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RESUMO GERAL

As proteinas ABC (ATP-binding cassete) sdo ATPases inespecificas localizadas na
membrana celular de diferentes tecidos animais, sendo reconhecidas primordialmente por
realizar o efluxo de xenobidticos e produtos do metabolismo celular modulando assim
concentragdo de toxinas intracelulares nos organismos. Ao acoplar a energia da hidrélise
do ATP, as ABC transportam uma grande variedade de substancias citotdxicas do citosol
para o meio extracelular. No que corresponde a sua caracteriza¢do, dados concisos acerca
da expressao génica e proteica, localizagdao e funcao elucidam parte do conhecimento
sobre a biologia destes transportadores, entretanto, a via de sinalizacdo que regula a
ativacao permanece em debate. Este trabalho teve por objetivo avaliar se as oscilagdes do
ion célcio (Ca**) e o aumento de atividade das proteinas cinases dependentes de calcio
(cPKC) participam da ativacdo dos transportadores ABC na linhagem ZF-L (hepatdcitos
de zebrafish). As células foram expostas a condi¢des de baixa disponibilidade de Ca**
intracelular (Dantrolene 10mM e Bapta-AM 5uM), zero cdlcio no meio extracelular
(meio livre de Ca** com EGTA), alta disponibilidade intracelular de Ca®" (Cafeina
20mM) e incremento da ativagdo das cPKC (PMA 200mM) avaliando-se a atividade de
efluxo das ABC em cada condi¢ao experimental. O efluxo das ABCs foi mensurado
através do ensaio com Rodamina B S5uM. As condigdes experimentais que apresentaram
as maiores taxas de efluxo foram observadas durante a alta disponibilidade de célcio e
ativagdo de cPKC, sugerindo que o aumento da disponibilidade intracelular de Ca**
estarelacionada com o aumento na atividade de efluxo dos transportadores ABC,
apontando a fosforilacdo via cPKC como possivel constituinte da via de sinalizagdo de

ativacdo das ABC na linhagem ZF-L.

PALAVRAS-CHAVE: ATPases, defesa celular, hepatocito, MXR, sinalizacio
celular, ZF-L



ABSTRACT

ABC (ATP-Binding Cassette) proteins are nonspecific acting in the cell membrane of
different animal tissues, being recognized primarily by performing the eflux of
xenobiotics and products of the cellular metabolism thus modulating concentration of
intracellular toxins in the organisms. By coupling the energy from ATP hydrolysis, ABCs
carry a wide variety of cytotoxic substances from cytosol to the extracellular medium. As
regards its characterization, concise data on gene and protein expression, location and
function elucidate part of the knowledge about the biology of these carriers, however, the
signaling route that regulates the activation remains in dispute. The objective of this work
was to assess whether calcium oscillations (CA2 +) and the increase of activity of
calcium-dependent kinases (cPKC) proteins participate in the activation of ABC
conveyors in ZF-L lineage (zebrafish hepatocytes). Cells were exposed to conditions of
low availability of intracellular CA2 + (Dantrolene 10mm and Bapta-AM 5um), zero
calcium in the extracellular medium (free Ca2 + medium with EGTA), high intracellular
availability of Ca2 + (Caffeine 20mm) and increased activation cPKC (PMA 200mm)
evaluating the efflux activity of ABCs in each experimental condition. ABCS efflux was
measured by testing with Rodamine B Spum. The experimental conditions that presented
the highest efflux rates were observed during the high availability of calcium and cPKC
activation, suggesting that increased intracellular availability of CA2 + sterily with the
increase in the efflux activity of ABC conveyors, pointing to phosphorylation via cPKC

as Possible constituent of the ABC activation signaling pathway in the ZF-L lineage.

Keywords: ATPASES, cellular defense, hepatocyte, MXR, cell signage, ZF-L



INTRODUCAO GERAL

SUPERFAMILIA DE PROTEINAS ABC ATP BINDING CASSETE:
ESTRUTURA, FUNCAO E SINALIZACAO

Existir como ser vivo no planeta terra ¢ um encargo que exige dos organismos
uma infinidade de fungdes fisioldgicas complexas, ordenadas e distintas. A manutencao
da vida que ocorre entre o nascimento € a morte de um organismo ¢ marcada por uma
série de etapas que contemplam, em linhas gerais, a prote¢do e a perpetuagao das espécies.
A nivel celular, a evolucdo da vida na terra exigiu que todas as células desenvolvessem
mecanismos para, incessantemente, sentir e responder as mudancas em seu ambiente
quimico interno e externo como requisito crucial para a sobrevivéncia em condigdes

desfavoraveis (Efferth and Volm, 2017).

A refinada maquinaria celular dispde de elementos para que as células eucarioticas
executem as fungdes necessarias a sua sobrevivéncia. A bicamada lipidica que compde a
membrana plasmatica, além de fornecer delimita¢do espacial, local de ancoragem de
proteinas celulares, é uma barreira para absor¢ao, distribui¢ao e elimina¢do de compostos
indesejaveis ao ambiente celular. Quando as células sdo expostas a substancias
citotoxicas, sejam elas endogenas ou nao, faz-se necessario que mecanismos de defesa

celular sejam ativados e estas substancias removidas do citosol (Higgins e Lington 2004).

Ao atravessar a membrana plasmatica, os xenobioticos ou os produtos endogenos
do metabolismo celular podem ser direcionados a uma via de desintoxicagdo, a fim de
serem eliminados do ambiente celular por meio da biotransformagdo ou até mesmo serem
eliminados sem sofrer alteracdes quimicas através de proteinas transportadoras (Bard,
2000). Em sintese, a biotransformacdo consiste em um processo mediado por reacdes
enzimaticas que alteram quimicamente os xenobioticos, tornando-os polar e soluvel em
agua, possibilitando assim a desintoxica¢do e elimina¢do do composto. Todavia, a
biotransformacao nao ¢ o mecanismo unico da desintoxica¢ao celular. Outro mecanismo
relevante de defesa celular consiste no efluxo de xenobidticos realizado pelos

transportadores ABC (Lopes et al., 2018).

Os transportadores ABC (ATP-binding cassete) pertencem a uma superfamilia de
proteinas de membrana identificados em diferentes organismos, que vao de bactérias a
vertebrados. Ao realizar o efluxo de xenobidticos e produtos do metabolismo celular, as

ABCs modulam, desta forma, concentragao de toxinas intracelulares nos organismos
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(Caminada et al., 2008). Fortes evidéncias bioquimicas sustentam que essas proteinas
acoplam a energia de hidrélise do ATP ao transporte de uma grande variedade de
substancias, atuando como verdadeiras bombas de efluxo ao retirar do citosol uma série
de compostos citotdxicos e ndo correlacionados quimicamente entre si (Riordan and Ling,

1979; Dean and Annilo, 2005).

Tendo seus genes conservados e sendo expressos a nivel fisiologico em diferentes
tecidos (figura 1) com fungdo de trocas, (barreira hematoencefalica, barreira testicular,
intestino, rins, e figado, por exemplo), as ABCs desempenham um importante papel, a
priori, protetivo (Borst and Schinkel, 1997). Além disso, um aumento na expressao desses
transportadores, observado em células cancerigenas, confere o fenoétipo de resisténcia a
multiplas drogas (MDR) e em tecidos de animais expostos a intensa polui¢cdo ambiental,
confere o fendtipo de resisténcia a multiplos xenobioticos (MXR) (Kurelec, 1992; Jeong

et.al., 2017).

Figura 1: Locais de expressdo das ABCs usando peixe teledsteo como exemplo: vias
renais (1); hepaticas e biliares (2); intestino (3); capilares endoteliais que constituem a barreira

cerebral (4) (Adaptado de Luckenbach et al., 2014).

As proteinas da superfamila ABC estao divididos em 6 subfamilias de acordo com
similaridade de sequéncia de seus dominios de ligagao de nucleotideos: ABCA-ABCD,
ABCG e ABCH (Luckenbach et al., 2014). Estruturalmente, essas proteinas apresentam
um “Nucleo ABC” que contém dois dominios de abrangéncia de membrana TMDs
(transmembrane domain) e dois dominios citoplasmaticos NBDs (nucleotide binding

domain) que sdo conectados por al¢as intracelulares, como ilustrado na figura 2. Os
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transportadores podem existir também como heterodimeros de transportadores "curtos"
ou transportadores ABC "longos", que contém um extensdo N-terminal adicional

(Wilkens, 2015).

Os dominios hidrofébicos TMD consistem em alfa-hélices que atravessam e
ancoram a proteina na membrana celular formando um “local de passagem”, o qual o
substrato se liga e ¢ transportado. Ja os dominios hidrofilicos de ligagdo a nucleotideos
(NDB), possuem suas estruturas voltadas para a parte citoplasmatica, formando um
compartimento molecular onde ocorre a hidrolise do ATP (adenosina trifosfato) (Miller,

2010).

membrana plasmatica

Figura 2: Estrutura espacial dos transportadores ABC (ABCB1) na membrana plasmatica
evidenciando os dominios NBD, que realizam a hidrélise do ATP e os dominios TMD, ancorados
na regido transmembrana onde ocorre a formagdo do “local de passagem™ ¢ o transporte do

substrato. (Adaptado de Paolini et al., 2015)

Os substratos que as ABCs transportam sd3o inespecificos e variados,
compartilhando entre si apenas algumas similaridades fisicas como: hidrofobicidade
moderada, baixo peso molecular e dominios carregados positivamente (catidénicos) ou
neutros (Luckenbach et al., 2014). Por outro lado, substancias quimicas como alguns
farmacos tem potencial para inibir a atividade de efluxo das ABC, num processo

conhecido como quimiossensibilizagdo (figura 3). A quimiossensibiliza¢do pode ser uma




ferramenta em estudos in vitro e pode também ocorrer “naturalmente”, quando os animais
sdo expostos a polui¢do ambiental, uma vez que muitos poluentes sdo, a0 mesmo tempo,

agentes quimiossensibilizantes das ABCs.

Do ponto de vista ecotoxicologico, a quimiossensibilizacdo pode ocorrer por meio
de agentes toxicos ambientais de origem natural ou antropogénica nos organismos. A
modulagdo da atividade das ABCs nestes animais tende a ser nociva pois, ao inibir o
efluxo, as células ficam expostas a substancias que seriam normalmente excluidas do
ambiente celular e, para sobreviver em ambientes poluidos, os organismos requerem
ABCs funcionais (Epel et al., 2008). Apesar da classificacdo das substancias quimicas em
substrato ou inibidor da atividade de efluxo, essas duas categorias ndo sdo excludentes,
uma vez que alguns compostos classificados como inibidores sdo, na verdade, substratos
das ABCs e a inibi¢do da atividade ocorre por competi¢do entre os substratos (Sharom,

1997).

< .

Ilr\.\\\\ﬂ

..‘“' il *"."..:':..iﬁxhqn‘-,‘n,
P TLLLLAAA - $

# Substrato = Agente A Agente
quimiossensibilizante "A” quimiossensibilizante "B"

Figura 3: Representacdo esquematica do processo de quimiossensibilizagdo dos
transportadores ABC. A esquerda estd representado o bloqueio do efluxo do transportador ABC
por inibicio competitiva do quimiossensibilizante “A” com o substrato. A direita esta
representado a inibi¢do do transportador ABC por interag@o direta com quimissensibilizante “B”,
impedindo a atividade de transporte. A consequéncia de ambas situacdes ¢ o acuimulo do substrato

(xenobiotico) no citosol (Adaptado de Thomas e Coley, 2003)

Inicialmente identificados em cé€lulas tumorais resistentes a quimioterapia
farmacologica na década de 70, os transportadores ABC sdao extensivamente estudados,

sobretudo quanto a sua expressdo génica e funcionamento em diferentes organismos e
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modelos celulares (Ambudkar et al., 1999; Mealey e Fidel, 2015; Jaramillo et al., 2018).
Ainda que atualmente saiba-se muito sobre a fun¢do das ABCs, a regulagdo da funcao
transportadora destas proteinas no nivel pos-traducional permanece em disputa, gerando

uma lacuna critica na nossa compreensao acerca da biologia destes transportadores.

No campo das ciéncias médicas, os estudos concentram-se em contornar o
fenotipo MDR através da modulagcdo da atividade das ABCs em estudos in vitro. A
abordagem mais comum nestes estudos consiste em co-administrar farmacos
bloqueadores da atividade de efluxo das ABCs associados a drogas anticancer,
objetivando aumentar a concentracdo intracelular dos quimioterapicos em células MDR
(Fletcher et al., 2016). Alguns estudos em células com esta abordagem utilizam farmacos
da classe dos bloqueadores dos canais de calcio, enquanto inibidores das ABCs
(verapamil, diltiazem, galopamil, flunarizina, nimodipidino e nifedipidina), sendo o

verapamil farmaco mais extensamente aplicado (Barancik et al., 1994; Muzi et al., 2009).

Farmacos bloqueadores dos canais de calcio, em sua maioria, interagem
diretamente com os transportadores na forma de substrato e inibem as ABCs por meio da
inibi¢do competitiva (Thomas e Coley, 2003; Gupta et al., 2020). Entretanto, apesar do
bloqueio da atividade de efluxo das ABCs ocorrer por mecanismos distintos do seu
proposito terapéutico, € presumivel que ocorra, paralelamente, alteragdes na homeostase
do célcio intracelular. Com base nisto, uma questdo pode ser levantada: existe relagdo

entre as oscilacgoes transitorias do ion calcio e a via de sinalizacao de ativagao das ABCs?

ION CALCIO

Bivalente, o ion célcio ionizado estd presente na composi¢do elementar dos
sistemas bioldgicos, (em torno de 2mM na concentragdo extracelular e 100nM na
concentragdo intracelular) atuando como segundo mensageiro em processos celulares
como fecundagdo, mitose, remodelacdo de organelas, crescimento, neurotransmissao,
contracdo muscular e morte celular, sendo o ion mais fortemente regulado em todos os

organismos (Clapham, 2007).

Por ser capaz de desencadear uma gama de respostas celulares, sua
disponibilidade no citosol ¢ regulada por um controle fino dos picos (elevacao transitoria

da concentracdo citoplasmatica) e, ao contrario de moléculas complexas, o calcio nao
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pode ser quimicamente modificado. Assim, para que as células exercam controle sobre
este ion e suas interacdes, estas devem ser capazes de: quelar, compartimentar ou realizar

a extrusdo de maneira rapida e eficiente (Berridge et al., 2000).

As proteinas carreadoras e canais de calcio localizadas na membrana plasmatica
e na membrana das organelas atuam fortemente neste processo regulatorio. Em linhas
gerais, a indugdo do influxo de calcio extracelular para o citosol ¢ um modulador
importante da dindmica do célcio e ¢ realizado pelos canais de calcio voltagem
dependente (CaV), canais acionados por receptor (ROCC), canais operados por
armazenamento (SOCC) e canais operados por ligante, particularmente importantes na
sinalizacdo neuronal (Karlstad et al., 2012). A extrusdo do cdalcio para o espaco
extracelular é mediada pelo trocador Na+/Ca’+ e pela Ca’+ ATPase (PMCA) da

membrana plasmatica (Clapham, 2007).

O reticulo endoplasmdtico (RE) ¢ uma organela presente em todas as células
eucaridticas dotado de canais especializados no transporte de calcio, divididos em duas
familias: os receptores de inositol 1,4,5-trifosfato (InsP3Rs) e os receptores de rianodina
(RyRs). Tantos os InsP3Rs quanto os RyRs formam grandes estruturas oligoméricas por
associacdo de suas quatro subunidades. As estruturas dos InsP3Rs e RyRs apresentam
grande homologia de sequéncia geral, particularmente nas regides de origem dos poros
dos canais, entretanto, o significado das formas heterométricas ndo ¢ bem compreendido

(Ge and Mp, 2011).

Além da sua funcdo de sintese, modificagcdo e armazenamento de proteinas, o RE
possui uma alta capacidade de estocar calcio intracelular em altas concentragdes, que o
torna de extrema importancia enquanto mediador de processos celulares que envolvem
calcio (figura 5), como as vias de sinalizacdo que coordenam as func¢des de proteinas
intracelulares (Marchi et al.,, 2018). Assim como o RE, outras organelas como
mitocondria e aparelho de Golgi sdo descritos pela capacidade de estocar calcio em
células, variando a sua atuagdo/importancia de acordo com o tipo celular (Urabe et al.,

2020).
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Figura 4: representacdo dos canais, bombas e receptores envolvidos na regulagdo do célcio
citoplasmatco presentes na membrana plasmatica e na membrana do reticulo endoplasmatico.

RYR: receptor de rianodina; IP3R: receptore de IP3, CIRC: liberagdo de calcio induzida por calcio

Acessada em 15/10/2021 (https://www.gratispng.com/baixar/sinaliza%C3%A7%C3%A30-
celular.html). Adaptado pela autora.

FOSFORILACAO VIA PROTEINAS CINASES

Sob outra perspectiva, porém ainda considerando a presenca e a dependéncia do
ion célcio, discute-se o papel das proteinas cinases convencionais — dependentes de calcio
— cPKC na ativagdo das ABC (Tsuruoka et al., 2001). As proteinas cinases sdo enzimas
que catalisam a fosforilagdo de proteinas por meio da transferéncia de um grupo fosfato
de ATP ou GTP para residuos de tirosina (Tyr), treonina (Thr) e serina (Ser) produzindo
uma mudanga conformacional ou de carga na proteina fosforilada, coordenando assim a

sua fungdo bioldgica (Stolarczyk et al., 2010).

Dentre os mecanismos poés-traducionais de regulacdo, a fosforilacdo ¢ um dos
mais frequentemente utilizado no ambiente celular e fornece um mecanismo altamente
eficiente para o controle da atividade de proteinas envolvidas em um ampla gama de
fungdes biologicas (Slatter et al., 2005). A disponibilidade de ATP como fonte energética
bem como e a facilidade de reversibilidade da fosforilagao sdo, provavelmente, as razdes

pelas quais as células adotaram tdo extensivamente este mecanismo regulatorio. Logo, a
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fosforilagdo fornece as células uma maneira rapida, eficaz e com baixo custo energético

para promover a sua regulacao (Silva et al., 2009).

A familia PKC de mamiferos, representada esquematicamente na figura 5,
compreende 10 isoenzimas agrupadas em trés classes: (1) PKCs “convencionais” ou
“classicos” (cPKCs) que sdo compostos de PKCa, duas variantes de splicing de PKCp
(PKCBI e PKCBII) e PKCy; (2) “novos” PKCs (nPKCs), um grupo que inclui PKCo,
PKCe, PKCn e PKCBO; e (3) PKCs “atipicas” (aPKCs) { e 1/ A (PKCt) € encontrado apenas
em primatas ¢ PKCA ¢ o seu homologo de rato). Em teledsteos como o zebrafish, estas
isoenzimas sdo identificadas de maneira equivalente em diferentes células incluindo o

tecido hepatico (Slatter et al., 2005).

Isoenzima Regulatério Catalitico Ligantes
BKCs classicas PS.CIA C1B  c2 AlgadeAtivagio” "MotivoVoli® DAG  Ca2* PMA
e — ey — ! i + o+

e ¥ Motivo Hidrofobico”

PKCs novas C2novo

++ -

(5,€,m,e0) - ] i tt
PKCs atipicas PB1 C1atipico E

(PKCE e A/ HE ] Mm - - -

Figura 5: representagdo esquematica das estruturas de dominios e responsividade ao
ligante das isoenzimas da PKC. A por¢ao N-terminal contém os seguintes dominios regulatoérios:
pseudo-substrato autoinibitorio “PS” (verde); dominios C1 (laranja) que ligam ao diacilglicerol
(DAG) ou ao éster de forbol (PMA); dominio C2 (amarelo) que liga-se ao calcio; Dominio C1
ou PB1 nas aPKCs (responsavel pela interagdo proteina-proteina). A por¢do C-terminal contém o
dominio catalitico (azul): “alga de ativagdo”; “motivo volta” e “motivo hidrofobico (sitios de
fosforilagdo que estabilizam as PKCs); cauda da porgdo terminal C (E). Os cofatores requeridos

para a ativacdo de cada subfamilia, juntamente com suas afinidades relativas sdo indicados a

direita. (Adaptado de Wu-Zhang & Newton, 2013)

Estudos anteriores sustentam que a ativa¢do da PKC pode atuar em diferentes
pontos na regulacao dos transportadores ABC, como por exemplo, controle da expressao
génica, processo de inser¢ao ou internalizagdo de membrana e estado de fosforilagcao dos
transportadores (Mayati et al., 2017). Entretanto, os estudos que apoiam o papel da

fosforilagdo por PKC dependentes de célcio no processo regulatério dos transportadores
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ABC sao, predominantemente realizados em linhagens de células tumorais (Fine et al.,
1988; Lelong-Rebel and Cardarelli, 2005). Todavia, alguns pontos relacionados a
sinalizacdo sdo passiveis de extrapolagdo para outros tipos celulares, como a linhagem

ZF-L.

Tendo em vista, portanto, os dados disponiveis na literatura cientifica até o
presente momento e correlacionando os achados, ¢ admissivel abordar a modulagao da
atividade das ABCs sob outro viés. Sem considerar a superexpressdo encontrada nos
fenotipos MDR e MXR, a abordagem deste trabalho busca investigar se oscilagcdes
transitorias do ion calcio nos meios intracelular e extracelular, bem como o incremento
na ativagdo da PKC dependente de calcio participam da via de sinalizagdo que modula a

atividade de efluxo dos transportadores ABC expressos em hepatocitos de zebrafish.

MODELO EXPERIMENTAL: LINHAGEM ZF-L

As linhagens celulares estabelecidas sdo amplamente utilizadas em estudos in
vitro nas areas de fisiologia celular, toxicologia e biomedicina, oferecendo um valioso
modelo experimental. Em consonédncia com os objetivos, a linhagem ZF-L foi escolhida
como modelo experimental pois atendia aos requisitos necessarios para a realizagao deste

estudo, sendo a expressdo fisiologica das ABCs na membrana celular o mais importante.

O figado ¢ principal 6rgdo responsavel pela biotransformacdo e desintoxicagdo de
vertebrados em geral, incluindo o zebrafish. Os hepatocitos sao, portanto, células munidas
de componentes de defesa celular, como os transportadores ABC e supde-se, sobretudo,
que a linhagem ZF-L possui expressdo génica semelhante a in vivo (Eide et al., 2014;

Luckenbach et al., 2014).

OBJETIVO

O presente estudo teve por objetivo avaliar a participac¢do e/ou dependéncia do ion
calcio e das proteinas cinases dependentes de célcio na ativagdo das proteinas ABC

expressas a nivel fisioldgico na membrana celular de hepatdcitos de zebrafish.
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Abstract

Membrane transport proteins belonging to the ABC superfamily (ATP-binding cassette)
are nonspecific ATPases located in the cell membrane, primarily recognized for extrusion
of xenobiotics and modulating the concentration of intracellular toxins in organisms that
live in polluted environments. This study aimed to evaluate whether by promoting
variations in intracellular and extracellular calcium concentration and also increased
activity of calcium-dependent protein kinases (cPKC) would alter the level of efflux
activity of ABC transporters in the hepatocyte lineage ZF- L. Thus, the cells were exposed
to experimental conditions of low and high availability of calcium and cPKC activation.
The efflux rate was measured using the Rhodamine B assay. Experimental conditions that
showed a significant increase in efflux rates were observed during high calcium
availability and cPKC activation, suggesting that the increased intracellular availability
of Ca’+ is related to the increased activity level of ABC transporters, indicating
phosphorylation via PKC as a possible constituent of the ABC activation signaling
pathway.

KEYWORDS: ATPases, cell defense, hepatocyte, MXR, cell signaling, ZF-L

Introduction

ABC transporters (ATP-binding cassette) are nonspecific ATPases located in the
plasma membrane of cells in different organisms, primarily recognized for extrusion of
xenobiotics and modulating the concentration of intracellular toxins (Caminada et al.,
2008). Having their genes conserved and being expressed at a physiological level in
tissues with barrier function (Borst and Schinkel, 1997), ABC transporters are also the
basis of multixenobiotic resistance (MXR) phenotypes observed in animals exposed to
environmental pollution and the multidrug resistance (MDR) phenotype present in tumor

cells (Riordan and Ling, 1979; Bard 2000).

As the function of ABC is of interest in different areas due to the pharmacological
and environmental context, efforts have been made over the years to better understand
the biology of these transporters. Concise data on gene expression, protein conformation
and function of these proteins are described in the literature (Germann, 1993; Cornwall

et al., 1995; Dean and Annilo, 2005), however, the signaling pathway that modulates the
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efflux activity of these proteins it remains, in part, unknown. Strong biochemical evidence
supports that these proteins couple ATP hydrolysis energy to the efflux of xenobiotic
substances against a concentration gradient (Davidson, 2002; Ferreira et al., 2014),

however, the post-translational regulatory mechanism of this activity remains in dispute.

Pharmacological studies aimed at reversing the MDR phenotype seek by blocking
the efflux activity of ABC means to circumvent resistance to chemotherapy drugs
(Thomas and Coley, 2003). An important strategy in in vitro studies is the use of calcium
channel blockers, such as verapamil, diltiazem, gallopamil, flunarizine, nimodipidino and
nifedipidine. These agents promote the inhibition of efflux activity by directly interacting

with the ABCs, mainly in the form of substrates (Barancik et al., 1994; German, 1996).

Although these calcium channel blockers promote the inhibition of ABCs by
mechanisms other than their pharmacological purpose, it is admissible to consider that
the calcium ion acts at some point in the activation signaling pathway of these
transporters, conjecturing that the calcium channel block is simultaneous the inactivation

of ABC.

From another investigative perspective, but still considering the presence of
calcium, the role of conventional protein kinases — calcium dependent — ¢ PKC in the
activation of ABC is discussed (Bates et al., 1993; Tsuruoka et al., 2001). Protein kinases
are enzymes that catalyze the phosphorylation of proteins by transferring a phosphate
group from ATP or GTP to tyrosine (Tyr), threonine (Thr) and serine (Ser) residues
producing a conformational or charge change in the phosphorylated proteins, thus

modulating their biological function (Slatter et al., 2005; Stolarczyk et al., 2010).

Most ABC proteins have phosphorylation sites for PKC and it was observed that
the increase in efflux activity is related to the phosphorylation status of ABC in different
cell lines (Stolarczyk et al., 2010). However, it is still unclear how phosphorylation relates

to the transporter function (Fine et al., 1988; Mayati et al., 2017).

Whether from the perspective of reversing the MDR phenotype or from an
ecotoxicological point of view, elucidating the mechanisms behind the modulation of the
activity of ABC transporters will improve the understanding of cell detoxification,
therefore, the present study aims to assess the participation of calcium and of cPKC in the

activation of ABC transporters expressed in zebrafish hepatocytes.
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Materials and methods

Cell culture

In the present study, established cultures of zebrafish hepatocytes (ZF-L) (Ghosh
et.al 1994), obtained from the American Collection — American Type culture collection
(ATCC) and deposited at the Cell Bank of Rio de Janeiro — UFRIJ, were used. The cells
were kept in cell culture flasks at 28°C with the addition of culture medium [40% RPMI
1640 medium, 50% L15 medium, supplemented with sodium bicarbonate (0.2g/L), L-
glutamine (0.3g/ L) HEPES (25mM), 10% fetal bovine serum and 1% antibiotic and
antimycotic Penicillin (100U/mL) Streptomycin (100mg/mL) and Amphotericin B
(0.25mg/mL)]. Hepatocytes were spiked from 1 to 2 times a week and it was allowed to
set up experiments with cells that had been spiked between 5 and 25 times (Witek et al.,
2016).

To set up the experiments in a 96-well plate, the cells were previously evaluated
for their viability using the trypan blue exclusion method (0.08%). The bottles (cell
population) were considered viable when they contained 95% of healthy cells.
Hepatocytes were seeded in a 96-well plate at a concentration of 2x10° cells/ml and the
time of cell adhesion and complete confluence was up to 48h. From 4 to 19 independent

experiments were carried out, with 5 replicates each.
ABC activity

The activity of ABC proteins was evaluated through the efflux assay with
Rhodamine B (ABC substrate) (Kurelec et al., 2000). In a 96-well plate, the cells were
incubated with the fluorescent Rhodamine B 5uM diluted in PBS (phosphate buffered
saline — NaCl, KCIl, HK;PO4, Na,HPOg4; Sigma, Aldrich) enriched with calcium and
magnesium, for 1h at 28°C. After the incubation time, the cells were washed twice with
PBS and the efflux solution (Ca*" - free PBS) was added with the different treatments for
1h.

After an efflux time of 1h for all conditions, the supernatant was transferred to an
opaque 96-well plate and taken for analysis in a spectrofluorimeter (FilterMax F5 Multi-
Mode Microplate Reader) with 485 nm excitation and 590 nm emission, being the

fluorescence intensity measured in arbitrary units and expressed in percentage values.
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Experimental conditions

To analyze the participation of calcium and PKC in the ABC activation
mechanism, the cells were subjected to experimental conditions of supposed
modifications in the cytosolic and extracellular calcium concentration, using chemical

agents acting on different cellular targets.
Assessment for calcium dependence

The experimental conditions sought to promote changes in calcium concentration
in order to increase or decrease the availability of this ion during the efflux of Rhodamine

B by ABCs.

Experimental condition Calcium Zero: this experimental condition aimed to reduce the

availability of calcium in the extracellular environment. After incubation with S5uM
Rhodamine B, the cells were washed twice with PBS and then the treatment groups were
exposed to the efflux solution composed of PBS and 1mM EGTA (Ethylene glycol-bis
(2-aminoethyl ether) -N, N, N ', N'-tetraacetic acid) for 1h.

Experimental condition 10mM Dantrolene: in this experimental condition, an attempt was

made to decrease the intracellular calcium concentration by blocking the ryanodine
channels present in the endoplasmic reticulum (Charles et al., 1993). After incubation
with 5uM Rhodamine B, the cells were washed twice with PBS and then the efflux
solution composed of PBS and 10mM Dantrolene was added for 1h.

Experimental condition Bapta-AM 5 uM: in this experimental condition, an attempt was

made to decrease the intracellular calcium concentration through the use of a calcium
chelator Bapta-AM 5 uM (Collatz et al., 1997). After incubation with SuM Rhodamine
B, the cells were washed twice with PBS and then the treatment groups were exposed to

the efflux solution composed of PBS and 5uM Bapta-AM for 1h.

Experimental condition Caffeine 20mM: to promote increased intracellular availability

of calcium, 20mM Caffeine was used. Caffeine is a chemical agent capable of binding to
endoplasmic reticulum ryanodine receptors and effecting massive release of calcium into
the cytosol (Osada et al., 1994). After incubation with SuM Rhodamine B, cells were
washed twice with PBS and then treatment groups were exposed to the efflux solution

composed of PBS and 20mM Caffeine for 1h.
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Evaluation regarding PKC activation

Experimental condition PMA 200mM: PMA is an agent that binds PKC (calcium-

dependent) and promotes their activation independent of the calcium ion (Blobe et al.,
1993; Tsuruoka et al., 2001). To promote PKC activation, the groups were exposed to
200mM of PMA (Phorbol 12-myristate 13-acetate) for 1h during the incubation phase
with Rhodamine B 5uM and for another 1h during the efflux phase, in a solution
composed of PBS and PMA 200mM.

In the experimental conditions where the chemical agents were soluble in water
(Zero Calcium, Caffeine 20mM and PMA 200mM), the efflux solution of the negative
control groups was composed of PBS enriched with calcium and magnesium. The
controls of conditions whose chemical agents used 0.01% DMSO as solvent (Bapta-AM
and Dantrolene) used, in addition to the negative control, a control with the vehicle
composed of PBS, 1 mM EGTA and 0.001% DMSO. The fluorescence values obtained
in the negative controls and in the DMSO control showed no statistical difference
(Guidony et.al. 2021), that is, DMSO does not interfere with the efflux activity of the
ABCs.

* All chemicals were purchased from Sigma, Aldrich, St. Louis, MO, USA.
Statistical analysis

For all results, the mean and standard error of the mean for making the graphs
(X+SE) were calculated. The results were submitted to ANOVA (one-way analysis of

variance) or the t test, being used as significant values p< 0.05.
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Results
Calcium dependency

Cells exposed to 20 mM Caffeine showed a significant 68% increase in ABC efflux (P=
0.001; n=9) compared to control (100%), represented in Figure 1.
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Figure 1: Rhodamine B efflux (% fluorescence) as indicative of ABC protein activity in zebrafish
hepatocytes. The bars represent the means (=SE) of the fluorescence intensity of Rhodamine B
released (at the end of 1h) by cells exposed to Caffeine (20mM), values are expressed as a

percentage (%) in relation to the control (100%). * indicates significant difference (p< 0.05)

between groups

Figure 2 shows the efflux of ABC in cells exposed to conditions of low availability
of extracellular (Zero calcium) and intracellular (Bapta-AM and Dantrolene) calcium. We
observed that under the conditions Zero calcium (P=0.129; n=19) (fig 2A), Dantrolene
(P=0.831; n=13) (fig 2B) and Bapta-AM (P=0.861; n=7) (fig 2C) there was no significant

difference in relation to the efflux of Rhodamine B from control cells (100%)

g
=

1501

- 1501
3 3 Control 9 3 Control
> 3 Calcium free = 3 DMSO Control
= s
b — =
% 1004 == = g 100- T T B Dantrolene 10 mM
2 2
s H
8 50 & 50
@ §
(] -
= I
5] 3
=2 [
. 0 y g Conltrol DNSO :::entrol Dantrolene 10 mM
Control Calcium free

23



150+
3 Control

3 DMSO Control

1004 =B Bapta-AIVI 5|.I|V|

HH

Hi

50

Fluorescence intensitiy (%)

=]

Control  DMSO Control Bapta-AM 5yl

Figure 2: Rhodamine B efflux (% fluorescence) as indicative of ABC protein activity in zebrafish
hepatocytes. The bars represent the means (=SE) of the fluorescence intensity of Rhodamine B
released (at the end of 1h) by the cells exposed to the experimental conditions, the values are
expressed as a percentage (%) in relation to the control (100%). Figure A shows the result of cell
efflux in the Zero Calcium condition; Figure B shows the result of cells in the Dantrolene
condition; Figure C shows the result of the Batta-AM condition. Figures B and C also show the
control with the solvent (DMSO 0.01%) used with Dantrolene and Batta-AM

PKC Activation

In cells exposed to 200mM PMA, there is a significant increase of 33% in the
efflux activity of ABC proteins (P=0.040; n=4) compared to control (100%), as shown in

Figure 3.
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Figure 3: Rhodamine B efflux (% fluorescence) as indicative of ABC protein activity in zebrafish
hepatocytes. The bars represent the means (+=SE) of the fluorescence intensity of Rhodamine B
released (at the end of 1h) by cells exposed to PMA (200mM), values are expressed as a

percentage (%) in relation to the control (100%). * indicates significant difference (p< 0.05)

between groups.
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Discussion

The present study was conducted based on the hypothesis that there is a correlation
between the availability of calcium and the level of activity of ABC. An attempt was
made to promote experimental conditions where cells of the ZF-L lineage underwent
“transient” calcium changes and, simultaneously, the efflux activity of these pumps was

evaluated.

Calcium signaling patterns vary as a function of time and cell location. To trigger
short-term responses such as signaling in transport proteins, transient variations of this
ion are sufficient for the message to travel through the cellular environment (Berridge et
al., 2000). However, this is only possible if there is an influx of calcium from the
extracellular environment through channels (or carrier proteins) and/or from the release

by the stock organelles (Stutzmann and Mattson, 2011).

Ryanodine receptors (RYR) are calcium channels present in the membrane of the
endoplasmic reticulum that support a wide variety of calcium signaling events and have
calcium itself as a fundamental requirement for the serial activation of other similar
channels in the organelle, although other compounds can modulate this release
(Stutzmann and Mattson, 2011). Caffeine is a molecule widely used in in vitro studies
due to its ability to promote an increase in the cytoplasmic level of calcium through the
modulation (activation) of RYRs, as described by Kong and collaborators (2008) in the
HEK-293 lineage (human embryonic kidney cells). Such calcium release in response to
the presence of Caffeine has also been described in dorsal root ganglion neurons of rats
(Usachev et al., 1993), cells of the HelLa lineage (Rojo-Ruiz et al., 2018) and taste
receptor cells of papillae of rat (Zhao et al., 2002).

By exposing the hepatocytes to Caffeine, we observed that the efflux of this group
of cells increased significantly by 68% (Figure 1), demonstrating a likely positive
relationship between the increase in cytosolic calcium concentration and the efflux of
ABCs. Studies suggest that cellular processes such as ischemic, neurodegenerative
(Begley et al., 1999; Bers, 2006) and cell proliferative (Yang and Huang, 2005) disorders
have signaling and increased calcium availability as key elements. Qosa et al. (2012),
investigating the clearance of B-amyloid via ABCBI in the brain of C57BL rats exposed
to Caffeine, observed that the efflux rate of this transporter increased by 20% when

compared to the control group, corroborating the data from our work. The increase in
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efflux activity observed by these authors lists Caffeine as a substance with potential ABC
activator, however, the mechanism behind this stimulant effect was not investigated by

them.

By exposing the cells to the calcium-free efflux solution, plus ImM of the calcium
chelator EGTA (Zero Calcium) (Figure 2A), we correlated the absence of extracellular
calcium to the regulatory process of an intracellular event. In many cell types, calcium
release mediated by receptors from internal stores is followed and dependent on calcium
influx, therefore, as described by Hoth and Penner (1992) we used EGTA in the zero
calcium condition to assess whether there is dependence on extracellular calcium in the
ABC efflux activity. In cells exposed to conditions that aimed to limit the availability of
calcium, the efflux of ABC was maintained, thus showing no variation in its transport

activity (Figure 2).

In order to assess whether the limitation of intracellular calcium reflected on the
efflux activity of ABCs and, above all, whether the reticulum was the source of calcium
in this model, we used the agent Dantrolene at a concentration of 10mM (Figure 2B).
Dantrolene is a ryanodine receptor antagonist used in the clinical treatment of malignant
hyperthermia due to its blocking action of the calcium channels of the
sarcoid/endoplasmic reticulum, which consequently promotes a decrease in the cytosolic

calcium concentration (Diszhazi et al., 2019).

In vitro, its ability to limit calcium availability is appreciated in
neurophysiological studies of diseases whose pathophysiology is based on cytotoxic
calcium concentrations. Essays such as those by Charles et al. (1993) point out that the
neuroprotective effect of Dantrolene on rat glial cells is due to the effect of decreasing
the release and subsequent intracellular accumulation of calcium. Frandsen and
Schousboe (1991) similarly observed that Dantrolene was able to bypass calcium-induced

cell damage via glutamate in rat cortical neurons.

The unaltered efflux rate among the conditions that aimed to assess the ABC
activity under low calcium availability was also observed in cells exposed to 5 uM of
Bapta-AM (Figure 2 C). This substance, widely used in in vitro assays as a selective
calcium chelator, has the potential to change the dynamics of calcium by binding to free

ions in the cytosol, promoting a reduction in its cytoplasmic concentration.
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Works with Bapta-AM describe the effects of cytoplasmic calcium reduction
under the effect of this chelator in different lineages, such as tumor cells of the MCF-7
lineage (human breast cancer cells) (Hodeify et al., 2021) and rat keratinocytes (Li et al.,
1995). In renal epithelial cells (LLC-PK1), Kawai et al (2006) report that exposure to
Bapta-AM for 1h suppressed the calcium elevation related to cisplatin and in human
astrocytes (GHA) calcium chelation by Bapta- AM partially inhibits cell death induced
by disturbances in calcium homeostasis caused by the synthetic pyrethroid lambda-
cyhalothrin (Hsu et al., 2018). In our study, the reduction of free calcium by Bapta-AM
did not change the efflux activity of ABC in the ZF-L strain.

The other hypothesis tested in this study involving calcium signaling was the
exposure of cells to PMA at a concentration of 200mM, known as PKC activator.
Exposure to PMA promoted a 33% increase in the level of ABC activity (Figure 3),
suggesting phosphorylation via PKC as a possible constituent of the ABC activation
signaling pathway in the ZF-L lineage. Conventional (calcium-dependent) isoforms of
PKC have in their structure binding sites for calcium and diacylglycerol, with PMA being
a diacylglycerol agonist, this agent binds to the C1 domain of PKC, promoting its
activation (Cooke et al., 2018).

Our results with PMA corroborate the data found in the literature for other cell
models. A significant increase in efflux activity via ABCB1 associated with an increase
in PKC activity was observed in cells expressing the MDR phenotype of human
adenocarcinoma MCF-7 stimulated with 200mM PMA for 2.5h by Fine et al. (1988).

Results that assess the ABC activity with PMA in cells that do not express the
MDR phenotype and assess the basal activity of ABCs, as proposed in this study, are
described by Watanabe et al. (2019). When evaluating the effect of phosphorylation via
a PKC on ABCGH transporters expressed in HEK293 and Raw264.7 strains, these authors
observed that the activation of a PKC isoenzymes by phorbol esters promoted an increase
in cholesterol efflux as well as a blockade of PKC activity suppressed ABC activity in
these cells, concluding, therefore, that phosphorylation via o PKC is related to transporter

function.

Our results, which evaluated the efflux activity of ABC under conditions of low
calcium availability, suggest that hepatocytes somehow support ABC activation under

conditions of low calcium availability in both intracellular and extracellular
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environments. We emphasize, however, that the results with Caffeine and PMA indicate
that calcium elevations seem to be present in the signaling pathway of activation of ABC

transporters in the ZF-L lineage.

The precise mechanism of activation of ABC transporters remains in dispute in
cellular and animal models studied to date, however, calcium dependence is a possibility.
The results involving PKC in zebrafish hepatocytes reinforce the data available in the
literature for other cell lines, thus narrowing the lines of investigation that seek to trace

the signaling pathway for the activation of ABC transporters.
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DISCUSSAO GERAL

Sendo as ABCs um elemento da desintoxicacao celular € também um obstaculo a
ser superado em muitos tratamentos farmacoldgicos contra o cancer humano e animal, ¢
razoavel que a compreensao da biologia destes transportadores seja um importante campo
de pesquisa. O ponto central deste trabalho visou, portanto, buscar indicios que nos
aproximem um pouco mais da elucidagdo dos mecanismos por traz da ativagdo das
proteinas ABC. Levando em consideragdo o apanhado de informagdes preciosas porém
dispersas sobre o assunto que dispomos na literatura até o presente momento,
correlacionamos assim dados sobre diferentes pesquisas e elencamos a nossa base de

investigacao.

E indiscutivel o quanto o fon calcio ¢ elementar a vida, que vai do processo de
formagao de um novo ser até 0 momento da sua morte, participando indissociavelmente
dos processos de manutencao da existéncias sob os mais variados aspectos moleculares.
Ao avaliar a dependéncia do célcio na ativacdo das ABCs em hepatdcitos de zebrafish,
seguimos na corrida dos trabalhos que buscam tragar essa via, porém com um aspecto

singular e inexplorado até o momento.

Nossos resultados nas condi¢cdes que objetivaram limitar a0 maximo a
disponibilidade de célcio nos meio intracelular e extracelular, da indicios que o bloqueio
de célcio em pontos especificos da célula, como os que foram avaliados neste estudo, ndo
sao suficientes para inibir a atividade de efluxo das ABCs, como ocorre com os farmacos
bloqueadores dos canais de célcio. Esses resultados, entretanto, levantam outras duas
hipdteses: 1 o calcio ndo participa da via de sinalizacao das ABCs; 2 o calcio participa da
via de sinalizacdo das ABCs porém as cé¢lulas foram capazes de sustentar a demanda
minima para a manutengao da atividade dos transportadores nas condi¢des experimentais

deste estudo.

Acreditamos que a primeira hipdtese foi negada com os resultados que obtivemos
a partir da utilizagdo de cafeina. A segunda hipodtese, por sua vez, torna-se a mais
provavel, dado que o reticulo endoplasmadtico ndo ¢ o unico estoque intracelular de célcio
e também pelo fato de que ha pouquissimo calcio ionizado livre no citosol. Para melhor
compreensdo dos eventos celulares, a marcacdo com sondas fluorescentes de calcio
podem ser utilizadas para a confirmacdo em estudos posteriores, assim como a

participagdo de outras organelas reservatdrias de célcio.
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Os experimentos com a cafeina, utilizada com o intuito de promover uma elevagao
macica na concentracdo citolsoélica de calcio nos deram os primeiros indicios de que a
atividade de transporte das ABCs pode estar relacionada ao aumento na concentragao
citoplasmatica de célcio, gerando uma nova pergunta: como? O célcio enquanto segundo
mensageiro intracelular atua por meio da sua ligacao a proteinas especificas, como as
isoformas dependentes de célcio da PKC dentre outras proteinas. Supomos entdo que a
manipulacdo farmacoldgica com cafeina, ao liberar calcio do reticulo endoplasmatico
poderia estar promovendo uma ativagao das PKCs convencionais. Esse questionamento
tem como base, sobretudo, dados de outros modelos celulares que sustentam a

fosforilagao via PKC como mecanismo constituinte mas nao unico e definitivo das ABCs.

Com base nisto, utilizamos uma ferramenta farmacologica que modula
diretamente a atividade de PKC, o PMA. O PMA ¢ um éster de forbol que mimetiza
potentemente a funcao do ligante endogeno diacilglicerol, ou seja, o PMA liga-se no sitio
C1 das PKCs que possuem esse local (neste caso, as mesmas dependente de célcio)
tornando-as ativas. Ao incrementarmos a atividade das PKC pelo PMA observamos,
assim como na condi¢do experimental com cafeina, o aumento significativo na atividade
de efluxo dos transportadores ABC. Nossos dados apontam, portanto, uma condi¢do que
ja é relatada em outros modelos celulares que ndo a linhagem ZF-L, a qual sugere que a

fosforilagao via PKC participa da sinalizacao nestes transportadores.

O que nossos resultados trazem de forma complementar a outros estudos nesta
linha de pesquisa, € a investiga¢do partindo do calcio enquanto segundo mensageiro e
mais ainda, o quanto a auséncia deste ion tem potencial para alterar ou ndo a atividade
das proteinas ABC. O esclarecimento destas questdes pode contribuir para estudos
farmacologicos na area de oncologia, onde as ABC s3o extensivamente estudadas e
também na toxicologia ambiental, dado que xenobidticos com potencial para modular a
atividade das ABCs sdo presentes nos mais variados ambientes aquaticos afetados pela
poluicdo, e muitos contaminantes tem potencial para afetar a homeostase do célcio nas

células dos organismos.
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