure after the binding of NB4.
However, this finding opposes to other indeno[1,2-b]indole derivatives (e.g. 5e and 6a),
which did not had any effect on 5D3 binding [14].
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An interesting way to study the binding site of ABCG2 inhibitors is to perform
bimodulation assays, firstly used for study the interaction of stilbenes with ABCG2 [11].
This assay consists in the association of two ABCGZ2 inhibitors, however, it is
mandatory that one of them to be a partial inhibitor. This approach possibilities the
investigation of either additive or antagonist effects when two inhibitors are combined.
Previously, the association of two partial indeno[1,2-b]indole derivatives, 5e and 6a,
showed an antagonist effect, decreasing the inhibition effect when compared to the
use of these compounds alone [14]. Here, a bimodulation assay was performed using
different classes of compounds. Interestingly, the association of NB4 with other
inhibitors did not cause significant effect on ABCG2 inhibition, even when NB4 was
used with other indeno[1,2-b]indole derivative that partially inhibit ABCG2 (Fig. 5).

Finally, most ABCG2 inhibitors present low water solubility imposing difficulties
for preclinical tests [24,25], and restricting their delivery and passage through
physiological barriers, such as the solid tumor barrier [26]. Thus, to overcome these
challenges related with hydrophobic ABC transporter inhibitors, an innovative drug
delivery approach based on EVs has been recently described [24]. For the first time
was described that human EVs can incorporate and deliver ABCG2 and P-gp inhibitors
for target cells [24]. Here, the same approach was successfully applied with the
indenol[1,2-blindole derivative NB4, demonstrating that human EVs are promising
vehicles for delivering inhibitors targeting membrane proteins. Particularly noteworthy
are plasma-circulating EVs, which offer the distinct advantage of being readily and

rapidly obtainable [24].

5 CONCLUSION

The indeno[1,2-b]indole derivative named as NB4 is a promising selective and
non-cytotoxic ABCG2 inhibitor. Also, the characterization of the mechanism of
inhibition increased the current knowledge about the drug design and development of
ABCG2 inhibitors based on indeno[1,2-blindole core structure. Finally, the
incorporation and delivery of NB4 using human EVs makes this compound very

attractive for further preclinical studies.
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