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Resumo

A busca por compostos que atuem especificamente no tumor e causem menos
efeitos colaterais é o grande desafio da pesquisa no tratamento contra o cancer. Muitos
compostos naturais extraidos de plantas tém apresentado resultados promissores como
agentes moduladores de vias de transdugdo de sinais em diversos tipos de tumores. Os
tflavonoéides, compostos polifendlicos encontrados em diversos alimentos como frutas, chas
e vinhos, tém recebido bastante aten¢do em fungio dos seus efeitos quimiopreventivos e
quimioterapéuticos. Nos tltimos anos, muitos estudos relacionados a a¢do dos terpenos em
doengas foram desenvolvidos, decorrentes das suas propriedades anti-inflamatoérias,
antimicrobiana, gastroprotetora e antitumoral. Entretanto, poucos estudos com enfoque
molecular foram desenvolvidos para entender o mecanismo de indugdo de morte de células
tumorais por tais compostos.

O objetivo deste trabalho foi estudar a agio dos flavondides apigenina e fisetina e
do diterpeno ferruginol, sobre as vias de transdugdo de sinal envolvidas na proliferagio e
morte em células de leucemia e cancer de prostata.

Todos os trés compostos estudados levaram a morte das células tumorais por
apoptose. As células leucémicas tratadas com fisetina apresentaram aumento da expressio
de NFkB, ativagdo da MAPK p38 e aumento dos niveis de fosforilagdo de proteinas. A
apigenina, por sua vez, mostrou-se um forte inibidor de quinases, especificamente as
envolvidas com a proliferagdo celular, como PI3K, AKT, Src e MAPK, além de induzir
apoptose através da via intrinsica. O ferruginol foi capaz de inibir e/ou regular
negativamente PISK, STAT3 e STATS5, proteinas tirosinas fosfatases e protefnas quinases
envolvidas com a regulacdo do ciclo celular. Em ambiente redutor, o efeito citotéxico do
ferruginol foi drasticamente impedido, indicando que sua atividade antitumoral pode estar
relacionada com a modulagio do status redox.

O presente trabalho mostrou que os compostos naturais fisetina, apigenina e

terruginol apresentaram um grande potencial como agentes quimioterapicos.

Palavras-chave: Flavondéides, Compostos Naturais, Sinalizagdo Celular, Apoptose,

Ferruginol.
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Abstract

The search for compounds that specifically act on tumors, with low side eftects, is a
great aim in the studies related to cancer treatment. Many natural compounds isolated
from plants have presented promising results as modulating agents of the signal
transduction pathways in several types of tumors.

Flavonoids, polyphenolic compounds largely distributed in foods such as fruits,
teas and wines, have been greatly focused due to their chemopreventive and
chemotherapeutic effects. In the last years, many studies about the action of terpenes in
diseases have been done, due to their antiinflamatory, antimicrobial, gastroprotective and
antitumoral properties. However, few molecular studies have been developed to
understand the mechanism of cell death induction by these compounds.

The aim of this work was to define the molecular action of apigenin, fisetin and
terruginol on the signal transduction pathways involved in the leukemic and prostate
cancer cells proliferation and death.

All the three compounds studied provoked the cell death by apoptosis. Leukemic
cells treated with fisetin presented an increase of NFkB expression and protein
phosphorylation levels and activation of p38 MAPK. Apigenin showed to be a strong
inhibitor of kinases involved with cellular proliferation, such as, PIsK, AKT, Src, MAPK
and additionally to induce apoptosis via the intrinsic pathway. Ferruginol was able to
inhibit and/or to negatively regulate PISK, STATS and 5, protein tyrosine phosphatases
and protein kinases involved in the regulation of the cell cycle. In reducing environment,
the cytotoxic effect of ferruginol was drastically impeded, which indicates that the anti-
tumoral activity of ferruginol might be related to redox status modulation.

The present work showed that the natural compounds fisetin, apigenin and

terruginol presented great potential as chemotherapeutic agents.

Keywords: Flavonoid, Natural Compounds, Cell Signaling, Apoptosis, Ferruginol.
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Lista de Abreviaturas

7-AAD: 7-amino-actinomicina D

AIF (apoptosis-inducing factor): fator de indugdo de apoptose

AML: leucemia mieldide aguda

APAF-1 (apoptotic protease-activating factor-1): fator 1 de ativagio de apoptose

Bad (Bcl-2 antagonist of cell death): antagonista de Bcl-2 associado a morte celular

Bak (Bcl-2 antagonist killer 1): antagonista de Bcl-2 associado a morte celular

Bax (Bcl-2 associated x protein): proteina x associada a Bcl-2

Bcel-2 (B-cell lymphoma protein 2): proteina inibidora de apoptose detectada primeiramente em
linfomas de células B

BH: dominio de homologia a Bcl-2

Bid (BHS interacting domain death agonist): agonista de dominio de morte associado 8 BH3
Cdc(s) (cell division cycle): protefna(s) reguladora(s) da divisio celular

CDK (¢yclin dependent kinase): quinase dependente de ciclinas

CK (Casein Kinase): caseina quinase

CLL: leucemia linfocitica cronica

c-Myc: proteina oncogénica

COX-2: Cyclooxygenase -2

CuZnSOD: isoforma de superéxido dismutase dependente de cobre e zinco

DISC (death-inducing signaling complex kinases): quinases reguladas por sinal extracelular
EDTA (ethylenediaminetetraacetic acid): acido etilenodiaminotetraacetico

FADD (Fas-associated death domain protein): proteina com dominio de morte associada a IFas
Fas /Apo1 /CD95: membro da superfamilia de receptores TNF

FasL (I'as-ligand): proteina ligante de receptor IFas

GMCSF (Granulocyte-macrophage colony-stimulating factor): Fator de estimulagdo de colonia de
macréfago-granuléceito

GSH: glutationa reduzida

GSSH: glutationa oxidada

GTP: guanosina tri-fosfato

HL60: células de leucemia promielocitica aguda

HEPES (N-2-hydroxyethylpiperazine-N"-2-ethanesulfonic acid): 4cido N-2-hidroxietilpiperazina-N’-
2-etanosulfonico

Hsp27 (heat shock protein 27kDa): proteina de choque térmico de massa molecular 27kDa

IAP (inhibitory apoptosis protein type I): proteina inibidora de apoptose
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IKKa (I Kappa B kinase alpha): quinase o de IkB

IL: interleucina

IkB: proteina inibidora de NFxB

JAK (Janus kinase): quinase Janus

JNKSs (c-Jun NH2 terminal protein kinases): proteinas quinases NH2 - terminal de c-Jun
LMWPTP (Low Molecular Weight Protein Tirosine Phosphatase): proteina tirosina fosfatase de
baixa massa molecular

MAPKK: MAPK quinase

MAPKPs / MKPs: fosfatases de MAPKs

MAPKSs (maitogen-activated protein kinases): proteinas quinases ativadas por mitégenos
Mcl-1 (Myeloid cell leukemia sequence 1): proteina antiapoptética da familia Bcl-2

MDR (multidrug resistance): tendtipo celular caracterizado pela resisténcia a multiplas drogas
MER (MAPK ERK fkinase): proteina quinase de ERK

MMP-9 (matrixz metalloprotease 9): metaloproteinase de matriz tipo 9

MnSOD: isoforma de superéxido dismutase dependente de manganés

MRP1 (multidrug resistence-associated protein): proteina de resisténcia a maltiplas drogas
NFkB: fator nuclear kappa B

NK: células natural killer

Omi/HtrA2 (Omi stress-regulated endoprotease/high temperature requirement protein A2): serina
protease inibidora de IAPs

p21: proteina inibidora de quinases dependentes de ciclinas

p38: proteina MAPK p38

P33: proteina supressora de tumor p53

PARP (poli ADP-ribose polymerase): poli (ADP-ribose) polimerase

PC3: células de cancer de prostata

PDR: (phosphoinositide-dependent kinase-1): quinase dependente de fosfatidilinositol
PISK (phosphatidylinositol 3-kinase): tosfatidilinositol-3 quinase

PKA (protein kinase A): proteina quinase dependente de AMP ciclico

PKB / AKT (protein kinase B): proteina quinase B

PKC (protein kinase C): proteina quinase C

PMSF (phenylmethysulfonyl fluoride): fluoreto de fenilmetilsulfonila

PP2A: proteina fosfatase 2A

PtdInos: (phosphatidil inositol): fostatidil inositol

PTEN (phosphatase and tensin homolog): proteina tirosina fosfatase supressora de tumor

Xii



PTR: proteina tirosina quinase

PTPs: proteinas tirosina fosfatases

PVDF (Polyvinylidene Fluoride): membrana de fluoreto de polivinilideno

Raf: serina-treonina quinase implicada na sinalizagio de crescimento e sobrevivéncia celular.

Ras (rat sarcoma viral oncogene): familia de protefnas GTPésicas reguladoras de diversas vias de
transdugio de sinais associadas ao crescimento, diferenciagdo e apoptose celular.

Rb: proteina retinoblastoma

RIP (receptor interacting protein kinase): proteina quinase de interagdo com receptor

ROS (reactive oxigen species): espécies reativas de oxigénio

SHP2 (SH2 containing protein tyrosine phosphatase 2): proteina tirosina fosfatase com dominio SH2
Smac/DIABLO (second mitochondria-derived activator of caspase / direct IAP binding protein with low
PI): proteina mitocondrial inibidora de IAPs

SDS: detergente dodecil sulfato de sédio

SDS-PAGE (SDS-Poliacrilamida Gel): gel de poliacrilamida com SDS

SOD: superéxido dismutase

STATSs (signal transducers and activators of tranmscription): moléculas transdutoras de sinal e
ativadoras de transcrigdo

tBid: forma truncada de Bid

TBS (T'ris Bufféered Saline): tampéo tris salino

TBST: tampio tris salino com tween-20

TNF (tumor necrosis factor): fator de necrose tumoral

TNEFR (tumor necrosis factor receptor): receptor do fator de necrose tumoral

TRADD (T'NF receptor associated death domain): dominio de morte associado a TNFR

TRAF (T'NF receptor-associated factor): fator associado ao receptor TN

TRAIL/Apo 2L (TNF receptor apoptosis-inducing ligand): membro da superfamilia de
receptores TNT

VDAC (voltage-dependent anion channel protein 2): proteina de canal de anion dependente de
voltagem

VEGF (Vascular endothelial growth factor): fator de crescimento endotelial vascular
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INTRODUCAO

1.1. Produtos naturais

Todos os organismos vivos, em especial os vegetais, produzem milhares de
compostos organicos de baixa massa molecular, que mesmo ndo apresentando fungdo
aparente em processos basicos como crescimento e desenvolvimento celular, ndo deixam
de ser essenciais para a sobrevivéncia da espécie, e por essa razdo, tém sido referidos como
produtos naturais ou metabdlitos secundérios (Gershenzon and Dudareva, 2007). Além
disso, tais compostos tém recebido grande destaque na medicina, agricultura e industria, o
que tem levado a intimeros estudos sobre suas sinteses e atividades biolégicas.

Na histéria da humanidade, o uso de extratos vegetais para prevenc¢do, cura, ou
simplesmente alivio de vérias enfermidades é uma pratica muito antiga. Em nossa histéria
mais recente, o uso de produtos naturais como medicamento evoluiu da administragdo de
simples extratos, chds, tinturas ou emplastos para o isolamento e caracterizagdo de
compostos farmacologicamente ativos (Balunas and Kinghorn, 2005).

Compostos bioativos extraidos das plantas destacam-se como potenciais firmacos,

além de constituirem modelos moleculares de referéncia para sintese de
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novos compostos medicinais. Compostos bioativos tém sido também utilizados
conjuntamente com quimioterdpicos comerciais com a finalidade de potencializar as suas
agdes ou diminuir seus efeitos colaterais (Boik, 2001).

Muitos compostos bioativos de origem vegetal tém se destacado na prevengdo e
tratamento contra o cancer. A importancia de compostos naturais no tratamento do cancer
pode ser observada pela porcentagem relativa dessa classe de compostos que é utilizada
diretamente como farmacos ou como precursores dos mesmos. Dados da literatura
revelam que de todos os fdrmacos antitumorais disponiveis no mercado entre 1940 e 2002,
cerca de 40% eram originados de produtos naturais (Newman et al, 2003), como, por
exemplo, a vincristina, que foi isolada de Catharanthus roseus (L.) e tem sido usada na
clinica por mais de 40 anos (van Der Heijden et al., 2004).

Uma classe de compostos naturais que vem ganhando bastante destaque nos
tltimos anos sdo os flavondides, em razdo da capacidade de prevenir doengas,
principalmente cancer. A baixa incidéncia de cancer de préstata, por exemplo, em pessoas
de pafses asidticos, tem sido atribufda a alta ingestdo de chd verde, rica fonte de
flavondides (Haddad et al., 2006). Além disso, os flavonéides sdo excelentes candidatos

como agentes quimiopreventivos em virtude da relativa baixa toxicidade.

1.11. Flavonodides

Flavonéides sdo compostos polifenélicos (Figura 1A) encontrados em vegetais
como frutas, grios, raizes e em bebidas, como vinho, suco, caté, cha e cerveja. O interesse
no estudo das atividades biol6gicas dos flavondides teve inicio em 1936, com Rusznyak e
Szent Gyorgyi, que foram os pioneiros no reconhecimento dos beneficios terapéuticos
apresentados por esses compostos. Desde entdo, o estudo sobre flavondides tem
despertado cada vez mais interesse o que, atualmente, pode ser observado pelo grande
aumento de pesquisas com flavondides considerados terapeuticamente ativos. Aliando o
efetivo poder antioxidante a capacidade de inibi¢do de enzimas especificas, alta poténcia e
baixa toxicidade sistémica, os flavondides sdo considerados compostos promissores no
tratamento de uma grande variedade de doengas como cancer, alergia, aterosclerose,
isquemia, degeneragdo neuronal e doengas cardfacas, entre outras (Sengupta et al., 2005;

Park et al., 2006).
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Por essas razoes, os flavonéides podem ser considerados compostos promissores na
modulagio seletiva de vias de sinalizagdo e no design de andlogos mais potentes para uso

em terapias.

Apigenina

A apigenina (4',5,7 - trihidroxiflavona) (Figura 1B) é um flavonéide comum na
dieta humana, abundantemente presente em frutas e vegetais. Este flavondide tem
apresentado diversos efeitos biol6gicos, como na prevencgio e terapia de cancer de prostata,
supressdo de tumorigénese e angiogénese de melanoma e carcinoma de mama, pele e célon
(Birt et al., 1997; Caltagirone et al., 2000; Wang et al., 1999; Way et al., 2004; Shukla et
al., 2005). Tais efeitos estdo principalmente relacionados a inibigdo da atividade de enzimas
ou regulagdo da expressdo de proteinas-chave responsdveis pelo desenvolvimento e
progressdo de patologias, como, por exemplo, supressdo da expressdo da COX-2, MMP-9,

NOS-2, VEGF, lipoxigenases e MAP quinases (Liang et al., 1999; Kim, 2003; Fang et al.,

2005).
A
OH
B OH C
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HO O HO o
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Figura 1. Estrutura dos flavondides. (A) Estrutura geral dos flavonéides mostrando dois
anéis aromaticos A e B interligados por um anel heterociclico de oxigénio C. (B) Estrutura
da apigenina. (C) Estrutura da fisetina.
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Dependendo do tecido e condigdes do microambiente celular, a apigenina apresenta
diversos efeitos biolégicos, como: protecdo contra injurias de artérias resistentes,
caracteristica que possibilita seu uso em terapias vasculares (Ma et al., 2008); atividade
contra o virus da influenza (Liu et al., 2008); inibi¢do da diferenciag¢do de queratindcitos
por supressdo de vias de sinalizagdo da proteina quinase ativada por mitégeno (MAPK)
(Balasubramanian and Eckert, 2007); estimulagdo da quantidade de mineral e da densidade
6ssea de ratos deficientes em estrégeno, com diminuig¢do do peso corpéreo e redugdo do
consumo de alimento, mostrando, portanto, um efeito positivo na regeneragdo Ossea,
sugerindo seu uso no tratamento da osteoporose (Park et al., 2008).

Recentemente, Nomura e colaboradores (2008) mostraram a capacidade da
apigenina em inibir o consumo de glicose em células de adipécitos estimuladas por
insulina, através da inibi¢do da fosforilagdo do receptor de insulina beta, além de inibir a
ativagdo da Akt e suprimir a translocagdo do transportador de glicose GLUT4 para
membrana plasmadtica, sugerindo a utilizagdo da apigenina em tratamentos contra
obesidade e cancer, por agir no suprimento de energia as células tumorais.

Vérios estudos sobre o efeito antitumoral da apigenina tém sido realizados em
razdo da sua capacidade de induzir apoptose em uma grande variedade de células tumorais
humana. A estrutura quimica da apigenina revelou-se essencial para sua atividade
antitumoral, fato observado recentemente por pesquisadores americanos, no qual a
indugdo da apoptose era inibida quando se utilizava apigenina metilada nas trés posi¢oes
4’, 5 e 7, onde estdo as hidroxilas (Landis-Piwowar et al., 2008). A ac¢do antitumoral da
apigenina ocorre através da ativagdo de caspases, inibigdo de sintese lipidica,
topoisomerase e modulagdo da expressdo de Bcl-2 e Bax (Birt et al,, 1997; Liang et al.,
1999; Wang et al., 1999; Yin, 1999; Caltagirone et al., 2000; Wang et al., 1999; Kim, 2003;
Way et al, 2004; Fang et al, 2005; Brusselmans et al, 2005), além de modular
negativamente quinases como PISK, Akt, MAPK ERK1/2, caseina quinase-2 (CK-2) e
outras quinases envolvidas no desenvolvimento e progressdo do cancer (Way et al., 2004).
No entanto, varios relatos na literatura tém demonstrado que o mecanismo de ag¢do da
apigenina é dependente do tipo celular. Em células de cancer de mama, a apigenina leva a
inibi¢do do ciclo celular na fase G2/M a qual esta associada a modulagio de p21, cdc2 e
ativagdo da apoptose dependente de p53 (Choi and Kim, 2008). J4 em células de cancer de

mama resistente ao estrogéno, a apigenina inibe o crescimento celular através da inibigdo
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de proteinas quinases, incluindo p38, proteina kinase A (PKA) e AKT (Long et al., 2008).
Em células de leucemia HL60, a apigenina induz apoptose via ativa¢do de caspases e

inibi¢do da atividade proteassémica (Landis-Piwowar et al., 2008).

Fisetina

A fisetina (3,7,3",4’- tetrahidroxiflavona) (Figura 1C) é um flavonéide bioativo
comum da dieta, podendo ser encontrado em uma variedade de frutas e vegetais. Seus
efeitos cardioprotetores e anticarcinogénicos podem ser atribuidos as suas propriedades
antioxidante (Van Acker et al, 2000; Pietta, 2000; Lee et al, 2002), anti-inflamatoria,
antiproliferativa e antiangiogénica (Fotsis et al., 1997).

A fisetina apresenta agdo promissora na prevengdo e tratamento de doengas
inflamatérias regulando, através de diferentes mecanismos, as vias de sinalizagdo
relacionadas a liberagdo de citocinas pré-inflamatérias em diferentes sistemas celulares. De
fato, a fisetina causa inibi¢do da expressio de TNF-o, IL-1f3, IL-4, IL-6 e IL-8 em
mastocitos, cujos efeitos estdo associados a sua capacidade de inibir enzimas da familia das
MAPKs e a transcri¢do de genes mediada por NFkB (Park et al., 2006). Verificou-se,
posteriormente, que a diminui¢do da produgdo de citocinas inflamatérias, principalmente
IL-8, pela fisetina, em células epiteliais pulmonares, estava relacionada a inibi¢do da
enzima nuclear poli ADP-ribose polimerase-1 (PARP1), enzima envolvida na
fisiopatologia de doengas inflamatérias (Geraets et al., 2007).

Outro aspecto biolégico interessante da fisetina mostrado recentemente ¢é a
preven¢do da oxidag¢do de LDL e bloqueio da sua fagocitose pelos macrétagos, acdes
importantes para a prevengdo da aterosclerose (Lian et al., 2008).

A fisetina tem mostrado grande eficiéncia na prevengdo contra o cancer. Um dos
mecanismos associados a esse efeito é a inibigdo ndo competitiva da enzima
sulfotransterase 1A1 (ou P-PST), responsavel pela carcinogénese induzida por sulfatagdo
de hidorcarbonetos arométicos e dlcoois benzilicos, que podem se ligar covalentemente ao
DNA (Moon et al., 2006).

Além dos efeitos citoprotetores ja conhecidos, diversos estudos tém mostrado que a
fisetina também pode atuar como potente indutor de morte de células tumorais. Em 2007,

Chang e colaboradores verificaram que dentre 23 flavondides avaliados, a fisetina foi o
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oitavo mais potente na indugdo de morte de células de leucemia HL60. Em células de
leucemia mielocitica humana (HL60) ou células de carcinoma hepatico (SK-HEP-1), a
fisetina levou a ativagdo de caspase 3, fragmentagdo do DNA nuclear, formagdo de corpos
apoptéticos e estabelecimento de uma populagio na fase sub G1 do ciclo celular. E
importante citar que a fisetina também promoveu a diminuig¢do dos niveis intracelulares de
H20, nas células HL60, demonstrando uma intrigante correlagdo entre atividade
antioxidante e apoptose induzida por flavondides (Chen et al., 2002; Lee et al., 2002).
Haddad et al. (2006) demonstraram que o tratamento da linhagem humana de cancer
prostatico (PC3) com fisetina induziu inibigdo do ciclo celular na fase G2/M.
Posteriormente, Khan e colaboradores (2008) observaram que a indugdo de apoptose e
inibi¢do do ciclo celular pela fisetina em células de cancer de préstata LNCap ocorriam em
fungdo da diminuigdo da expressdo de ciclinas D1, D2 e E, com consequente diminuig¢do da
atividade do complexo ciclinas/CDKs, aumento da expressdo de p21 e ativagdo de caspases
3, 8 e 9. Efeito semelhante também foi observado em células de cancer de célon por Lu e
colaboradores (2005). Além disso, a fisetina possul a capacidade de inibir competitivamente
a captagdo de glicose na linhagem tumoral mieléide U937, indicando a potencialidade do
uso deste flavonéide como bloqueador da captagdo de glicose in vitro (Park, 1999).

Como consequencia das suas propriedades cardioprotetoras e anticarcinogénicas,
altas doses de fisetina e outros flavondides sdo frequentemente adicionadas a suplementos
nutricionais, uma medida que visa a aumentar seus benetficios biol6égicos. Porém, os efeitos
biolégicos da ingestdo desses compostos em altas concentragdes ainda nédo sdo conhecidos
e evidéncias indicam que, nessas condigdes, fisetina e outros flavondides podem interferir
em processos celulares vitais. Estudos sugerem que a fisetina pode ser genotéxica mesmo
em concentragdes relativamente baixas (Guharay et al., 2001; Sengupta et al., 2005) e que a
administragdo de doses progressivamente maiores tendem a aumentar a geragdo de
radicais livres durante a sua oxidagdo, podendo causar lesdes oxidativas, quebras e
mutagdes nas cadeias de DNA ou inibi¢do da enzima topoisomerase II (Olaharski et al.,
2005). Compostos que inibem a DNA topoisomerase II, enzima nuclear essencial para a
replicagio do DNA, possuem uma clara tendéncia de induzir a fragmentacdo do DNA

dupla fita podendo, desta forma, ser usados no tratamento de doengas neoplésicas.



I. INTRODUCAO

1.1.2. Terpenos

Os terpenos, também conhecidos como terpendides ou isoprenos, tém sido bastante
estudados em virtude das suas diversas fungdes no organismo e vasta aplicagdo comercial.
Os terpenos sdo encontrados em sementes, flores, folhas, raizes e caules de plantas
superiores, assim como em musgos, algas e liquens. A estrutura bésica para sintese dos
intimeros terpenos existentes é o isopreno C;Hs (Figura 2A); os monoterpenos (Figura 2B)
sdo compostos por dois isoprenos. Os terpenos podem ser ciclicos ou aciclicos, com uma
vasta variagdo de estruturas (Gershenzon and Dudareva, 2007). Os diterpenos (Figura 2C)
sdo a base para compostos biologicamente ativos como retinol, retinal e fitol e muitos sdo
conhecidos por sua agdo antimicrobiana e anti-inflamatéria (Areche et al., 2007).

Os terpenos se enquadram na principal classe de produtos naturais conhecida, com
aproximadamente 25.000 estruturas resolvidas. No entanto, poucos destes compostos tém
sido estudados do ponto de vista funcional, em razdo de que, por muitos séculos, os
terpenos foram considerados produtos de detoxificagio ou excregdo do metabolismo.
Entretanto, a partir da década de 70, um grande ntimero de terpenos mostrou-se como
toxinas, repelentes ou atrativos de outros organismos, sugerindo, portanto, um papel
ecoldégico relacionado a interagdes antagonisticas ou mutualisticas entre organismos. Os
terpenos defendem muitas espécies de plantas, animais e microorganismos contra
predadores, patégenos e competidores e estdo envolvidos na comunicagdo entre
organismos da mesma espécie e organismos mutualistas no que diz respeito a presenca de
comida, parceiros e inimigos (Gershenzon and Dudareva, 2007). Os terpenos também sdo
precursores de certas vitaminas, como A, K e E e de hormdnios esteréides, além de serem
componentes da clorofila e dos carotenéides. Muitos terpenos que compdem os O6leos
essenciais de plantas e flores sdo largamente utilizados em perfumes, aditivos alimentares

e aromaterapia.
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Ferruginol

Ferruginol (Figura 2C) é um diterpeno presente em plantas das familias
Podocarpaceae (Cambie et al., 1984), Cupressaceae (Sharp et al., 2001), Lamiaceae (Ulubelen
& Topcu, 1992) e Verbenaceae (Ono et al., 1999), entre outras. Recentemente, muitos
trabalhos tém mostrado diversos efeitos biolégicos do ferruginol, tais como atividades
gastroprotetora, antimicrobiana, citotéxica e indutora de apoptose (Rézalski et al., 2006;

de Jesus et al., 2008).

OH

WOH

Figura 2. Terpenos. (A) Isopreno, estrutura bésica dos terpenos. (B) Monoterpeno,
mentol. (C) Diterpeno, ferruginol.

Indmeras espécies do género Salvia (Lamiaceae), rica fonte de ferruginol, tém sido
usadas como medicamento natural para dores de estdomago (Areche et al., 2008). Um
grupo chileno da Universidade de Talca tem estudado o efeito do ferruginol como agente
gastroprotetor contra lesdo gastrica induzida por HCI e etanol (Rodriguez et al., 2006,
Espinoza et al., 2008). Este grupo verificou que tal efeito se devia a estimulagio da sintese
de prostaglandinas géstricas (PGE2), redugdo da secre¢do de 4cidos géstricos e
melhoramento da capacidade antioxidante da mucosa gastrica pela manutengio de niveis
de GSH (Areche et al., 2008).

Em relagio a atividade antitumoral, o ferruginol inibiu o crescimento de células de
cancer de célon, pulmdo e mama (Son et al., 2005). Este composto mostrou-se efetivo na
indugdo de apoptose por ativagdo de caspase 3 em células leucémicas (HL60) e também de
células leucémicas com fenétipo de resisténcia a quimioterdpicos. A acdo do ferruginol
contra células resistentes, que expressam a bomba de efluxo MRP1 (multidrug resistance-

associated protein), sugere que o mesmo ndo é substrato da bomba de efluxo (Rézalski et al,,
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2006). Além da ativagdo de caspase, recentemente foram isolados oito diterpenos da
Cryptomeria japonica (Taxodiaceae), entre eles o ferruginol, os quais inibiram a atividade do

receptor de andrégenos em células de cancer de préstata (Tu et al., 2007).

1.2. Cancer

As células somaticas de um organismo estdo sob um rigido controle de proliferagiao
e divisdo e, raramente, uma célula se divide mais que as outras vizinhas. Entretanto, se a
proliferacdo foge ao rigido controle exercido por mecanismos celulares no sentido de
evitar a divisdo descontrolada, origina-se o tumor ou neoplasma. Até o momento em que
as células permanecem juntas em uma massa Unica, o tumor é chamado de benigno. Nesta
fase a cura, geralmente, pode ser alcangada removendo-se a massa de células
cirurgicamente. Um tumor é considerado cancer somente quando for maligno, ou seja, se
as células adquirirem capacidade de invadir o tecido circundante. Invasdo implica a
habilidade de degradar a matriz extracelular, entrar na corrente sanguinea e linfatica e
formar tumores secunddrios em outros locais do organismo, processo chamado de
metastase (Lowe et al., 2004).

O cancer ¢ classificado de acordo com o tecido e o tipo celular de onde ele se
origina. O céncer surgido a partir de células epiteliais ¢ denominado carcinoma e aquele
formado a partir de tecido conjuntivo ou células musculares é chamado de sarcoma. O
cancer que ndo se encaixa em nenhuma dessas categorias inclui a leucemia, céncer
originado a partir de células hematopoéticas e cancer de células do sistema nervoso
central.

A génese do cancer tem sido exaustivamente estudada e muitos fatores ja estdo,
atualmente, bem definidos como promotores da doenga, tais como predisposi¢do genética,
estilo de vida e fatores ambientais (exposi¢do a radiagdo ou carcindégenos).

Apesar dos avangos no desenvolvimento de tdrmacos no tratamento contra o
cancer, a quimioterapia tradicional ainda se mantém como opgdo preferencial de escolha
nos protocolos terapéuticos. Os quimioterapicos, além de ndo serem, muitas vezes, alvo
especificos, possuem uma eficicia abaixo do esperado e causam efeitos colaterais adversos,

como ndauseas, dores, queda de pélos, entre outros. Assim, mais do que a defini¢do de
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inibidores para alvos especificos, é preciso levar em consideragio que em uma célula
tumoral varios mediadores biolégicos podem estar alterados. Portanto, a busca por
compostos que inibam a progressdo do cancer de forma especifica e eficaz com baixo ou
nenhum efeito colateral é objetivo de muitos centros de pesquisa.

A agldo preventiva contra cancer tem sido atribuida a diversos mecanismos,
incluindo modulagio de atividades como citocromo P450, enzima envolvida detoxicagdo de

carcinégenos (Moon et al., 2006).

1.21. Leucemia

Leucemia é o nome geral dado aos diferentes tipos de cancer hematolégicos que se
caracteriza pela prolifera¢do desordenada de células sanguineas imaturas na medula 6ssea
e no sangue. Como consequéncia da baixa capacidade de diferenciag¢do celular, a medula
6ssea sofre alteragdo em seu funcionamento o que leva a complicagdes associadas, tais
como, cegueira, anemia e infecgdes (Alison et al., 2004). A leucemia é denominada mieléide
quando hd aumento na prolifera¢do dos precursores da linhagem mieldide (eritrécitos,
granuldcitos e plaquetas). Quando atinge as células da linhagem linféide (linfécitos B, T,
NK), a doenga denomina-se leucemia linféide. Ambas podem ser agudas ou cronicas. Na
leucemia aguda, hd um aumento de células imaturas, blastos, na corrente sanguinea. J4 a
leucemia cronica caracteriza-se pelo aumento de células maduras anormais. Portanto, em
ambos os casos, as células sanguineas deixam de exercer suas fungdes corretamente.

Leucemias agudas representam uma pequena fragdo (<3%) de todos os canceres
humanos, mas sdo lideres de mortes relacionadas a cancer em criangas e jovens adultos
(Doeptner et al., 2007).

A leucemia mieléide aguda (AML) corresponde a 25% de todas as leucemias em
adultos no mundo ocidental e é o segundo tipo mais frequente de leucemia, seguido pela
leucemia linfocitica cronica (CLL). A incidéncia da AML ¢é de 3,8 casos em 100.000,
chegando a 17,9 casos em 100.000 adultos com mais de 65 anos (Bloomfield et al., 2008).
Atualmente, sabe-se que, mesmo ndo havendo alteragdes na sequéncia de DNA, ha
alteragdes na expressdo génica causadas por mecanismos moleculares com imprinting,
silenciamento génico, inativagdo cromossomica que sdo capazes de levar a AML (Plass et

al., 2008). Quarenta porcento dos pacientes com AML possuem anormalidades genéticas
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como inversdes e translocagdes cromossomais que levam a fusdo de genes e sintese de
proteinas com fungdes alteradas, acarretando, assim, a proliferacdo anormal de células
precursoras mieldides, diminui¢do na taxa de morte apoptética, interrupgdo do ciclo
celular e processo de diferenciagdo (Alison et al, 2004; Bernasconi et al., 2004; McKenzie,
2005). O tratamento da AML representa um desafio d4rduo em razdo das complica¢oes
associadas ao tratamento. Nos Gltimos 20 anos as terapias bédsicas usadas no tratamento da
AML mudaram muito pouco. Foram feitos grandes avancos na compreensdo da
fisiopatologia da doenga, no entanto, estamos longe de uma melhora significativa na
sobrevida de adultos e somente um terg¢o destes pacientes acaba conseguindo a cura. A
sobrevivéncia livre da doenga é rara e os efeitos adversos do tratamento acabam sendo

pouco tolerados por pessoas mais velhas (Stone et al., 2004).

1.2.2. Cancer de prostata

O cancer de préstata é uma das principais causas de doenga e morte nos Estados
Unidos e Europa Ocidental. O risco de desenvolver a doenga é de 1 em cada 6 homens e o
risco de 6bito por cancer metastédtico é de 1 para cada 30 homens (Nelson et al., 2003). No
Brasil, o cancer de préstata representa, atualmente, a segunda causa de ébitos por cancer
em homens, superado apenas pelo cancer de pulméo. Como o cancer de préstata raramente
¢ sintomatico, cerca de 38 a 51% dos pacientes apresenta metastase quando diagnosticados
(Papatsoris and Papavassilou, 2001). A metastase mais frequente do cancer de proéstata é
para linfonodos (pélvico e abdominal) e osso (60-70% dos pacientes que sofrem de
metdstase tem envolvimento do osso). Atualmente, 22% dos novos casos de céancer
prostatico sdo detectados em fases avangadas contribuindo para o alto indice de
mortalidade em decorréncia da doenga. Embora novos firmacos mais efetivos e menos
téxicos tenham sido desenvolvidos, tumores prostaticos ainda mostram-se de dificil
erradica¢do, tornando-se, frequentemente, independentes ao androgénio e de dificil
tratamento nos casos de recidiva da doenga (Navarro et al., 2002; Evans and Moller, 2003;
Diaz and Patterson, 2004; Nelson, 2004). Atualmente, muitos estudos tém se voltado para
a determinacdo de novos alvos moleculares e moléculas biossensoras para a detecgdo
precoce, tratamento e prognéstico da doenga. Nesse contexto, a linhagem celular PC3 tem

sido usada como modelo de céncer prostatico horménio refratario para o estudo in vitro
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dos mecanismos moleculares envolvidos no controle da migragio celular e apoptose em
resposta a potenciais agentes farmacolégicos.

Apesar do progresso na area de diagndstico do cancer de préstata em estdgios
iniciais, este tipo de cancer continua a ser a principal causa de morte entre os homens.
Uma caracteristica importante do cancer de préstata, em termos terapéuticos, é que ap6s o
tumor se tornar independente de hormoénio a eficiéncia terapéutica também se torna
extremamente baixa. O cancer de préstata pode ser decorrente de mutagdes e desregulagdo
de vérios genes envolvidos no controle de vias de transdugdo de sinal e do ciclo celular. A
Figura 3 resume alguns produtos génicos que contribuem para a progressdo e diminuigdo

da eficiéncia terapéutica do cancer de préstata (Lee et al., 2008).
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Figura 3. Produtos génicos que contribuem para a progressio e baixa eficiéncia
terapéutica do cancer de proéstata (adaptadad deLee et al., 2008).
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1.3 Morte celular

A avaliagdo da morte celular em diferentes sistemas suporta a hipétese de que a
variedade de morte celular programada é disparada em situagdes distintas. A defini¢do
molecular destes eventos e o conhecimento detalhado dos participantes dos mesmos
permitem a modulagdo terapéutica das vias de morte celular em condigdes patolégicas.

Cinco categorias de atividade celular dinamica que leva a morte celular foram
descritas (Ricci and Zong, 2006): apoptose, autofagia, necrose, catdstrofe mitdtica e
senescéncia (Tabela 1). Estas cinco classificagdes de morte celular sio baseadas nas
caracteristicas bioquimicas e morfolégicas distintas presentes nas células em morte. Morte
celular programada resulta na desintegracdo dos componentes celulares e seu
englobamento pelas células circundantes (Ricci and Zong, 2006). O remodelamento de
tecido durante o desenvolvimento normal de um organismo eucarioto multicelular
depende da morte celular programada para ajudar a formar o individuo adulto. Também
opera nos individuos adultos para manter o tecido celular normal. Necrose e catdstrofe
mitética sdo, geralmente, consideradas respostas passivas ao insulto celular. Entretanto,
novas descobertas sugerem que essas duas formas de morte podem ser geneticamente
controladas (Yuan et al., 2003; Castedo et al., 2004; Zong and Thomson, 2006).
Senescéncia é um processo essencial de envelhecimento e refere-se ao interrompimento do
ciclo celular na fase G1, em resposta a estresses que levam as células a transformacgoes
malignas (Smogorzewska and de Lange, 2002). Desregulagdo das vias de sinalizagdo que
controlam cada uma dessas mortes tem implicagdes na tumorigénese.

Neste trabalho sera dada énfase ao tipo de morte apoptética.

1.2.3. Apoptose

Embora o fendbmeno tenha sido descrito hd mais de um século, somente em 1972
Kerr e colaboradores denominaram apoptose como morte celular que ocorre durante o
desenvolvimento embriondrio natural diferente da morte celular por necrose resultante de

injaria aguda do tecido. Eles também notaram que a apoptose era responsavel pela

13



I. INTRODUCAO

manuten¢do da homeostase do tecido, mediando o equilibrio entre proliferagdo celular e

morte (Ricci and Zong, 2006).

Tabela 1. Caracteristicas gerais dos principais tipos de mortes celulares (Ricci et al., 2006)

Alteragoes

morfoldégicas

Membrana
celular

Citoplasma

Métodos de
deteccdo

Resposta
imunoloégica

Apoptose

Integridade da
membrana
mantida;
formacgao de
vesiculas
(blebbing)

Condensacdo da

cromatina,
fragmentacao
nuclear; DNA

laddering

Despolariza-¢cdo
do citoesqueleto

Coloragdo para
Anexina V;
ensaios de

fragmentagdo de
DNA e atividade

de caspases

Supressivo;
fagocitose dos
corpos

apoptoticos pelos

macréfagos

Autofagia

Formagdo de
vesiculas
(blebbing)

Condensa-¢do
parcial da
cromatina, sem
DNA laddering

Aumento de
vesiculas
autofagicas;
degradagdo do
Golgi,
polirribosso-
mos e RE

Localizacdo da
proteina LC3

Perda da
integridade da
membrana

Degradacdo
randdémica do
DNA

Inchago das
organelas
celulares

Permeabilida-de
inicial a corantes
vitais; liberagdo
do conteldo
citoplasmati-co

Estimulatdrio,
iniciagdo do
crescimento

celular e
reparacao do
tecido

Senescéncia

Aumento do
volume celular

Acumulo de

heterocromati-na

foci

Granulosida-des

Senescéncia
associada a
atividade de [3-
galactosidase

Catastrofe

mitotica

Segregacao
errada de
cromossomo
durante
citocinese;
micronucleis

Visualizagao de
células
multinuclea-
das

Abreviaturas: RE, reticulo endoplasmatico, LC3, proteina associada ao microttbulo (light

chain 3).
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A apoptose envolve a ativagdo controlada de proteases e hidrolases que,
rapidamente, degradam todas as estruturas celulares e, diferentemente da morte celular
por necrose, em que a membrana é rompida produzindo resposta inflamatéria, a apoptose
acontece dentro da membrana plasmdtica intacta, sem afetar as células vizinhas. As
caracteristicas morfolégicas marcantes nas células em apoptose sdo condensagdo da
cromatina, fragmentacdo nuclear, encolhimento das células e formagdo de vesiculas com o
conteudo citoplasmatico (blebbing) (Galluzzi et al., 2007). A apoptose tem sido considerada
o principal mecanismo de morte induzida por quimioterapia. Assim, as vias que controlam
a apoptose sdo alvos principais de muitos estudos pré-clinicos para descoberta de novos
medicamentos.

Duas vias principais iniciam a apoptose, a via intrinsica (ou via mitocondrial) e a
via extrinsica (ou via extracelular) (Figura 4). A via intrinsica é, geralmente, ativada em
resposta a diversas condig¢des de estresse intracelular, como danos ao DNA e altos niveis
de espécies reativas de oxigénio (ROS), assim como infecgdo viral e ativagdo de oncogenes.
A via extrinsica é iniciada pela intera¢do de ligantes extracelulares a receptores na
membrana plasmdtica. Ambas as vias levam a ativagdo de enzimas proteoliticas,
denominadas caspases que medeiam o rapido desmantelamento das organelas celulares.
Caspases sdo uma familia de proteinas que contém um residuo de cisteina nucleofilico que
participa da clivagem de motivos contendo é4cido aspértico (Thornberry and Lazebnik,
1998). Sdo expressas como precursores inativos que se tornam ativos ap6s oligomerizagao.
H4 dois grupos de caspases, as iniciadoras (caspases 8, 9 e 10) e as efetoras/executoras
(caspases 3, 6 e 7).

A via intrinsica resulta na ativagdo da cascata de sinaliza¢gdo que conduz a
permeabiliza¢do da membrana mitocondrial, processo altamente controlado por proteinas
da familia Bcl-2 que agem regulando o efluxo de proteinas apoptogénicas da mitocondria.
As protefnas Bcl-2 contém de 1 a 4 dominios homélogos Bcl-2 (dominios BH). Os nlimeros
de combinagdes dos dominios BH determinam se a proteina é pré- ou antiapoptética. As
protefnas antiapoptdticas possuem todos os quatros dominios BH e incluem Bcl-2, Bel-X,
Bcl-w, Mcl-1 e Bf1-1/A1. As proteinas pré-apoptéticas nao possuem o dominio BH4, e sdo
divididas em 2 grupos, as BH3 e as multidominios BH1-3 (como Bax e Bak). Bax e Bak,
normalmente, estio na forma de mondémeros inativos. Bax é encontrado no citosol ou

fracamente ligado a membranas intracelulares e Bak estd ligado a Mcl-1, Bcl-xLL ou a
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proteina VDAC-2 (voltage-dependent anion channel protein-2) na membrana mitocondrial

externa.

N

Fas Mitégenos
Fatores de Crescimento

"
. Bid Bcl-2
caspase-8 Rsk —| BN
— . Jooll— N
Procaspase-8 m \

Procaspase-3 Procaspase-9

e ] LY

Apoptossomo

é-/—-’-‘ O / Bax
< citocromo ¢
\
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IAPs |

caspase-3

Smac/diablo

Figura 4. Apoptose induzida pelas vias intrinsica (ou mitocondrial) e extrinsica. A via
intrinsica leva a formagdo do apoptossomo, que consiste de caspase 9, proteina Apaf-1 e
citocromo ¢, que ¢é liberado do espago entre membranas da mitocondria. A via extrinsica é
ativada por receptores de morte, como o Fas, que leva a ativagdo da caspase 8. Esta por sua
vez, assim como o apoptossomo, leva a ativagio da caspase efetora, a caspase 3.

Resumidamente, a via intrinsica leva a oligomerizagdo de Bax e Bak causando a
permeabilizagdo da membrana mitocondrial, permitindo assim a saida de fatores
apoptogénicos como citocromo ¢, fator de indugdo de apoptose (AIF), Omi/HtrA2,
Smac/DIABLO e endo G, entre outros (Kaufmann and Hengartner, 2001; Wang and El-
Deiry, 2003; Youle and Karbowski, 2005). Uma vez liberado, em presenca de dATP, o
citocromo ¢ induz a formagdo dos apoptossomos, que consistem de um heptimero de

moléculas adaptadoras APAF-1, cada uma ligada a um dimero de caspase 9. O dimero de
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caspase 9 é, entdo, ativado através de mudanga conformacional induzida pelo apoptossomo,
atuando, sequencialmente, no processamento e ativa¢do das caspases efetoras 3 e 7 e
iniciando a execugdo da apoptose similarmente a caspase 8. O complexo apoptossomico,
provavelmente, serve como um regulador alostérico da caspase 9 que, em situagdes em que
nio haja estimulo apoptético, encontra-se livre no citossol na forma de monomeros
inativos. A integragdo da caspase 9 ao apoptossomo induz sua dimerizagdo e ativagio, o
que faz do apoptossomo uma verdadeira holoenzima na qual a atividade da caspase chega a
ser mil vezes maior que a atividade residual do monémero (Degterev et al, 2008). E
importante notar que a ativag¢do da caspase 9 é um evento controlado alostericamente, em
que a ativagdo é alcangada por mudanga conformacional através de dimerizagdo induzida
pelo apoptossomo (Donepudi and Griitter, 2002). Juntamente a ativagdo de caspases, a
liberagdo do citocromo ¢ causa vagarosa e irreversivel perda da fun¢do mitocondrial e
decréscimo da respiragido, levando a morte celular. Portanto, a via apoptdtica mitocondrial
parece resultar em um evento que compromete irreversivelmente a célula a morte (poznt-
of-no-return) levando a répida ativagdo de caspases, acompanhada de morte celular lenta,
através de disfun¢do mitocondrial (Liston et al., 2003).

A via extrinsica é iniciada na membrana plasmética pela ativacdo de receptores de
morte da familia TNF-R (tumor necrosis factor receptor) que incluem receptores Fas/CD95 e

TRAIL (TNF-related apoptosis inducing ligand) (Choi and Benveniste, 2004). Os ligantes

que podem induzir apoptose sdo TNF-a, FasL (também conhecido como CD95L) e
TRAIL (também chamado de Apo2L). Apés o ligante interagir com a regido extracelular
do receptor, a porgdo citoplasmatica do TNF-R recruta caspases iniciadoras. TRAIL,
assim como FasL, apds se ligarem ao seus respectivos receptores, ativam o recrutamento
da protefna adaptadora FADD (Fas associating death domain containg protein) que, por sua
vez, recruta as caspases iniciadoras 8 e 10. Esse conjunto de proteinas, formado por
receptor, FADD e caspases, ¢ denominado DISC (Death-inducing signaling complex) (Ricci
and Zong, 2006). O complexo de sinalizagdo ativado pelos receptores de morte pode se
propagar por pelo menos trés diferentes caminhos: (1) através da protedlise direta e
ativagdo de caspase efetora, (2) através da protedlise da proteina Bid, clivada pela caspase
8, formando a tBid que transloca para a mitocondria e, consequentemente, leva a

permeabiliza¢do da membrana mitocondrial e (38) pela ativagdo de quinases RIP1 (receptor-
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interacting protein 1) e INK (c-jun N terminal kinase) que medeia a translocagdo da tBid para
o lisossomo e permeabilizagdo da membrana lisossomal dependente de Bax, resultando na
protedlise mediada por catepsina e permeabilizacdo da membrana mitocondrial (Vicencio
et al., 2008)

Recentemente, indutores de apoptose tém sido usados em terapias contra cancer.
Muitos estudos tém como objetivo induzir apoptose pela ativagdo de ligantes ao receptor
de TNF e outros tém como alvos as caspases e proteinas inibidoras de apoptose. Muitas
dessas teraplas estdo em fase pré-clinica devido a baixa eficdcia e susceptibilidade a

resisténcia (Hu and Kavanagh, 2003).

1.4 Proteinas fosfatases

Fosforilagdo reversivel é uma modificagdo pés-traducional que regula a atividade
de muitas protefnas em todas as células eucariéticas em processos normais e patolégicos.

As protefnas tirosina fosfatases (PTPs) sdo uma grande familia de enzimas que
compreende mais de 100 enzimas responsaveis pela hidrélise do fosfato ligado a residuos
de tirosina em protefnas. Sdo estruturalmente diversas, incluindo a PTP citoplasmatica e
PTP tipo receptor, com a capacidade de transmitir sinais diretamente as enzimas de
membrana e citoplasma, capazes de controlar diversos processos celulares (Zhang, 2002).
As PTPs sdo caracterizadas por aproximadamente 240 aminoacidos e possuem um
dominio altamente conservado com uma sequéncia consenso caracteristica no sitio
catalitico desta familia ([I/VJHCXAGXXR[S/T7G), onde I — isoleucina, V -valina, H -
histidina, C - cistefna, A - alanina, G - glicina, R - arginina, S - serina, T - treonina e X -
qualquer aminoécido, compartilhando um padréo de sitio ativo constituido de uma cisteina
e uma arginina, que sio essenciais para a catalise enzimdtica. A presenca da cisteina (C) no
sitio ativo é responsével pela caracteristica comum das proteinas tirosina fostatases, que é
a de serem inibidas pelo pervanadato, pCMB e outros agentes oxidantes (van Montfort et
al., 2003, den Hertog et al., 2005). Estudos bioquimicos e genéticos indicam que as PTPs
exercem efeitos positivos e negativos nas vias de sinalizagdes e participam de papéis
fisiol6gicos cruciais em uma variedade de células e tecidos de mamiferos. Uma tinica PTP

pode regular multiplas vias de sinalizagdo, ou uma via chave pode ser regulada por
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diversas PTPs (Tonks, 2006, Tabernero et al.,, 2008). Com base na fungdo, estrutura e
sequéncia, as proteinas tirosina fosfatases podem ser agrupadas em trés familias principais:
proteinas tirosina fosfatases especificas; proteinas fosfatases com dupla especificidade e
proteinas fosfatases de baixa massa molecular relativa (Raugei et al., 2002). A atividade da
PTP ¢é controlada em diferentes niveis, incluindo expressdo, “splicing” alternativo e
protedlise limitada, sub-localizagdo celular, oxidagdo, fosforilagdo, dimerizagdo e interagdo
com ligantes (den Hertog et al., 2008).

Em contraste as protefnas tirosina quinases (P TKs) que apresentam potencial em
promover o crescimento, as PTPs podem agir como supressoras de tumor e inibir o
crescimento celular. PTPs também estdo envolvidas na ativagdo de linfécitos B e T e na
sinalizagdo por insulina, o que faz destas enzimas alvos atrativos para o desenvolvimento
de farmacos usados numa variedade de doengas como céncer, inflamacgdo, diabetes e

obesidade (Pils and Schultz, 2004; Haugh et al., 2004).

1.5 Proteinas quinases

Em eucariotos a atividade de pelo menos 30% das proteinas pode ser regulada por
tosforilagdo, principal mecanismo que regula uma grande variedade de processos celulares
como sobrevivéncia, diferenciagdo e morte celular (Garcia et al., 2003).

As protefnas quinases, enzimas que catalisam a fosforilagdo de proteinas, sdo
também classificadas de acordo com o tipo de residuo que fosforilam. Assim, as protefnas
tirosina quinases (PTK) fosforilam residuos de tirosina, enquanto que as proteinas
serina/treonina quinases fosforilam residuos de serina e treonina de proteinas.

Dentro da grande familia de proteinas serina/treonina quinases fazem parte a
proteina quinase dependente de AMP ciclico (PKA), protefna quinase B ou Akt
(PKB/Akt), proteina quinase C (PKC) e a subfamilia MAPK (Cano and Mahadevan, 1995;
Cross et al., 2000).

Através de uma via de sinalizagdo constituida por receptores com atividade tirosina
quinase intrinseca e receptores acoplados a proteina G, proteinas adaptadoras e
tfostorilagdes sequenciais de proteinas quinases, as MAPKs respondem a uma variedade de

estimulos ambientais, tais como, fatores de crescimento ou proliferacdo, citocinas e
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estresse quimico ou fisico, controlando, portanto, eventos tdo distintos quanto
sobrevivéncia, morte, transformagdo ou adaptagdes celulares (Haneda et al., 1999; Cross et
al., 2000; Nebreda and Porras, 2000; Chang and Karin, 2001; Wada and Penninger, 2004).
A ampla variedade de fungdes desempenhadas pelas MAPKs é mediada através da
tostorilagdo de vérios substratos, incluindo, fosfolipases, fatores de transcri¢do e tradugdo,
moléculas do ciclo celular, proteinas adaptadoras e proteinas do citoesqueleto, entre
outras.

Dentro da grande familia das MAPKs trés grupos foram caracterizados em
mamiferos: a familia das ERKs (“extracellular signal-regulated kinases’), a familia das JNKs
(“c- Jun NH, terminal kinases”) e a familia das p38 (Johnson and Lapadat, 2002; Roux and
Blenis, 2004; Wada and Penninger, 2004). Cada familia de protefnas MAPKs opera através
de cascatas de sinalizagdo caracterizadas por alta especificidade e funcionamento paralelo
(Schenk and Snaar-Jagalska, 1999). Na auséncia de sinais, os constituintes das cascatas de
MAPKSs retornam ao estado desfosforilado e inativo, sugerindo um papel essencial de
proteinas fosfatases na regulacdo de MAPKs (Haneda et al., 1999; Tamura et al., 2002).

A via das ERKs, geralmente, esta relacionada ao crescimento celular, diferenciagio
e sinais de sobrevivéncia (Kolch et al, 2005), enquanto as MAPKs das familias JNK e p38
relacionam-se primariamente com sinais pré-apoptdticos e inibidores do crescimento,
participando também de respostas pré-inflamatérias. As diversas fungdes das MAPKs
regulam a trajetéria do desenvolvimento celular e, como descrito, podem tanto controlar a
sobrevivéncia, transformacdo ou morte celular. Quando o delicado balanco entre ciclo
celular, proliferacdo, diferenciagdo e apoptose é desregulado por fatores ambientais e/ou
genéticos, podem ocorrer transformagoes malignas, génese de doengas neurodegenerativas
e outras condigdes patolégicas nas quais, geralmente, cascatas sinalizadoras de MAPKs
encontram-se desreguladas (Johnson and Lapadat, 2002).

Desta maneira, as vias de sinalizagio de MAPKs sdo alvos potenciais para o

desenvolvimento de novas estratégias de combate ao cancer.

20



OBJETIVOS

O objetivo principal deste trabalho foi procurar compostos naturais que tivessem
éxito em controlar a prolifera¢do e, ao mesmo tempo, em induzir a morte de células
tumorais. O primeiro passo foi buscar na literatura aqueles compostos mais promissores.
Assim, chegamos aos flavondides, em especial a fisetina e a apigenina, pois até aquele
momento, pouco havia sido descrito sobre suas relagdes com o cancer. Posteriormente,
buscamos compostos novos, extraidos e purificados por grupos de pesquisa, com os quais
temos colaboragdo. Dentre os muitos compostos testados, o ferruginol, extraido e
purificado do caule da gimnosperma Prumnopitys andina e Podocarpus nubigena, ambas
nativas do Chile, foi o que apresentou melhor efeito citotéxico.

Portanto, os objetivos especificos deste trabalho foram:

e Estudar preferencialmente a modulagdo das vias de sinalizagdo de morte por apoptose
induzida pela fisetina e apigenina em células leucémicas HL60 e pelo ferruginol em
células de cancer de proéstata;

e Analisar as vias de sobrevivéncia e proliferagdo celular de células HL60 e PC3 sob
tratamento dos flavondides (fisetina e apigenina) e ferruginol, respectivamente;

e Verificar o papel das proteinas fosfatases nos processos de indugdo de morte;

e [Estudar o estado redox das células HL60 tratadas com fisetina e células PC3 tratadas

com ferruginol.

21



METODOLOGIA

3.1. Cultura de células

As células HL60, K562 e Lucena-1 foram rotineiramente mantidas em suspensio
em meio RMPI 1640, suplementado com 10% de soro fetal bovino, 1% penicilina—
estreptomicina (10.000 U/mL penicilina e 10 mg/mL estreptomicina) e 1% glutamina,
crescidas a 37°C, sob atmosfera umidificada, contendo 5% de COq. As células TF-1 foram
mantidas sob as mesmas condigdes exceto pela adi¢do de 5 ng/mL GMCSF. Em todos os
experimentos, 7 x 107 células HL60/mL, 1 x 10° células K562- Lucena-1/mL e 2 x 107
células TF1/mL foram plaqueadas e tratadas com fisetina ou apigenina por 24 horas.
Fisetina e apigenina foram dissolvidos em dimetil sulféxido (DMSO) e adicionado ao meio
de cultura , cuja concentragio final de DMSO foi 0,1%.

Os linfécitos humanos foram obtidos de sangue de doadores sadios. As células
sanguineas foram separadas por gradiente de densidade usando o reagente Ficoll Paque®
(GE Healthcare). Dez mililitros de sangue diluido 1:1 em meio de cultura RPMI 1640 néo
suplementado foram adicionados vagarosamente a um tubo falcon contendo 8 mL de

Ficoll Paque®. Apds centrifugacdo a 1500 rpm em centrifuga de angulo mével por 30 min,
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formou-se um gradiente de células composto pelos eritrécitos na base do tubo, seguido
pelo reagente Ficoll Paque, pela camada de células mononucleadas e pelo plasma
sanguineo. As células mononucleadas foram coletadas utilizando-se pipeta Pasteur e
cultivadas em meio RPMI 1640, contendo 100 U/mL penicilina, 100 pg/mL
estreptomicina, 10% de soro fetal bovino e concanavalina A, por 48 h, quando o
tratamento foi realizado. A concanavalina A é uma lectina de feijdo, cuja fungdo é estimular
a divisdo celular de linfocitos T e ndo de linfécitos B.

As células PC3 foram cultivadas em meio RPMI 1640 suplementado com 10% de
soro fetal bovino, 1% penicilina—estreptomicina (10.000 U/mL penicilina e 10 mg/mL
estreptomicina) e 1% glutamina, crescidas a 37°C, sob atmosfera imida, contendo 5% de
CO.. Em todos os experimentos, as células na semi-confluéncia foram tratadas com

terruginol, em diferentes concentragoes.

3.2. Viabilidade celular

O ensaio de viabilidade celular foi realizado através do método de redugdo de MTT
[ 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide] previamente descrito por
Mosmann (1983). O método baseia-se na redu¢do do MTT em um composto azul-parpura,
o formazan, nas células vidveis pelas redutases mitocondriais. Ap6s o tratamento, o meio
contendo os compostos (fisetina, apigenina ou ferruginol) foi substituido pela solugdo de
MTT (0,56 mg/mL) em meio RPMI 1649 sem soro. Apds 4 h de incubagido em condigdes
normais de cultivo, a solu¢do de MTT foi removida e o formazan foi dissolvido em DMSO.
A absorbancia foi medida a 570 nm.

O efeito dos compostos no crescimento celular foi determinado como porcentagem
de inibi¢do do crescimento celular, em que células ndo tratadas foram consideradas como

100% de viabilidade.
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3.3. Western Blotting

As células (8 X 107) foram lisadas com 200 pl de tampio de lise [Tris—HCl 50 mM
(pH 7,4), Tween 20 1%, desoxicolato de sédio 0,25%, NaCl 150 mM, EGTA 1 mM, o-
Vanadato 1 mM, NaF 1 mM e inibidores de proteases (aprotinina 1 pg/mL, leupeptina 10
ug/mL e PMSF 1 mM)7] e deixadas em banho de gelo por 2h. Em seguida o extrato foi
clarificado por centrifugacdo a 14.000 rpm, por 5 minutos, e a concentragdo de proteina foi
determinada pelo método de Lowry. O precipitado foi descartado e ao sobrenadante foi
adicionado tampdo de amostra na proporgdo de 1:1 [Tris—=HCl 100 mM (pH 6.8), DTT
200 mM, SDS 4%, azul de bromofenol 0,1 % e glicerol 20%]. As amostras foram fervidas,
por 5 min, e aplicadas em gel de poliacrilamida (10 ou 12%, dependendo da protefna de
interesse) contendo SDS (SDS-PAGE). Apés a corrida, foi realizada a transferéncia para
membranas de PDVF. As membranas foram bloqueadas com leite (1%) ou com BSA (2%)
preparado em tampdo Tris, contendo tween 20 (0,56%) (TBST) e incubadas, durante a
noite, com os anticorpos primarios para as MAPKs diluidos 1:1000. Em seguida, as
membranas foram lavadas com TBST e incubadas com anticorpos secundarios (1:2000),
por 1h. Apés lavagem das membranas com TBS, as bandas foram detectadas por

quimioluminescéncia (ECL).
3.4. Atividades de Enzimas Antioxidantes

As enzimas superéxido dismutases (SODs) (EC 1.5.1.1) sdo a primeira linha de
defesa contra o anion superéxido. As SODs sdo metalo enzimas capazes de catalisar a
dismutagdo do superéxido em oxigénio molecular e peréxido de hidrogénio. Sdo
classificadas de acordo com o metal presente no sitio ativo de sua estrutura: cobre e zinco
(CuZnSOD), ferro ou manganés (Fe/MnSOD) e niquel (NiSODs). A atividade da
super6xido dismutase foi determinada a partir da taxa de inibi¢do da oxidagdo do
ferrocitocromo ¢, a 550nm, em um meio de reagdo padrdo (McCord and Fridovich, 1969).
A atividade de MnSOD foi medida apés a inibigdo da isoenzima Cu/Zn pela adi¢do de
1mM de KCN (Beauchamp and Fridovich, 1973).

A atividade da catalase foi determinada pela medida da diminui¢do na absorgdo de

H20,, a 240 nm (Nelson and Kiesow, 1972).
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2H,0. =2 2H.0 + O,

A enzima glutationa peroxidase (GPX) reduz peréxido de hidrogénio em édgua e
hidroperéxidos, em dalcoois estdveis, utilizando a glutationa como agente redutor. A

reacdo catalisada pela glutationa peroxidade é esquematizada, a seguir:

2GSH + H.0, — GS-SG + 2H.,O

onde GSH ¢ a forma reduzida da glutationa e GS—SG representa a forma oxidada.

A glutationa redutase reduz a glutationa oxidade para completar o ciclo:

GS-SG + NADPH + H* — 2 GSH + NADP+.

A atividade da GPX foi determinada pela medida da taxa de oxidagdo de NADPH
em presen¢a de GSH redutase, através de um sistema de reagdes acopladas (Lawrence and

Burk, 1976).

3.5. Determinagao do estresse oxidativo por meio
da dosagem da atividade de enzimas marcadoras

As enzimas utilizadas como marcadoras de estresse oxidativo foram enzimas do ciclo
de Krebs, aconitase e fumarase. A aconitase, responsavel pela conversdo do citrato em
isocitrato, com formagdo do cis aconitato, ¢ altamente sensfvel a oxidagdo, gragas a
presenca de um cluster de ferro e enxofre no sitio ativo que reage diretamente com o
substrato.

O lisado celular, em tampdo Tris-MnCle-citrato (50 mM Tris-HCl, pH 7,4, 0,6 mM
MnCl2 e 5 mM citrato de sédio) foi clarificado por centrifugagdo (12.000 xg, 1 min). Em
uma cubeta de quartzo foram adicionados 970 pL tampdo Tris-MnCl2-citrato, 10 pL. de
NADP+ 200 pM, 8 pL de isocitrato desidrogenase 0,5 U/pl e 20 pL. de amostra. Atividade
da aconitase foi medida a 25 °C, por 60 min, seguindo as mudangas na absorcdo a 340 nm

em virtude da redugio de NADP* (Morton, 1998). O ensaio seguiu a redugdo do
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NADP* em NADPH, que esta ligado a conversdo do citrato a isocitrato e de isocitrato
a a-cetoglutarato. A atividade da aconitase foi calculada da seguinte forma:

Atividade da aconitase (mU) = absorbancia + coeficiente de extingdo molar
(0,0062) =+ volume da amostra (0,02 ml).

Atividade de fumarase foi medida a 25 °C seguindo as mudancas no aumento da
absorbancia, a 240 nm, em um meio de reagdo padrdo (Racker, 1950), que depende da
formacdo ou desaparecimento da dupla liga¢do do acido fumérico. Todas as medidas foram

realizadas em espectrofotometro UV-Vis (Hitachi, model U-2001).

3.6. Determinacao da concentragao de proteina

A concentragdo de proteina dos extratos celulares foi determinada pelo método de
Lowry, modificado por Hartree (1972), usando albumina sérica bovina com o padrdo. O
principio do método baseia-se na soma de duas reagdes: rea¢do de complexacio de Cu?*
com ligacdes peptidicas (método de biureto), acrescida da redugdo da mistura de
tostomolibdato e fosfotungstato (reagente FFolin-Ciocalteau) em presenga de aminoécidos
redutores das proteinas. A coloragdo azul resultante das duas reagdes é medida em 750

nm.

3.7. Arranjo Quindmico (Pepchip)

A metodologia para o arranjo quindmico foi previamente descrita em detalhes por
diversos autores (Diks and Peppelenbosch, 2004; Diks et al., 2004; Lowenberg et al., 2005,
2006; van Baal et al., 2006; de Borst et al., 2007). Os arranjos de peptideos foram obtidos
pela Pepscan, Lelystad, Holanda, os quais contem 1024 substratos para quinases.

O chip é composto por um arranjo de 1024 spots cada um contendo peptideos com
sequéncia consenso de 11 aminodcidos relativos aos substratos das proteinas quinases.
Cada chip contém triplicata dos 1024 spots. As células foram tratadas, por 24 h, com
apigenina na concentracdo de 1Cso, coletadas, lavadas com PBS (Phosphate Buffer Saline 20
mM NaH,PO,, 150 mM NaCl) e lisadas com 200 pL de tampio de lise ndo desnaturante,
para 107 células. O tampdo de lise é composto por 20 mM Tris-HCI (pH 7,5), 150 mM
NaCl, 1 mM EDTA, 1 mM EGTA, 1% Triton X-100, 2,6 mM fosfato de sédio, 1 mM
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MgCl,, 1 mM B-glicerofosfato, 1 mM NasVO,, 1 mM NaF, 1 ng/mL leupeptina, 1 pg/mL
aprotinina, 1 mM PMSF. O lisado de células foi subsequentemente clarificado usando

filtro de 0.22pum. A mistura de incubago para o arranjo de peptideos foi preparada com 10
mL da mistura ativada e clarificada pela filtragem [50% glicerol, 50 uM ATP, 0,05%
(vol/vol) Brij-85, 0,25 mg/mL albumina de soro bovino, e [7-*PJATP (1 kBq)]. Em
seguida, a solugdo de arranjo de peptideos foi adicionada ao chip e mantido a 37°C em
estufa, por 90 min. Apds a incubagdo, a mistura foi lavada duas vezes com tampdo PBS
com 1% de Tween-20, duas vezes com 2 M de NaCl e duas vezes com dgua deionizada e
depois seca. Os experimentos foram realizados trés vezes em duplicata. Os chips foram
expostos ao phosphormaging screen por 72 h e escaneados no phospho-imager (Fuji, Stanford,
USA). A intensidade dos spots foi analisada no software Scanalyse. A intensidade de
radiagdo de cada spot foi quantificada sendo que, quanto maior a intensidade de radiagfo,
maior a atividade da quinase. E importante salientar que no chip ha varios substratos

diferentes para a mesma quinase.

Figura 5. Esquema sobre a organizagdo do chip.

3.8. Imunoprecipitacao e atividade da LMWPTP

Apbs o tratamento das células PC3 com ferrugino,l por 24 h, o lisado celular foi
preparado com tampéo de lise (20 mM HEPES pH 7,7, 2,56 mM MgCl,, 0.1 mM EDTA,
1% Nonidet-P40 (NP40), 1 mM cloridato de 4-(2-amino-etil)- benzenesulfonilfluoreto), 1
mM DTT, 10 mg/mL aprotinina, e 10 mg/mL leupeptina) e mantido no gelo por 2 h.

Apbs centrifugagido, foram adicionados ao lisado anticorpo anti-LMWPTP e Proteina A e

27



3. METODPOLOGI A

Sepharose, mantidos sob rotagdo, a 4°C, por 2 h. As beads foram lavadas trés vezes com
tampdo de lise e duas vezes com 0,5 M MES (pH 6,0). Em seguida, a atividade enzimatica
foi determinada através da formagdo do p-nitrofenol, utilizando-se p-nitrofenil fosfato (p-
NPP) como substrato. Para um volume final de 1,0 mL, a mistura de incubagdo continha
5,0 mM de p-NPP, 100 mM de tampéao acetato de sédio (pH 5,0) (para as fosfatases acidas).
Apbés adi¢do da enzima, incubou-se por 40 min, a 37°C, e a reagdo foi paralisada pela
adicdo de 1,0 mL de NaOH 1,0 M. A formagdo do p-nitrofenol foi determinada
espectrofotometricamente pela leitura da absorbancia em 405 nm, tomando-se o valor de
18.400 M-! cm! como coeficiente de extingdo molar do p-nitrofenéxido (Chaimovich and
Nome, 1970). Uma unidade enzimética (UE) foi definida como a quantidade de enzima
necessdria para produzir 1 nmol de p-nitrofenol por minuto. A atividade especifica (AE) é

dada pela relagio UE/mg de proteina

3.9. Atividade de Caspases 3,8¢e 9

A atividade de caspase foi determina pela medida a 405 nm do p-nitroanilina (pNA)
(coeficiente de extingdo molar do pNA é de 10.000 M-'.cm™) liberado da clivagem do Ac-
DEVD-pNA, IETD-pNA e LEHD-pNA, os subtratos das caspases 3, 8 e 9
respectivamente, utilizando-se o kit da R&D Systems (cat. # BF4100, BF'10100, BF3100).

A atividade enzimdtica foi expressa em pmol/min.

3.10. Translocagao nuclear de NFkB p65 e AIF

Resumidamente, 2 x 107 células foram coletadas e lavadas duas vezes em tampio
fosfato gelado (PBS) e ressuspendidas em 0,2 mL de tampédo de extragdo gelado (10 mM
de tampao HEPES (pH 7,9), contendo 1,5 mM MgCl,, 10 mM KCl, 0,5 mM DTT, e 0,2
mM PMSF. As células foram mantidas em gelo, por 10 min, para permitir o inchago e, em
seguida, submetidas a agitagdo no vortex por 10 s e centrifugadas, a 4°C, a 14.000 xg, por
30 s. O sobrenadante foi descartado e o pellet, ressuspendido em 30 pl de tampido de
extragdo nuclear (20 mM HEPES (pH 7,9), contendo 25% glicerol, 420 mM NaCl, 1,5 mM
MgCl,, 0,2 mM EDTA, 0,56 mM DTT e 0,2 mM PMSF), colocado em gelo, por 20 min, e
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centrifugado, a 4°C, a 14.000 xg, por 2 min. O sobrenadante foi armazenado como extrato

nuclear e utilizado nos ensaios de western blotting.

3.11. Quantificagcao de glutationa reduzida e oxidada

Células PCs, ainda nas placas de cultura, foram lavadas, duas vezes, com PBS
gelado e removidas com 5 mM EDTA em PBS e lavadas, duas vezes, novamente com PBS
gelado. O ntimero de células foi determinado usando hemocitémetro e, em seguida, as
células foram centrifugadas e volumes equivalentes de PBS gelado e 6% de acido 5-
sulfosicilico (SSA) foram adicionados ao pellet de células. As amostras foram sonicadas para
permitir o rompimento da membrana celular e centrifugadas, a 10,000 rpm, por 5 min. O
sobrenadante foi utilizado para os ensaios subsequentes. As quantidades totais de
glutationa (GSH + GSSG) e glutationa dissulfeto (GSSG) foram determinadas usando
ensaio de reciclagem envolvendo a reagdo de 4cido 5,5'-ditio-bis 2-nitrobenzdico e
glutationa redutase. A quantidade total de glutationa foi calculada da curva padrio de
glutationa reduzida em SSA. Para o ensaio de GSSG, 100 pl de sobrenadante foram
incubados com 2ul. de 2-vinilpiridina, por 60 min, em banho de gelo. A quantidade de
GSSG foi calculada da curva padrdo GSSG. A quantidade de GSH reduzido por célula foi
calculada pela subtragdo da quantidade de GSSG da quantidade de glutationa total por
célula (Li and Oberley, 1998).

3.12. Avaliacao de apoptose por citometria de fluxo

Dentre as caracteristicas da apoptose abordadas na Introdugdo, uma das principais
¢ a assimetria da membrana plasmatica. Nos estdgios iniciais da apoptose, o fosfolipidio
tosfatidilserina (PS) é translocado da camada interna para a externa da membrana
plasmatica, expondo-se para o meio extracelular. Anexina V é uma proteina de 25-36 kDa
que se liga ao fosfolipidio, dependentemente de Ca®* e apresenta alta afinidade por PS,
ligando-se ao PS exposto (Figura 5). Para ser detectada por citometria de fluxo, a anexina
pode ser conjugada com compostos fluorescentes, como APC (aloficocianina) e FITC
(isocianato de fluorescefna). Uma vez que a exposi¢do de PS ocorre nos estdgios iniciais da

apoptose, a marcagdo de anexina pode identificar apoptose em estagios iniciais. Portanto,
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ela é tipicamente usada em conjunto com corante, como iodeto de propidio (PI) que
permite a investigacdo de estdgios mais avangados de morte celular. O iodeto de propidio é
um agente intercalante do DNA e é uma molécula fluorescente com massa molecular de
0,67 kDa.

Células em estdgio avancado de apoptose, ou mortas, sdo positivas tanto para

Anexina V quanto para PI; células vidveis sdo negativas para ambos (Figura 5).

Célula Viavel Célula em apoptose Célula em estagio avancado
de apoptose

Annexina \Y

i oot
! ST

lodeto de

fosfatidilseri
osfatidilserina Propidio

Figura 5. Esquema sobre a andlise da apoptose por citometria de fluxo. Interagdo da
anexina V conjugada com FITC a fosfatidil serina translocada da camada externa da
membrana plasmatica durante o processo de apoptose e ligagdo do iodeto de propidio ao

DNA, na fase tardia da apoptose e necrose.

Para as células HL60, a determinacdo da quantidade de células apoptéticas foi
realizada utilizando-se o kit de detecgdo de apoptose da BD Pharmingen™ (cat.# 556570),

que utiliza anexina V conjugada com o FITC. Apés o tratamento com apigenina, as células
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HL60 foram coletadas e lavadas duas vezes com PBS gelado e ressuspensas em tampao de
ligacdo 0,01 M Hepes (pH 7,4), contendo 0,14 mM NaCl and 2,5 mM CaCl,, provido pelo
kit na concentragdo 1x109 células/mL. Em seguida, 100 pL de suspensdo de células foram
transferidos para um tubo de citometria e 5 pl de Anexina V conjugada com FITC e 5 ul
PI foram adicionados. As células foram incubadas a temperatura ambiente, por 15 min, e
400 pL de tampdo foram adicionados para, em seguida, ser feita a analise no citometro de
fluxo Facs LSR-II (BD Pharmagen).

As células de cancer de préstata PC3 foram ressuspendidas em tampao de ligagdo
na concentragio de 2 x 107 células/mL. Em seguida, 100 puL da suspensio foram
transferidos para um tubo de citometria e adicionados 5uL anexina conjugada com APC e
s5ul. de 7-ADD (7-amino-actinomicina D). O APC é um pigmento fotossintetizante de
cianobactérias que fluoresce em azul, enquanto o 7-ADD é um agente fluorescente
intercalante de DNA.

Ap6és incubagdo de 15 min, a temperatura ambiente, 400 uL. de tampdo de ligagdo
foram adicionados e a apoptose, detectada no citometro FACSCalibur (Becton Dickinson
FACSCalibur, Rockville, MD). Os dados obtidos foram analisados no Cell Quest Pro BD

Biosciences.

3.13. Avaliacao do ciclo celular por citometria de
fluxo

A avaliagdo do ciclo celular por citometria de fluxo é realizada através da
quantificagio do conteido de DNA celular que interage diretamente com corantes
fluorescentes, como iodeto de propidio ou Brdu, com o DNA celular de forma
estequiométrica. Quatro diferentes fases sdo encontradas em uma populagdo de células em
proliferacdo: a fase G1, a fase S (fase de sintese de DNA), fase G2 e fase M (mitose). Por
possuirem a mesma quantidade de DNA, as fases G2 e M ndo podem ser distinguidas uma

da outra através da analise do contetido de DNA (Figura 6).
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Apbs o tratamento com ferruginol, por 24 h, as células PC3 foram coletadas pela
adi¢do de 5 mM de EDTA e, cuidadosamente, retiradas da placa. O pellet de células obtido
ap6s a centrifugagdo com meio de cultura foi fixado com 70% de etanol, por 30 mim, em
gelo e depois lavados trés vezes com 1mL de 0,1% glicose em PBS e ressuspenso em
solugdo de iodeto de propidio (10 mL de 10 mg/mL RNase A, 5 mL de 10 mg/mL PI por
1 mL de PBS com 0,1% glicose). Apés 30 mim, as células foram analisadas por citometria

de fluxo.

Ciclo celular Variacao da quantidade de DNA
durante a mitose
@ Duplicagdo do DNA
Acélulanio

entra em divisdo Quantidade de DNA
4C 4—
Nicleo 2C
ok C- ; |
:\:?saeg[e?u‘ﬁv G S sz/mu{ m\a:m\juTmpo
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oot Telofase

Figura 6. Esquema sobre a analise do ciclo celular por citometria de fluxo. O corante
fluorescente se liga de forma estequiométrica ao DNA celular e, assim, o contetido de
DNA celular é quantificado. Durante a fase S, o DNA é sintetizado, e finalmente na fase

G2 (tetrapléide, 4n) ha duas vezes mais DNA que na fase G1 (dipléide, 2n).
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RESULTADOS

Os resultados estdo dispostos na forma de trabalhos publicados/submetidos:

O artigo 1 contém um trabalho publicado no periédico Journal of Enzyme Inhibition
and Medicinal Chemistry sobre efeitos causados pela fisetina nos niveis de fosfoproteina,
atividade de MAPK e expressdo de NFkB.

O artigo 2 contém um trabalho a ser submetido ao periédico International Journal of
Cancer sobre efeitos da apigenina na fosforilagdo e desfosforilagdo de proteinas importantes

para a progressdo e desenvolvimento do cancer.

O artigo 8 contém um trabalho publicado no periédico Biochimie sobre a supressdo

das vias de sinaliza¢do em células de cancer de proéstata pelo ferruginol.
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Abstract

Flavonoids, polyphenolic phytochemicals, are ubiquitous in plants and are commonly present in the human diet. They may
exert diverse beneficial effects, including antioxidant and anticarcinogenic activities. The present study was designed to
evaluate three biomolecules that play important roles in the apoptotic process: mitogen-activated protein kinases, protein
phosphatases and NFkB, using HL.60 cells treated with fisetin as an experimental model. Our results demonstrated that cells
treated with fisetin presented high expression of NFkB, activation of MAPK p38 and an increase of phosphoprotein levels;
inhibition of enzymes involved in redox status maintenance were also observed. Qur findings reinforce the hypothesis that
fisetin is likely to exert beneficial and/or toxic actions on cells not through its potential as antioxidant but rather through its
modulation of protein kinase and phosphatase signaling cascades. Additionally, our results also indicate that the cellular
effects of fisetin will ultimately depend on the cell type and on the extent to which they associate with the cells, either by
interactions at the membrane or by uptake into the cytosol.

Keywords: Fisetin, flavonoids, HL60, NFkB, MAPK, phosphatases

Introduction

Flavonoids are polyphenolic compounds widely found
in plants [1]. Components of fruits, vegetables and
beverages, such as wine and tea, many flavonoids are
present in a regular diet [2]. Flavonoids exhibit a
variety of effects such as inhibition of malignant cell
growth [1], regulation of lymphocyte activation, cell
proliferation and differentiation [2—4]. These biologi-
cal effects of flavonoids on cells can be due to the
inhibition of different key enzymes. For these reasons,
the flavonoids can be considered potential compounds
in the selective blocking of signal transduction
pathways and in the design of more potent analogues
for use in proliferative disease therapies.

Several studies have demonstrated that, depending
on their structures, flavonoids can be potent inhibitors
of several kinases involved in signal transduction,
mainly protein kinase C (PKC) [5] and tyrosine
kinases [6]. On the other hand, some flavonoids can
activate cell differentiation through activation of the
Ras-ERK cascade [7].

Fisetin is a common dietary component found in
several fruits and vegetables [8]. Some authors have
demonstrated different biological activities for this
flavonoid: inhibition of topoisomerase II, an essential
nuclear enzyme for DNA replication [9,10], neuropro-
tective, cardioprotective and anti-carcinogenic activi-
ties, which have been attributed to its antioxidant
properties [7,11-13], inhibition of cellular proliferation
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and i vitro angiogenesis [14], induction of apoptosis in
leukemic cells [13]. Recently, Haddad et al. [15] have
demonstrated that fisetin caused cell cycle arrest
(G2/M) in a prostate cancer human cell line (PC3). In
addition, fisetin inhibited glucose uptake in a competi-
tive manner in a myeloid cell (U937), which indicated
that this flavonoid could be used as an alternative
blocker of glucose uptake in vitro [16].

The present study was designed to evaluate three
biomolecules that play important roles in the
apoptotic process: mitogen-activated protein kinases
(MAPKS), protein phosphatases and NFkB, using
HL60 cells treated with fisetin as an experimental
model. Our results demonstrated that cells treated
with fisetin presented high expression of NFkB,
activation of MAPK p38 and an increase of
phosphoprotein levels; inhibition of enzymes involved
in redox status maintenance was also observed.

Materials and methods
Materials

HL60 cells was from ATCC (Rockville, MD) and fisetin
(Figure 1) was from Sigma Chemical Co. (St Louis,
MO). The polyclonal antibodies against antiphospho-
p38 mitogen-activated protein kinase (p38), antiphos-
pho-p42/44 (ERK 1/2), antiphospho-c-jun NH,-
terminal protein kinase (JNK), antiphospho-MAP-
K/ERK kinase 1 (MEK1), antirabbit and antimouse
peroxidase conjugated antibodies were obtained from
Cell Signaling Technology (Beverly, MA).

Cell culture

HL60 cells were routinely grown in suspension
in RPMI 1640 medium supplemented with 10%
fetal bovine serum, 1% penicillin—streptomycin
(10,000 U/mL penicillin and 10 mg/mL streptomycin)
and 1% glutamine, grown at 37°C under a humidified
5% CO, atmosphere. In all experiments 3 X 10°
cells/mL were seeded, and after 72h the cells were
treated with fisetin for 24h. Fisetin dissolved in
dimethyl sulfoxide (DMSO) was added to the culture
medium and adjusted to a final DMSO concentration
of 0.1%.

OH
OH
HO ©
(o}
Figure 1. Molecular structure of fisetin.

Cell viability

Cell viability was assessed by the trypan blue dye
exclusion and the MTT reduction assays as previously
described [17].

Western blotting

Cells (3 X 107) were lysed in 200 uL cell lysis buffer
(50mM Tris-HCI pH 7.4, 1% Tween 20, 0.25%
sodium deoxycholate, 150mM NaCl, 1mM EGTA,
1 mM o-vanadate, ] mM sodium fluoride, and protease
inhibitors (1 pg/mL aprotinin, 10 pg/ml. leupeptin,
and 1 mM phenylmethylsulfonyl fluoride (PMSF)) for
2h on ice. Protein extracts were cleared by centrifu-
gation, and the protein concentration was determined
using the Lowry method [18]. Twice the volume of
sodium dodecyl sulfate (SDS) gel loading buffer
(100mM Tris-HCI, pH 6.8, 200mM dithiothreitol,
4% SDS, 0.1% bromophenol blue, and 20% glycerol)
was added to the samples and the mixture boiled for
10min. Cell extracts, corresponding to 3 X 10° cells,
were resolved by SDS-polyacrylamide gel (12%)
electrophoresis (PAGE) and transferred to polyvinyli-
dene difluoride (PVDF) membranes. Membranes were
blocked for 1h in 1% fat-free dried milk or bovine
serum albumin (2%) in Tris-buffered saline (TBS) -
Tween 20 (0.05%) and incubated overnight at 4°C
with appropriate primary antibody at 1:1000 dilution.
After washing in TBS-Tween 20 (0.05%), membranes
were incubated with antirabbit or antimouse horse-
radish peroxidase-conjugated secondary antibodies, at
1:2000 dilutions (in all Western blotting assays), in
blocking buffer for 1h. Detection was performed by
using enhanced chemiluminescence (ECL).

Antioxidant enzyme activities

Total superoxide dismutase (SOD) activity was
determined from the rate of inhibition of ferrocyto-
chrome c oxidation, at 550 nm, in a standard reaction
medium [19]. The manganese superoxide dismutase
(MnSOD) activity was measured after inhibition of
the Cuw/Zn isoenzyme by addition of 1 mM KCN [20].
Catalase activity was determined by measuring the
decrease in absorption of H,O, at 240nm [21].
Glutathione peroxidase (GPX) activity was deter-
mined by measuring the NADPH oxidation rate in the
presence of GSH and GSH reductase [22].

Marker enzyme activities for oxidative stress

Aconitase activity was measured at 25°C by following
the change in the absorption at 340 nm, due to NADP*
reduction [23]. Fumarase activity was measured at
25°C by following the increase in absorbance at 240 nm
at 25°C in a standard reaction mixture [24]. All the
measurements were carried out in a UV-VIS spectro-
photometer (Hitachi, model U-2001).

35



4. RESULTADOS

Fisetin enhances cellular protein kinase and phosphoproteins 441

Statistical evaluation

The Western blots represent three independent
experiments. Cell viability was expressed as the
mean =* standard error of three independent exper-
iments run in triplicate. Data for each assay were
statistically evaluated by analysis of variance
(ANOVA).

Results and discussion

Differential effect of fisetin on HL60 cells and normal
human lymphocyte viabilities

We have previously described cytotoxic effects and
mechanism of action of different compounds on
cancer cells [25—27]. Other natural products have also
been reported as important sources of potential
chemotherapeutic agents [28—-30]. Flavonoids, widely
distributed in vegetables, fruits, and wine, have been
shown to exert anticarcinogenic effects [10,13,15,31].
However, the molecular mechanisms by which
flavonoids can act against cancer cells need to be
elucidated. To establish the specificity of fisetin action
on HL60 cells we checked, in parallel, the effect of this
compound on normal human lymphocytes viability
using the MTT assay. It was observed that after
24 hours of fisetin-treated HL.60 cells, the mitochon-
drial activity was decreased, displaying an IC5, value
around 30 M (Figure 2). In agreement with other
authors [13], it was also observed that fisetin induced
HI60 cells death by apoptosis. Interestingly, human
lymphocyte viability remained unchanged, even in the
presence of fisetin at concentrations up to 200 pM.
These results suggest that fisetin can be an interesting
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Figure 2. Cytotoxicity of fisetin in leukemic cells and normal
human lymphocytes. HL60 cells (M) and normal human
lymphocytes (A) were treated with different concentrations of
fisetin for 24 h. In the absence of fisetin, the MTT reduction was
considered as 100%. The experiment was performed in a 24-well
plate. Results represent the means + standard error of three
experiments run in triplicate (P < 0.05).
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Figure 3. Effect of fisetin on MAPKs phosphorylation in HL60
cells. Cells were treated with different concentrations of fisetin (10,
20, 30 and 50 uM). Soluble lysates were matched for protein
content and analyzed by Western blot. One representative
immunoblot of three independent experiments is presented.

candidate for cancer treatment with a cellular-specific
mechanism of action.

Effect of fisetin on MAPKSs phosphorylation and NFxB
expression in HL60 cells

To obtain more insight into the molecular mechanisms
mediated by fisetin on HL60 cells, we examined the
phosphorylation state of total proteins and MAPKs, in
response to fisetin at concentrations up to 50 pM.
Fisetin caused activation of p38 and JNK MAPKs,
while ERK was inhibited (Figure 3). Williams et al.
[32] have demonstrated that flavonoids and their
metabolites differentially acted on PI3-kinase, Akt/
protein kinase B (Akt/PKB), tyrosine kinases, PKC,
and MAPK signaling cascades. Inhibitory or stimu-
latory actions at these pathways are likely to
profoundly affect cellular function by altering the
phosphorylation state of target molecules and/or by
modulating gene expression.

In addition, we also observed that cells treated with
fisetin presented high expression of NFkB (Figure 4).
Decrease in MAPKSs phosphorylation (Figure 3) and
in the expression of NFkB p65 (Figure 4) in HL60
cells at fisetin concentrations higher than 20 M could
be ascribed to different steps of apoptosis. Our results
indicate that depending on the fisetin concentration
two steps of apoptosis can be reached: early and
late apoptosis. Apparently, fisetin concentrations

f Sg n?g @$ @$

R o

Figure 4. Fisetin changes the expression of NFxkB p65. After
treatment of HL60 cells with different concentrations of fisetin for
24h, equal amounts of protein (50 pg) of total lysates were
subjected to immunoblot analysis with NFkB (p65) antibodies.
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up to 20pM caused early apoptosis, that was
reinforced by the overexpression of NFkB. Recently,
Kanno et al. [33] demonstrated that the overexpres-
sion of NFkB is a pivotal event for apoptosis in HL.60
cells induced by the flavonoid naringenin. It has been
shown that the transcription factor NFkB participated
in cell growth, differentiation, inflammatory responses
induced by different signals related to the regulation of
apoptosis and neoplastic transformation [34,35]. The
pro- and antiapoptotic regulatory functions of NFkB
have been shown to depend on the cell type, the
differentiation state of the cell, and the nature of the
apoptotic stimulus [35]. Our data provided evidence
that the overexpression of the subunit NF«kB p65 in
cell death was associated with ROS generation. Some
authors observed that ROS per se were potent inducers
of apoptosis [36] and that the hydrogen peroxide-
induced apoptosis required the release of mitochon-
dria-derived ROS and the activation of NFkB [37].
Our results demonstrating the ability of NFkB p65
overexpression to induce apoptosis, are in agreement
with published data implicating NFkB to the
induction of cell death in certain cells such as neurons,
Schwann cells, prostate carcinoma, and embryonic
kidney cells [38-42].

Effects of fisetin on protein phosphorylation in HL60 cells

In order to analyze the phosphorylation state in HL60
cells treated with fisetin, we examined the tyrosine and
threonine phosphorylation on the cellular proteins.
Phosphorylation of both residues increased in the cells
treated with fisetin, except for a decrease in tyrosine
phosphorylation at 50 uM fisetin (Figure 5). Our
results indicated that the fisetin action in HL60 cells
was accompanied by an increase in tyrosine and

A
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Figure 5. Effect of fisetin on protein phosphorylation levels. Cells
were treated with fisetin (10, 20, 30 and 50 uM), and the tyrosine
(A) and threonine (B) phosphorylations were evaluated by
immunoblotting. One representative immunoblot of three
independent experiments is presented.

threonine phosphorylations. We have observed that
fisetin inhibited cytosolic phosphatase activities in
HL60 cells (not shown).

Fisetin induces oxidative stress and decrease in antioxidant
enzymes activities in HL60 cells

In order to analyze the cellular redox status after
treatment of HIL60 cells with fisetin we quantified the
activities of aconitase, fumarase, catalase, glutathione
peroxidase and two isoforms of superoxide dismutase
(SOD), i.e. the MnSOD (mitochondrial isoform), and
the CuZnSOD (cytosolic isoform). Treatment of
HL60 cells with fisetin resulted in inactivation of
mitochondrial aconitase, an enzyme sensitive to
oxidative stress, but not fumarase, a mitochondrial
enzyme sensitive to oxidative stress (Table I). Fisetin
caused also an expressive decrease in the antioxidant
enzymes catalase, MnSOD, CuZnSOD and GPX.
Our results suggest that fisetin can induce oxidative
stress through ROS production. ROS can lead to cell
death through inactivation of mitochondrial aconitase,
an iron-sulfur (Fe-S) protein [43]. Recent studies
showed that ROS are emerging as obligatory
mediators of cell death signaling in response to
stimulation of TNF receptors and induction of JNK
and p38 signaling [44-47]. A MAPK phosphatase
(MKP) was identified as a critical molecular target of
ROS during TNFa-induced apoptosis, due to
oxidation of an essential cysteine residue to sulfenic
acid [46]. MKP plays a critical role in the regulation of
the activity of MAPKSs [48,49]. Thus, ROS-depen-
dent inhibition of MKPs caused persistent activation
of INK by TNFa, and, ultimately, programmed cell
death via either a necrotic or an apoptotic pathway
[47]. These findings are in agreement with our results
since, besides activating JNK and p38, fisetin also
caused an increase of phosphoprotein levels which can
be due to either inactivation of protein phosphatases
or activation of protein kinases, activities which are
highly sensitives to oxidant agents.

Conclusion

In summary, our results have reinforced the hypoth-
esis that fisetin was likely to exert beneficial and/or

Table I. Effects of fisetin on antioxidant enzymes activities of
HL60 cells. Cells were treated with fisetin (100 pM) and enzyme
activities were determined as described in Materials and methods.

Specific activities

Enzyme Control +Fisetin
Aconitase 2.32mU/mg 0.11mU/mg
Fumarase 0.029 mU/mg 0.029 mU/mg
Catalase 0.23 pmoles/mg 0.11 pmoles/mg
GPX 0.66 mU/mg 0.22mU/mg
MnSOD 6.22U/mg 2.46 U/mg
CuZnSOD 11.74U/mg 3.33U/mg
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toxic actions on cells not through its potential to act as
antioxidant but rather through its modulation of
protein kinase and phosphatase signaling cascades.
Additionally, our results also indicated that the
cellular effects of fisetin ultimately depended on the
cell type, and on the extent to which it associated with
the cells, either by interactions with the membrane or
by uptake into the cytosol.
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ABSTRACT

Protein phosphatases and kinases are key players in regulating signal transduction. We
examined the effect of apigenin on HL60 cells metabolism under the protein
phosphorylation/dephosphorylation aspects, using iz wvitro phosphorylation of peptide
arrays containing 1,024 different kinase consensus sequences and western blotting.
Among 112 substrates which showed difference in phosphorylation, we detected 101
which showed to be less phosphorylated. Inhibition of different kinases responsible for
regulating cell proliferation and survival was identified by kinome profiling. Importantly,
our findings highlighted Src kinase, as well as protein tyrosine phosphatases (SHP2 and
LMWPTP) as important targets for apigenin, since these enzymes were strongly
inhibited. Another interesting observation was the activation of PTEN on leukemia cells
treated with apigenin. Our findings showed that apigenin had an effect on leukemia cell
through changes on kinase and phosphatase activities, affecting primarily survival

pathways which culminated with apoptosis induction.
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INTRODUCTION

Flavonoids exhibit a variety of effects such as inhibition of malignant cell growth
(Sousa et al., 2007), regulation of lymphocyte activation, cell proliferation and
differentiation (Middleton et al, 2000; Verbeek et al, 2004). Apigenin (4',5,7-
trihydroxytlavone), a common dietary flavonoid, abundantly present in fruits and
vegetables, displays promising biological effects such as prevention and therapy of
prostate cancer, suppression of tumorigenesis and angiogenesis in melanoma and breast,
skin and colon carcinomas (Wang et al., 2000; Caltagirone et al., 2000; Way et al., 2004
Shukla et al., 2005). These eftects appear to be primarily mediated through suppression of
the expression of COX-2, MMP-9, NOS-2, VEGF, and lipoxygenase (Liang et al., 1999;
Kim, 2003; Fang et al.,, 2005). Under cell death mechanism, apigenin exhibits antitumoral
effects via apoptosis induction, through activation of caspases, inhibition of fatty acid
synthase and topoisomerase and modulation of Bax and Bcl-2 expression (Wang et al,,
1999, Yin, 1999). Besides, this flavonoid modulates some keys protein kinases such as
PISK, AKT, MAPK ERK1/2, casein kinase-2 and other upstream kinases involved in
cancer development and progression (Way et al., 2004).

Interestingly, however, recent novel technical approaches have been developed
allowing the generation of comprehensive descriptions of cellular metabolism without the
need of a priori assumptions as to the signaling pathways affected (Diks and
Peppelenbosch, 2004; Diks et al., 2004). We have pioneered an approach involving peptide
arrays exhibiting consensus phosphorylation sequences for cellular kinases that allows
simultaneous assessment of the activity of the total complement of kinases present in the
human genome (the so-called kinome) (Diks and Peppelenbosch, 2004; Diks et al., 2004).
Hence we decided to test whether this technology would allow us to define the molecular
mechanisms underlying apigenin eftects in leukemia. Among the kinases which were less
active on cells treated with apigenin, Src kinases seems to be one important target of this
flavonoid. In addition, the differential effect of apigenin on PTPs potentiates its
antiproliferative action. We observed inhibition of LMWPTP and SHP2 while PTEN was

more active.

42



4. RESULTADOS

MATERIAL AND METHODS
Cell line and reagents

HL60 and K562 cells were purchased from ATCC (Rockville, MD, USA) and Lucena cells
were kindly provided by Prof. Vivian Rumjanek (Universidade Federal do Rio de Janeiro,
RJ, Brazil). Apigenin and apigenin 7-O-neohesperidoside (rhoifolin) were purchased from
Sigma Chemical Co. (St. Louis, MO, USA).

Polyclonal antibodies against phospho-p42/44 (ERK1/2), phospho-AKT (Ser-473),
phospho-HSP27 (Ser-82), phospho-c-Raf’ (Ser-338), phospho-GSK-33 (Ser-9), AIF,
phospho-cdc2 (Thr-15), phospho-Rb (Ser-795), phospho-STATS5 (Tyr-694), phospho-tyr
PISK subunit p85, antirabbit and antimouse peroxidase-conjugated antibodies were
purchased from Cell Signaling Technology (Beverly, MA, USA). Antibodies against p21,
NF«kB p65 subunit, phospho-STAT3 (Tyr-705), Bcl2, Bax, TNFR1 and IKKa were
purchased from Santa Cruz Biotechnology (Santa Cruz, CA, USA).

Cell culture

HL60, K562 and Lucena-1 cells were cultured in RPMI 1640 containing 100
U/mL penicillin, 100 pg/mL streptomycin and 10% fetal bovine serum, at 37°C in a 5%
CO; humidified atmosphere. TF-1 cells were cultured at the same conditions except for
addition of 5ng/mL GMCSF. In all experiments, 6 x 10° cells/mL were treated for 24 h
with different concentrations of apigenin.

Human lymphocytes were obtained from healthy blood donors. Blood cells were separated
by density through Ficol Paque® gradient. Mononuclear blood cells were harvested and
cultured in RPMI 1640 containing 100 U/mL penicillin, 100 pg/mlL streptomycin, 10%

fetal bovine serum and concanavalin A (5pug/mL) for 48 h when the treatment was done.

MTT assay for cellular viability

Cell viability was assessed by MTT reduction assay as described by Mosmann

(1983). The eftect of apigenin on cell growth was assessed as the percentage of inhibition
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in cell growth where non-treated cells were taken as 100% of viability. ICso values were

determined from three independent experiments.

Western blotting analysis

Cells (3 x 107) were lysed in 200 pL cell lysis buffer [50 mM Tris-HCI pH 7.4
containing 1% Tween 20, 0.25% sodium deoxycholate, 150 mM NaCl, 1 mM EGTA, 1
mM o-vanadate, 1 mM sodium fluoride, and protease inhibitors (1 pg/mL aprotinin, 10

ng/mL leupeptin, and 1 mM PMSF)T for 2 hours on ice. Protein extracts were cleared by
centrifugation, and the protein concentration was determined using Lowry method
(Hartree, 1972). Sodium dodecyl sulfate (SDS) gel loading buffer (100 mM Tris-HCI, pH
6.8 containing 200 mM dithiothreitol, 4% SDS, 0.1% bromophenol blue, and 20%
glycerol) was added to the samples and boiled for 10 minutes. Cell extracts, corresponding
to 3 x 10° cells, were resolved by SDS-polyacrylamide gel (12%) electrophoresis (PAGE)
and transferred to polyvinylidene difluoride (PVDF) membranes. Membranes were
blocked for 1 h in 1% fatfree dried milk or bovine serum albumin (2%) in Tris-buffered
saline (TBS) - Tween 20 (0.05%) and incubated overnight at 4°C with appropriate
primary antibody at 1:1000 dilution. After washing in TBS-Tween 20 (0.05%), membranes
were incubated with antirabbit or antimouse horseradish peroxidase-conjugated
secondary antibodies, at 1:2000 dilutions (in all Western blotting assays), in blocking

bufter for 1 hour. Detection was performed by using enhanced chemiluminescence (ECL).

Immunoprecipitation of the LMWPTP

After treatment of the cells with apigenin for 24 h, whole-cell lysates were
prepared with lysis buffer (20 mM HEPES pH 7.7, 2.5 mM MgCl,, 0.1 mM EDTA, 1%
Nonidet-P40 (NP40), 1 mM 4-(2-amino-ethyl)-benzenesulfonylfluoride hydrochloride), 1
mM DTT, 10 mg/mL aprotinin, and 10 mg/mL leupeptin) and chilled on ice for 2 h.
After centrifugation, lysates were rotated with anti-LMWPTP overnight and with
GammaBind G Sepharose at 4°C for 3 h. The beads were washed three times with lysing
buffer and twice with 0.1 M acetate bufter pH 5.0. Next, the phosphatase activity was
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determined using pTy1146 Insuline Receptor peptide as a substrate, using the PTP no
radioactive assay kit from Sigma. Cells without any treament have LMWPTP

imuprecipitated and the PTP activity was measured in the presence of apigenin.

Apoptosis Analysis by Cytomety Assay using Annexin V and Propridium
iodide (PI)

To perform the Annexin and PI assay, the FITC Annexin V Apoptosis Detection
Kit II from BD Pharmingen™ was used. Briefly, control and apigenin-treated cells were
collected, washed twice in cold PBS and then ressuspended in 1X binding buffer (0.01 M
Hepes/NaOH, pH 7.4, 0.14 mM NaCl and 2.5 mM CaCl,) at the concentration of
1x10cells/mL. Subsequently, 100 pL of cell suspension were transferred to a 5 mL tube
and Annexin V FITC (5 pL) and PI (5 pL) were added. The cells were incubated at room
temperature for 15 min, after which 400 pL of 1X binding buffer were added and

apoptosis assessed by flow cytometry.

Cell Cycle Analysis by Cytometry using Propridium iodide (PIl)

After treament with apigenin 20, 30 and 40uM, cells were spin down, washed with
PBS and ressuspended in 200uL of work solution (0.96g/mL sodium citrate, 1mg/mL
Ribonuclease A, 0.02mg/mL propidium iodide, 0.01% Triton X-100). After incubation in
the dark for 60 min at room temperature, the samples were analysed in FACSCalibur BD

Bioscience.

Kinomic array

The production of the array and the protocol of the kinome array have been
described in detail earlier (Diks and Peppelenbosch, 2004; Diks et al., 2004; Lowenberg et
al., 2005, 2006; van Baal et al., 2006; de Borst et al., 2007). In short, cells were washed in
PBS and lysed in a non-denaturing lysis buffer. The peptide arrays (Pepscan, Lelystad,

The Netherlands), containing up to 1024 different kinase substrates in triplo, were
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incubated with cell lysates, for 90 min, in a humidified incubator at 37°C. Subsequently,
the arrays were washed in 2 M NaCl, in 1% Tween, in PBS, in 1% Tween and water,
whereafter slides were exposed to a phosphoimaging screen for 72 h and scanned on a
phospho-imager (Fuji, Stanford, USA). The spot intensities were analysed using Scanalyse

software.

Statistical analysis

All experiments were performed in triplicate and the results shown in the graphs
represent the means and standard errors. Cell viability data were expressed as the means
+ standard errors of 8 independent experiments carried out in triplicates. Data from each
assay were statistically analyzed by ANOVA. Differences were considered significant
when the p value was less than 0.05. Western blottings represent 3 independent

experiments.

RESULTS

High-throughput kinase analysis on leukemia cells treated with apigenin

To investigate the effects of apigenin (Figure 1A) on the phosphorylation events,
we used the kinome assay to analyse the general profile of kinase activity. HL60 cells (2.5
x 10° cells) were incubated for 24 h with vehicle (0.1% DMSO) or 30 uM apigenin and
subsequently analyzed using the peptide array. The correlation coefficient (r) of non-
treated and treated cells was 0.78, which was determined by taking all spot intensities into
account (Figure 1B), what means that there is difference of phosphorylation peptides
between the treated and non-treated cells.

Protein kinases that displayed an expressive change in activity are summarized in
Table 1. We detected significant differences in the phosphorylation of 112 peptides from
1024 in the array, when apigenin-treated and vehicle-treated HL60 cells were compared,
101 out of 112 peptides were less phosphorylated (p < 0.05; see supplementary
information for a full description of results obtained — Table 1). Figure 1 B shows the

kinases which displayed ratio of spots phosphorylation between treated and non-treated
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cells. Among the kinases that were most noticeably affected we highlighted those that
play a critical role in tumor aggressiveness: AKT, ERK, JNK, JAK 2, c-Src, PAK , Cdc2,
PKC, CK2,PKC, PKA (Figure 1C). In addition, the kinome profiling reveals that other
protein kinases involved in cell survival, cytoskeleton remodelling and cell cycle
progression were modulated upon apigenin treatment (Figure 1D).

Next, to validate the results obtained with kinome profiling, we performed
Western blot analysis of HL60 cells treated with either vehicle, or 20, 30 and 40 pM
apigenin for 24 h .

Figure 2 shows that the treatment of HL60 cells with apigenin resulted in an
inhibition of the AKT/PI3K pathway due to downregulation of the PISK regulatory
subunit p85, and downregulation of PDK1. The expression of AKT sligthly increased,
however, it was downregulated due to the decrease of phosphorylation at Ser473. In
agreement, PDK-1, a kinase responsible for activation of AKT via phosphorylation at
Thr308, was shown to have a decreased phosphorylation on the activation loop (Ser241).
One of the downstream effects of AKT is the inhibition of GSK3-B through

phosphorylation of this molecule. As expected, apigenin treatment resulted in a

diminished phosphorylation of GSK3-3 at Ser9.

MAPK pathway as target of apigenin

The kinome profiling was an usefull tool to analyze the effect of apigenin in MAPK
pathway. The peptides substrate of MAPK pathway showed significant diminution of
phosphorylation, predicting that this pathways was depressed by apigenin. On the other

hand, JNK and p38 were activated in the presence of apigenin, as shown in Figure 3.

Src pathway as target of apigenin

Cells treated with apigenin displayed diminishing of phosphorylation of Src family
at Tyr416, an activator site of this protein tyrosine kinase (Figure 3). Accordingly, the
phosphorylation level of 18 peptides corresponding to Src substrates, such as FAK,
ZAP70, Caveolin-2, decreased by the treatment with apigenin, as revealed by Pepchip
(Table 2)
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Apigenin treatment causes cell cycle arrest in HL60 cells

The kinome profiling revealed changes in protein phosphorylation related to cell
cycle, peptides of Cdc2, CDK2 and CDK5 substrates showed by decreasing of
phosphorylation levels when exposed to apigenin-treated cells. To obtain more
information of the action of apigenin in cell cycle, we analyzed the DNA content from
cells treated or not with apigenin. Apigenin caused arrest in HL60 cells in G2/M phase,
as determined by flow cytometry (Figure 4A). This fact was in agreement with an increase
in apigenin-induced phosphorylation of Tyr15 cdc2 (CDK1) which resulted in inhibition
of this kinase and, consequently, provoked cell cycle arrest at G2/M. However, the

expression of c-myc and p21 remained unchanged (Figure 4B).

Apigenin differentially affects phosphatase activities

Cells treated with apigenin displayed a decrease of phosphorylation of SHP2 at
activator residue (Tyr542). We also examined the expression as well as the activity of the
LMWPTP after immunoprecipitation (Figure 5A). Despite having a tendency of increase
the expression of the LMWPTP, we observed an expressive decrease of this phosphatase
activity on cells treated with apigenin (Figure 5A and B). Its activity was inhibited about
50% by apigenin treatment, even at low concentrations (20uM) (Figure 5B). The eftect of
apigenin on LMWPTP can be explained, at least in part, by a direct eftect of the flavonoid
on the enzyme activity, as shown in the Figure 5C. The LMWPTP immunoprecipitated
from non-treated cells was inhibited iz vitro about 30% in the presence of apigenin. On the
other hand, the activity of PTEN was increased on cells treated with apigenin (Figure
5A).

Apigenin induces apoptosis of HL60 cells via the intrinsic pathway

As a result of changes of protein phosphorylation, apigenin led to the HL60 cells death, as

shown in Figure 6A. Leukemia cells were treated with apigenin in concentrations up to

200 uM, for 24h (Figures 6A). As shown in Figure 6B, apigenin caused a dose-dependent
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reduction in the viable leukemia cell number. Erythroleukemia cells K562 and their
counterpart with resistance phenotype, Lucena-1, displayed low sensitive effect towards
apigenin; at the highest concentration used (200 pM) 60% of the cells remained viable.
However, in relation to TF1 and HL60 the following ICso values were obtained: 125 and
30uM, respectively (Figure 6C). Additionally, we examined the effect of apigenin 7-O-
neohesperidoside, however no toxic effect was observed (Figure 1C). Importantly, no
effect was observed with apigenin in human peripheral blood lymphocytes.

Apoptosis has been reported in the literature for many cell lines, inclusive leukemia
cells, but not specifically to HL60 cells. We observed apoptosis induction of HL60 cells by
apigenin through the annexin assay (Figure 6C). This induction occurred via an intrinsic
pathway, since downregulation of TNFR1, changes in the Bax:Bcl-2 ratio and increase of

caspase 3 and PARP cleavage were detected (Figure 6D).

DISCUSSION

Our research group has a long-standing interest in the possible beneficial
biological eftects of natural compounds and their derivatives (Freire et al., 2003; Ferreira
et al., 2004; Cavagis et al., 2006; Miranda et al., 2006; Kodach et al., 2006; Souza et al.,
2006; Queiroz et al., 2007; Sousa et al., 2007; de Jesus et al., 2008). In this work, we
correlated the apoptotic effect of apigenin with modulation of protein kinases and
phosphatases. Protein phosphatases and protein kinases are key players in regulating
intricate mechanisms in signal transduction. Therefore, the evaluation of the effect of a
potential antitumoral agent on the kinome profile and phosphatase activity might be
useful to provide more details about its molecular mechanism.

In the light of the importance of flavonoids in the human diet and taking into
consideration that this class of biocompounds is emerging as potent cancer preventing and
chemotherapeutic agents acting as inhibitor of cell growth and apoptosis inductor (Sousa
et al., 2007), we decided to examine the effect of apigenin in the leukemia cells
phosphorylation levels.

Ninety percent of all the peptides which showed significant differences in
phosphorylation levels, had increase of phosphorylation under apigenin treated-cells

lysed, indicating that apigenin had intense effect on kinase activity. Flavonoids have the
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potential to bind to the ATP-binding sites of a large number of proteins (Conseil et al.,
1998), including protein kinase A (Revuelta et al., 1997) and protein kinase C (Huang et
al., 1999) due to their similarity to ATP structure, which make flavonoids competitive
inhibitors of protein kinases. Flavonoids, such as quercetin and luteolin, have been
reported to display inhibitory activities at a number of protein kinases, interacting to the
ATP binding site, presumably causing structural changes in the kinase and leading to its
inactivity (Huang et al,, 1999). For instance, the most selective PISK inhibitor, currently
available, .Y 294002, was modelled on the structure of quercetin (Williams et al., 2004).
Apigenin has already been reported to be a competitive inhibitor of protein tyrosine
kinase (Huang et al., 1996). Herein, we showed that apigenin can also negatively modulate
kinase activity by regulating other mediators, for instance, PTEN. We observed that
apigenin provoked inhibition of AKT/PISK pathway, due to negative modulation of
upstream mediators of this kinase, such as EGFR, FAK and activation of PTEN. PTEN,
as a negative modulator of PISK/AKT signalling pathway, represents an important
mediator of cell death, inhibition of growth or both. PISK phosphorylates
phosphatidylinositol  4,5-bisphosphate ~ (PIP2), into the secondary messenger
phosphatidylinositol  3,4,5-trisphosphate (PIP3). This second messenger mediates
downstream signalling by recruiting and activating PDRK-1 followed by the activation of
PKB/AKT. PTEN has the ability to dephosphorylate PIP3 to its precursor, PIP2, thereby
blocking the cascade of events generated as a consequence of the accumulation of the
secondary messenger (Mocanu and Yellon, 2007). Therefore, activating PTEN, apigenin
decreases the PISK, as well as, PDK-1 activities and, consequently, induces apoptosis.
Kinome profiling also revealed inhibition of casein kinase II (CK2) and JAK2 by
apigenin. The CK2 is a ubiquitously expressed serine-threonine kinase and its activity is
enhanced in all human tumors examined so far (Guerra and Issinger, 2008). Recently,
Hamacher et al. (2007) demonstrated that the inhibition of CK2 led to a reduction of
pancreatic cancer cell viability, which was due to caspase-dependent apoptosis. Cytokine
stimulation induces proliferation and growth of acute myeloid leukemia (AML) blasts and
high levels of cytokines have been associated with poor prognosis in AML. The JAK-Stat
pathway constitutes a major mediator of cytokine activity. Therefore, the inhibition of
JAK1 by apigenin is also an important factor that reinforces the apoptotic cascade

activation.
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Another kinase we evaluated in this work was Src, which plays key roles in cell
differentiation, motility, proliferation, and survival. In our study, apigenin led to a
decrease of phosphorylation of Tyr416 residue with consequent inhibition of its activity.
Up to date, there is no consensus mechanism by which Src promotes cell survival.
Roskoski and co-authors (2005) reported that the antiapoptotic activity of Src was
correlated with its capacity to modulate NFxB, MEK1/2-ERK1/2-CREB pathway,
STATS and Bclxl. Despite apigenin is more effective in inhibiting kinases, it induced the
activity of JNK and MAPK p38. Recently some studies have been suggesting that ERK
pathway can be suppressed by JNK and p38 during apoptosis process (Junttila et al.,
2008).

Interestingly, we observed that not only kinases were aftected by apigenin, but
also phosphatases can be negatively or positively modulated by this flavonoid. LMWPTP
was 50% inhibited in cells treated with apigenin, even in lower concentration, although
the expression was slightly increased. We also analyzed if apigenin could have a direct
effect on this enzyme. Importantly, we also detected inhibition of the immunoprecipitated
LMWPTP and incubated with apigenin. In previous studies we observed that flavonoids
can inhibit or activate the LMWPTP i wvitro depending on the flavonoid structure
(Miranda et al., 2006). LMWPTP expression is upregulated in various human cancers
since it can act as a positive signal for cell growth and proliferation (for review see Souza
et al., 2008). SHP-2 has also shown to be inhibited by apigenin, due to the decrease of
phospho-Tyrs42. SHP-2 participates in signalling events downstream of receptors for
growth factors, cytokines, hormones, antigens and extracellular matrices in the control of
cell growth, differentiation, migration and death (Edouard et al., 2007).

Accordingly to kinome profiling, HL60 treated with apigenin displayed cell cycle
arrest in G2/M phase. This flavonoid has already shown to induce cell cycle arrest in both
epidermal and fibroblast cells and inhibited skin tumorigenesis in murine models (Lepley
et al.,, 1997). However, depending on the cell type, apigenin has different effect on cell
cycle arrest; it can lead G2/M arrest in colon carcinoma (Wang et al., 2000), breast cancer
(Choi and Kin, 2008) and pancreatic cancer cells (Ujiki et al.,, 2006). Nevertheless, in
human prostate cancer, LNCap and PC3 cells, apigenin induced cell cycle arrest in GO/G1
(Shukla and Gupta, 2007). Although, the expression levels of p21 and c-myc remained

unchanged in HL60 cell treated with apigenin, the Cdc2 activity was decreased as
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evidenced by increasing of Tyr15 phosphorylation. Cdc2, normally driving cells into
mitosis, is the ultimate target of pathways that mediate rapid arrest in G2, in response to
DNA damage (Stark and Taylor, 2006). Additionally, kinome profiling revealed a decrease
of phosphorylation of Rb protein, indicating the low activity of CDK4. The active complex
of CDK4/cyclin D targets the Rb protein for phosphorylation, allowing the release of E2F
transcription factor that activate G1/S-phase gene expression (Sherr, 1996). These results
together suggest that apigenin shows a complex mechanism of action into cell cycle
arrest.

All the effects on phosphorylation led cells to death, as we and others have shown.
Apigenin induced HL60 leukemic cells death by apoptosis. Importantly, this effect was not
observed in normal human lymphocytes, which indicates that apigenin is more active
against cells with high proliferation rate. The molecular structure of apigenin is essential
to its cell death induction. Apigenin 7-O-neohesperidoside (rhoifolin) did not cause
induction of HL60 cell death. The main difference between these two flavones is the
presence of a disaccharide (glucose-rhaminose) at the carbon 7 of rhoifolin, which confers
less hydrophobicity to its structure. The hydrophobic nature of apigenin can be one factor
which contributes to its high capacity to induce apoptosis, characteristic that probably
allow the apigenin, but not rhoifolin, to reach the cell interior and, consequently, triggers
cell death. Some studies demonstrated that the interaction of flavonoids with biological
membrane, especially mitochondria membrane, is responsible for the modulation of the
mitochondrial transition pore and cytochrome c release (Green and Reed, 1998). In this
context, apigenin has already been shown to induce mitochondrial depolarization and
cytochrome c release in HL60 cell (Wang el at., 1999). Furthermore, apigenin was
detected in mitochondria membrane of THP-1 leukemic cell after only 3 h of treatment
(Vargo et al., 2006). Our results also show that mitochondria is an important cellular
target for the apigenin action as evidenced by the induction of caspase-3 and poly-
(ADPribose) polymerase (PARP) cleavage.

Flavonoids are recognized as antioxidant agents, characteristic which confers
cardioprotective, neuroprotective and chemopreventive actions (Cao et al, 1997;
Havsteen, 2002; William et al., 2004). On the other hand, a wide variety of studies has
shown the pro-oxidizing effects of flavonoids iz wvitro, which results on cell signalling

modulation (William et al., 2004). Vargo and co-authors (2006) have shown that apigenin

52



4. RESULTADOS

induced ROS generation at 1 h of treatment in THP-1 cells, but after 3 h the ROS levels
reached the basal concentration. We observed no changes in thiol levels and glutathione
reductase activity (data not shown) in HL60 cells treated with 30uM apigenin, indicating
that there was no production of ROS at 24 h.

To establish the molecular mode of action of compounds with clinically useful
properties is difficult if there is no information with biochemical details of the biological
effect observed. The present study has shown that techniques, which generate
comprehensive descriptions of cellular signaling pathways, may substantially contribute
to this field. We feel that the results obtained showed that apigenin is a potential
chemotherapic adjuvant agent due to the intervention on signaling pathways that

guarantee pro-apoptotic response on cells that display high proliferative rate.
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Figure 1. Phosphorylation levels of protein in HL60 cells. (A) Apigenin structure. (B)
Correlation between non-treated and apigenin treated cells. The distribution was
determined based on the substrates spotted on the PepChip by kinases from apigenin-
treated cells wversus control. (C) Decrease of kinase activities. (D) The general panel of
apigenin effect on HL60, the kinases related to cellular communication and signal
transduction and nucleic acid synthesis and processing were the most affected by

apigenin.
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Figure 2
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Figure 2. Effect of the treatment of HL60 cells with apigenin on key kinase

molecules involved in the cell proliferation. Cells were treated with specified

concentrations of apigenin for 24 h and the expression or phosphorylation of the proteins

was determined by western blot. Equal loading was confirmed by reprobing them for [3-

actin.
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Figure 3
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Figure 3. Effect of the treatment of HL60 cells with apigenin on MAPKs. Cells were

treated with specified concentrations of apigenin for 24 h and the expression or

phosphorylation of the proteins was determined by western blot. Equal loading was

confirmed by reprobing them for B-actin.

Table 2. Protein kinases with expressive changes in activities

Spot Protein Name UP_KIN PEPTIDE Ratio T'(‘(’,Z;“e
652 CDs5 Lck Fyn SRLSAYPALEG 0,4 5
329 CDs2 Lyn Blk Fyn SYK ETNNDYETADG 0,4 2
928 CD19 Lyn kinase MRGILYAAPQL 0,4 0.1
148 CD19 Lyn kinase, Bruton's tyrosine kinase | LGSOSYEDMRG 0,4 4
480 ADAM 12 c-Src PRSTHTAYIK 0,5 4
852 Bone marrow kinase BMX | c¢-Src VLDDQYVSSVG 0,3 3
908 DAG1 c-Src PYRSPPPYVPP 0,4 2
921 Caveolin 2 c-Sre SYSHHSGLEYA 0,3 2
330 SIGLEC4A Fyn EELAEYAEIRV 0,4 5
141 CCR2 JAK2 LTIDRYLAIVH 0,4 2
3938 CDss Src kinase DEELHYASLNF 0,5 5
331 ZAP70 7ZAP70 VYESPYSDPEE 0,2 3
847 LAT 7ZAP70 DGSREYVNVSQ 0,4 4
641 SLP 76 ZAP70 Protein tyrosine kinase TXK | FEEDDYESPND 0,4 2
267 Ras-related protein EphBQ TIEDSYTKIAS 0,2 3
910 HPK1 SYK SSDDDYDDVDI 0,6 2
596 She c-Src, SYK PDHQYYNDFPG 0,3 3

DAG1: Dystrophin associated glycoprotein 1
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Figure 4
Sousa et al.

A

1,2

0,8

0,6 -

0,4 -

0,2

GO0/G1 : S+ G2/M ratio (arbitrary units)

0 25 50 100
Apigenin (uM)
\
B © N
o

p21

c-myc

Figure 4. Effect of the treatment of HL60 cells with apigenin on cell cycle control.

on the activity of key molecules involved in the cell cycle control. Cells were treated
with specified concentrations of apigenin for 24 h and the ratio between the number of
cells in GO/G1 phase and number of cell in S+G2/M was plot in graph A and the

expression or phosphorylation of the protein-key of cell cycle control was determined by

western blot. Equal loading was confirmed by reprobing them for p-actin.
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Figure 5
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Figure 5. Effect of the treatment of HL60 cells with apigenin on the phosphatases
activity. Cells were treated with 20, 30 and 40uM of apigenin for 24 h and the levels of
LMWPTP and phosphorylation of SHP-2 were analyzed (A). The ratio between
LMWPTP and actin is shown (B). The activity of LMWPTP was measured after
immunoprecipitation of LMWPTP from cells treated with apigenin (C).
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Figure 6
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Figure 6. Apigenin induces apoptosis in HL60 cells. Leukemia cells and human
peripheral blood lymphocytes were treated with apigenin for 24 h (A). Effects of apigenin
and Rhoifolin in HL60 viability (B). The cell viability was measured by MTT assay and
the cell viability of non-treated cells was considered as 100%. Cells were treated with
apigenin (20, 30 and 40 uM) and the percentage of apoptotic cells was measured through
cytometry assay, the apoptotic cells were considered all annexin V positive cells (C). The
expression of pro- and anti-apoptotic proteins was evaluated by immunoblotting. Soluble
lysates were matched for protein content and analyzed by Western blot. Equal loading

was confirmed by reprobing the blots with anti-B-actin antibodies (D).
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Table 1. Significant differentially phosphorylated consensus peptides

Spot Protein Name UP_KIN Peptide Ratio | T-value AV
283 | SMAD2 Activin receptor like kinase 4 TGF beta receptor, type I | GSPSVRASSMS 0,3 0,03 v
45 | Nitric oxide synthase 3 AKTI1 RIRTQSFSLQE 0,3 0,03 v
617 | Androgen receptor AKTI1 RAREASGAPTS 0,3 0 v
623 | Oncoprotein Mdm?2 AKT1 RRRAISETEEN 0,2 0,01 v
282 | Tumor protein p53 binding protein 1 ATM EKASDSQSWED 0,2 0,03 v
550 | E2F transcription factor 1 ATM ATR RLLDSSQIVII 0,5 0,02 v
204 | Aryl hydrocarbon receptor auto NGRPDYIIVTQ 0,3 0 v
521 | AXL receptor tyrosine kinase auto PDEILYVNMDE 0,2 0,03 v
86 | Formyl peptide receptor 1 Beta-adrenergic receptor kinasel TATNSTLPSAE 0,4 0,03 v
210 | Phospholamban Ca2+Calmodulin dependent protein kinase IRRASTIEMPQ 0,5 0 v
1009 | Glutamate receptor ionotropic, AMPA 1 CaM-Kinase II TLPRNSGAGAS 0,3 0,04 v
107 | HMG CoA reductase cAMP protein kinase MIHNRSKINLQ 0,2 0,04 v
808 | p53 CK1, alpha 1 MEEPQSDPSVE 04 0,01 v
46 | Histone deacetylase 2 CK2 AVHEDSGDEDG 0,5 0,05 \4
616 | Protein phosphatase inhibitor 2 CK2 DEDAASDTEAT 0,3 0,01 \4
302 | High mobility group AT-hook 1 CK2, alpha 1 GISQESSEEEQ 0,3 0,04 v
440 | RPA2 CDC2 GGYTQSPGGFG 0,2 0,03 v
940 | RAP1 GTPase activating protein 1 CDC2 IVPGKSPTRKK 0,4 0 v
867 | B-Myb CDK2 PGLRRSPIKKV 0,3 0,02 v
721 | Retinoblastoma 1 CDK2-cyclin A SEGLPTPTKMT 0,7 0,04 \4
686 | Nude like protein CDKS5/p35 ENTFPSPKAIP 04 0,03 v
931 | Phosphodiesterase SA cGMP dependent protein kinase PTRKISASEFD 0,6 0,01 v
28 | CRIP2 cGMP kinase I EERKASGPPKG 0,1 0,02 v
998 | Presenilin 2 CK?2 SFGEPSYPEVF 0,3 0,03 v
1005 | PC4 CK2, alpha 1 GSDSDSEVDKK 0,7 0,03 v
508 | CD20 CK2 NIVLLSAEEKK 0,5 0,02 v
480 | ADAM 12 c-Src PRSTHTAYIK 0,5 0,04 v
852 | Bone marrow kinase BMX c-Src VLDDQYVSSVG 0,3 0,03 \4
908 | Dystrophin associated glycoprotein 1 c-Src PYRSPPPY VPP 0,4 0,02 v
921 | Caveolin 2 c-Src SYSHHSGLEYA 0,3 0,03 \4
680 | HCDH1 CDK2 SPYSLSPVSNK 0,5 0,01 v
214 | MEK1 CDK 5 GDAAETPPRPR 0,3 0,03 v
279 | Protein phosphatase 1, regulatory subunit 1B CDK 5 NPAAYTPPSLK 0,2 0,02 v
415 | Presenilin 1 CDK 5 GPHRSTPESRA 0,4 0,03 \4
297 | p53 DNA-dependent protein kinase catalytic subunit ATR | LSPLPSQAMDD 0,2 0,01 v
140 | CBL EGF receptor SANAIYSLAAR 0,3 0,01 \4
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984 | Mucin 1 transmembrane EGF receptor TDRSPYEKVSA 0,4 0,01 v
267 | Ras-related protein EphB2 TIEDSYTKIAS 0,2 0,03 v
706 | ErbB2 erbb2 SPQPEYVNQPD 0,5 0,05 v
817 | Estrogen receptor, alpha ERK2 PPPQLSPFLQP 0,3 0,04 \
14 | FGF receptor 1 FGF receptor 1 FMAKVYSDPQP -0,1 0,04 v
330 | SIGLEC4A Fyn EELAEYAEIRV 0,4 0,05 v
47 | Heat-shock transcription factor 1 Glycogen synthase kinase-3 KEEPPSPPQSP -6,7 0,05 \
943 | CCRS GRK APERASSVYTR 0,5 0,02 v
593 | Amyloid beta A4 protein GSK3-beta VDAAVTPEERH 0,4 0,03 v
269 | IGF-I receptor Insulin receptor MTRDIYETDYY 0,3 0,02 v
141 | CCR2 Janus kinase 2 LTIDRYLAIVH 0,4 0,02 v
875 | BCL2-interacting protein BIM JNK1 STQTPSPPAQA 0,4 0,03 v
284 | H3 histone, family 3A INK2 QTARKSTGGKA 0,3 0,05 v
194 | KIT KIT INGNNYVYIDP 0,3 0,04 v
652 | CD5 Lck Fyn SRLSAYPALEG 0,4 0,05 v
329 | CD32 Lyn Blk Fyn SYK ETNNDYETADG 0,4 0,02 v
928 | CD19 Lyn kinase MRGILYAAPQL 0,4 0 v
148 | CD19 Lyn kinase, Bruton's tyrosine kinase LGSQSYEDMRG 0,4 0,04 v
149 | Transcription factor 3 MAP Kinase SSSPSTPVGSP 0,3 0,03 v
145 | c-Fos MAP kinase PVVTATPSATA 0,2 0,05 v
95 | MAP3K11 MAP3K11 REWHKTTQMSA 04 0,05 v
937 | CHOP MAPK14 LQEVLSSDENG 0,2 0,02 v
603 | MAPK6 MAPK6 HKGHLSEGLVT 0,2 0,02 v
759 | Microtubule associated protein 2 MARK KSKIGSTDNIK 0,4 0 \
76 | Calpastatin nb TIPPKYRELLA 04 0,03 v
97 | SH3 protein expressed in lymphocytes nb LQRSSSFKDFA 0,7 0,04 \
253 | Glutamate receptor ionotropic, AMPA 4 nb NKARLSITGSV 0,3 0,02 \
281 | Statherin nb IGADSSEEKFL -0,2 0,02 v
403 | Cyclin dependent kinase 2 nb PVRTYTHEVVT 0,3 0,02 \
447 | Notch2 nb NRSFLSLKHTP 04 0,02 v
592 | Crystallin beta B3 nb YKVILYELENF 04 0,01 v
601 | NFATI1 nb LPPGASPQRSR 0,3 0,01 v
805 | Leukotriene A4 hydrolase nb YVEKFSYKSIT 0,4 0,01 v
1 | IKK beta NIK MAP3K7 MEKK1 IKK alpha ELDQGSLATSF 0,7 0,05 v
286 | Kinesin like protein 1 p34cdc2/cyclin B IPTGTTPQRKS 0,2 0,02 \
952 | MEK1 p74raf-1 DSMANSFVGTR 0,2 0,05 v
560 | MEK1 PAK1 PGRPLSSYGMD 0,5 0,02 v
930 | PAKI PAK1 SQKYMSFTDKS 0,3 0 v
802 | Ribosomal protein S6 PAK2 RRRLSSLRAST 04 0,05 v
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807 | PAK2 PAK2 PVRMSSTIFST 0,5 0,03 v
494 | Phosphorylase kinase muscle gamma-1 Phosphorylase kinase muscle gamma- 1 ILRKVSGHPNI 0,3 0,05 v
876 | Secreted phosphoprotein 1 Phosphotyrosyl protein phosphatase DGRGDSVVYGL 0,2 0,03 v
122 | RAS related associated with diabetes PKA RLRRDSKEANA 0,5 0,05 \4
241 | Potassium channel, voltage gated subfamily H, member 2 PKA SVRRASSADDI 0,3 0,03 \
954 | ATP-binding cassette, subfamily A, member 1 PKA MQRKLSVALAF 0,5 0,05 A\ 4
61 | HSP22 PKC RDSPLSSRLLD 0,1 0,02 v
819 | Protein tyrosine phosphatase, receptor type, o PKC delta GSHSNSFRLSN 0,3 0,01 v
99 | TFII-1 PRKGI1 PFRRPSTYGIP 0,5 0,04 v
296 | Sucrase isomaltase Protein kinase A ARKKFSGLEIS 0,4 0,02 v
679 | Low density lipoprotein receptor-related protein 1 Protein kinase A HGSRHSLASTD 0,4 0,02 v
797 | Guanine nucleotide binding protein, alphal3 Protein kinase A LARRPTKGIHE 0,2 0 v
936 | Cyclic GMP inhibited phosphodiesterase B Protein kinase A IFRRPSLPAIS 0,2 0,04 v
189 | Cytohesin-1 Protein kinase C RKKKVSSTKRH -0,2 0,04 v
94 | Epithelial calcium channel 2 Protein Kinase C alpha RLRQGTLRRDL 0.4 0 v
270 | Protein tyrosine kinase 6 Protein tyrosine kinase 6 IKEDVYLSHDH 0,4 0,04 v
665 | Ribosomal S6 kinase 1 Pyruvate dehydrogenase kinase, isoenzyme 1 EKKAYSFAGTV 0,3 0,04 v
738 | Ribosomal protein L10 RPL10 QKIHISKKWGF 0,3 0,02 v
393 | CD33 Src kinase DEELHYASLNF 0,5 0,05 v
910 | HPK1 SYK SSDDDYDDVDI 0,6 0,02 v
596 | Shc c-Src, SYK PDHQYYNDFPG 0,3 0,03 v
152 | Tec tyrosine kinase Tec tyrosine kinase ERGQEYLILEK 0,4 0,05 v
975 | Fatty acid binding protein 4 Tyrosyl kinase ENFDDYMKEVG 0,5 0,04 v
651 | VEGEF receptor 2 VEGF receptor 2 APEDLYKDFLT -0,1 0,04 v
331 | ZAP70 ZAP70 VYESPYSDPEE 0,2 0,03 v
847 | LAT ZAP70 DGSREYVNVSQ 0.4 0,04 v
641 | SLP 76 ZAP70 Protein tyrosine kinase TXK FEEDDYESPND 0,4 0,02 v
897 | Protein tyrosine kinase TXK Protein tyrosine kinase TXK QVKALYDFLPR 5,4 0,01 A
314 | Nitric oxide synthase 1 CaMKII o,CaM K1 o, CaM-kinase IV, PKA, PKC KVRFENSVSSYS 3,3 0,02 A
745 | E2F transcription factor 1 CDC2 SATIVSPPPSS 1,8 0,02 A
756 | Kinesin family member 1C CKII MRRQRSAPDLK 2 0,04 A
594 | Ezrin Cyclin dependent kinase 5 KDDKLTPKIGF 1,4 0,05 A
495 | Serum response factor DNA-dependent protein kinase catalytic subunit VLNAFSQAPST 1,8 0,04 A
457 | SLP 76 Lck LNEEWYVSYIT 1,9 0,01 A
332 | Carcinoembryonic antigen-related cell adhesion molecule 1 | MAP3K10 MNEVTYSTLNF 24 0,04 A
101 | Runt related transcription factor 2 nb PGGDRSPSRML 33 0 A
1018 | PPP1R9B PKA LPRASSLNENV 16,4 0,01 A
948 | Sterol regulatory element binding transcription factorl Sterol regulatory element binding transcription factorl | SMPAFSPGPGI 2,2 0,03 A
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Lysates from 3 independent biological replicates of HL60 cell treated with apigenin 30uM and non-treated HL60 cells are
put on PepChips and spot intensities were quantified (see also supplemental data). P-values derived from paired t-Tests performed on
original and logarithmic normalized intensities are given; n.s., not significant (p > 0.05). Substrate proteins from which the peptides

are derived and -if known- kinases phosphorylating those substrates are indicated.
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Abstract

Ferruginol, a bioactive compound isolated from a Chilean tree (Podocarpaceae), aftracts attention as a consequence of its pharmacological
properties, which include anti-fungal, anti-bacterial, cardioprotective, anti-oxidative, anti-plasmodial and anti-ulcerogenic actions. Nevertheless,
the molecular basis for these actions remains only partly understood and hence we investigated the effects of ferruginol on androgen-independent
human prostate cancer cells (PC3), a known model for solid tumor cells with an exceptional resistance to therapy. The results show that ferru-
ginol induces PC3 cell death via activation of caspases as well as apoptosis-inducing factor (AIF) as confirmed by its translocation into the
nucleus. In order to clarify the biochemical mechanism responsible for the anti-tumor activity of ferruginol, we analyzed a set of molecular
mediators involved in tumor cell survival, progression and aggressiveness. Ferruginol was able to trigger inhibition/downregulation of Ras/
PI3K, STAT 3/5, protein tyrosine phosphatase and protein kinases related to cell cycle regulation. Importantly, the toxic effect of ferruginol
was dramatically impeded in a more reducing environment, which indicates that at least in part, the anti-tumoral activity of ferruginol might
be related to redox status modulation. This study supports further examination of ferruginol as a potential agent for both the prevention and
treatment of prostate cancer.
© 2008 Elsevier Masson SAS. All rights reserved.
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1. Introduction

Prostate cancer is a major cause of cancer-related death
among males and the second leading cause of cancer death
in Western countries. Although recent years have seen an im-
provement in prostate cancer diagnosis, only a few novel ther-
apeutic strategies have emerged and there has been little
progress in improving survival [1,2]. Therefore, novel strate-
gies for dealing with this disease are called for. Our research
group has a long-standing interest in the possible beneficial bi-
ological effects of natural compounds and/or their derivatives,
such as antioxidants [3] and anti-tumor agents [4—10], and
hence we were interested whether we could define novel com-
pounds with therapeutic potential for prostate cancer. Among
the different classes of natural compounds, the diterpenoids
have been shown to present a potent anti-proliferative action
[4,11]. Ferruginol, an active compound isolated from the Chil-
ean tree Persea nubigena and from the stem bark of Podocar-
pus andina (Podocarpaceae), is an abietane diterpene
occurring in plants belonging to the Podocarpaceae, Cupressa-
ceae, Lamiaceae and Verbenaceae families. This diterpene
presents promising biological activities, such as anti-fungal
and anti-bacterial [12], miticidal [13], cardioactive [14],
anti-oxidative [15], anti-plasmodial [16] and anti-ulcerogenic
[17] properties.

We decided to investigate the potential effects of ferruginol
in prostate cancer. In this work we show for the first time the
molecular mechanism by which ferruginol, induces resistant
prostate cancer cell death. Ferruginol was able to trigger inhi-
bition/downregulation of Ras/PI3K, STAT 3/5, protein tyro-
sine phosphatase and protein kinases related to cell cycle
regulation. Importantly, the toxic effect of ferruginol was dra-
matically impeded under the condition of more reducing envi-
ronment, which indicates that at least in part, the anti-tumoral
activity of ferruginol might be related to redox status modula-
tion. This study supports further examination of ferruginol as
a potential agent for both the prevention and treatment of pros-
tate cancer.

2. Material and methods
2.1. Cell line and reagents

PC3 cells were purchased from the American Type Culture
Collection (ATCC, Rockville, MD). Ferruginol (Fig. 1A) was
extracted from the wood of P. nubigena Lind. and from the
stem bark of P. andina (Poepp. ex Endl.) de Laub. (Podocar-
paceae) as previously described [18].

Polyclonal antibodies against phospho p38MAPK, phos-
pho-p42/p44 MAPK (ERK1/2) Thr202/204, ERK1/2, phos-
pho-MEK1/2 Ser217/221, pan-AKT, phospho-AKT Ser473,
phospho-Hsp27 Ser82, phospho-c-Raf Ser338, phospho-
GSK-3f8 Ser9, AIF, phospho-cdc2 Thrl5, phospho-Rb
Ser795, phospho-STATS Tyr694, phospho-PI3K p85 subunit,
CDKG6, CDK4, cyclin D1, cyclin D3, PCNA, tubulin, anti-rab-

(Beverly, MA). Antibodies against p21, NFkB p65 subunit,
phospho-STAT3 Tyr705, phospho-STAT3 Ser727, Bcl2, Bax,
TNF receptor 1, FADD, IKKa and B-actin were purchased
from Santa Cruz Biotechnology (Santa Cruz, CA). LMWPTP
antibody was from Abcam. Caspases 3, 8 and 9 Colorimetric
Assay Kits were obtained from R&D Systems (Minneapolis,
MN).

2.2, Cell culture

PC3 cells were cultured in RPMI containing 100 U/ml pen-
icillin, 100 pg/ml streptomycin and 10% fetal bovine serum, at
37 °Cin a 5% CO, humidified atmosphere. In all experiments,
cells at semi-confluence were treated for 24 h with different
concentrations of ferruginol.

2.3. MTT assay for cellular viability

Cell viability was assessed by MTT reduction assay as pre-
viously reported [19,20]. The effect of ferruginol on cell
growth was assessed as the percentage of inhibition in cell
growth where non-treated cells were taken as 100% of viabil-
ity. ICso values were determined from three independent
experiments,

2.4. Western blotting analysis

Following treatment of cells with ferruginol, the medium
was aspirated and the cells were washed with cold physiolog-
ical solution. The cells were then incubated in 200 pl of lysis
buffer (50 mM Tris—HCl (pH 7.4), 150 mM NaCl, 1 mM
EGTA, 20 mmol/L NaF, 1 mM Na3VOy, 0.25% sodium deox-
ycholate and protease inhibitors (1 pg/ml aprotinin, 10 pg/ml
leupeptin, and 1 mM 4-(2-aminoethyl) benzenesulfonylfluor-
ide hydrochloride)) over ice for 30 min. Protein extracts
were cleared by centrifugation and protein concentrations
were determined using the Lowry method [21]. An equal vol-
ume of 2x sodium dodecyl sulfate (SDS) gel loading buffer
(100 mM Tris—HCI (pH 6.8), 200 mM DTT, 4% SDS, 0.1%
bromophenol blue and 20% glycerol) was added to samples
which were subsequently boiled for 10 min. Cell extracts,
corresponding to 50 pug of protein, were resolved by SDS—
polyacrylamide gel (12%) electrophoresis (PAGE) and trans-
ferred to PVDF membranes. Membranes were blocked
in 1% fat-free dried milk or bovine serum albumin (1%) in
Tris-buffered saline (TBS)—Tween 20 (0.05%) and incubated
overnight at 4 °C with appropriate primary antibody at
1:1000 dilution. After washing in TBS—Tween 20 (0.05%),
membranes were incubated with anti-rabbit, anti-mouse or
anti-goat horseradish peroxidase-conjugated secondary anti-
bodies, at 1:2000 dilutions (in all Western blotting assays),
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Fig. 1. Ferruginol induces toxic effects in PC3 cells. Cells were treated with specified concentrations of ferruginol (A) for 24 h. (B) Mitochondria function was
evaluated through the MTT reduction. The results are expressed as the mean % of absorbance (ratio of absorbance in ferruginol treated and control cells); cell
viability was also evaluated when the cells were pre-treated for 1 h with 10 mM GSH (inset plot). (C) Morphological analysis of PC3 cells treated with
25 uM and 50 pM ferruginol for 24 h (100x magnification). Ferruginol was dissolved in DMSO and the final concentration of this solvent was remained at 0.1%.

2.5. Immunoprecipitation of LUWPTP

After treatment of the cells with ferruginol for 24 h, whole-cell
lysates were prepared with lysis buffer (20 mM HEPES pH 7.7,
2.5mM MgCl,, 0.1 mM EDTA, 1% Nonidet-P40 (NP40),
1mM 4-(2-amino-ethyl)-benzenesulfonylfluoride hydrochlo-
ride), 1 mM DTT, 10 pg/ml aprotinin, and 10 pg/ml leupeptin)
and chilled on ice for 2 h. After centrifugation, lysates were ro-
tated with anti-LMWPTP and Protein A—Sepharose at 4 °C for
2 h. The beads were washed three times with lysing buffer and
twice with 0.5 M Mes, pH 6.0. Next, the phosphatase activity
was determined using pNPP as a substrate.

2.6. Caspases 3, 8 and 9 activity assays

Caspase activities were determined by the measurement at
405 nm of p-nitroaniline (pNA) released from the cleavage of

expressed in pmol/min and the extinction coefficient of pNA
was 10,000 M~ cm™,

2.7. NFkB p65 and AIF nuclear translocation

Briefly, 2 x 107 cells were harvested and washed twice
with ice-cold phosphate-buffered saline (PBS) and resus-
pended in 0.2 ml ice-cold cell extract buffer (10 mM HEPES
(N-2-hydroxyethylpiperazine-N’-2-ethanesulfonic acid)—
KOH pH 7.9, 1.5 mM MgCl,, 10mM KC1, 0.5 mM DTT,
and 0.2 mM phenylmethysulfonyl fluoride (PMSF)). The cells
were kept on ice for 10 min to allow them to swell, mixed by
vortex for 10 s, and microfuged at 4 °C at 14,000 x g for 30 s.
The supernatant was discarded, and the pellet was resuspended
in 30 pl nuclear extraction buffer (20 mM HEPES—KOH pH
7.9, 25% glycerol, 420 mM NaCl, 1.5 mM MgCl,, 0.2 mM
EDTA (ethylenediaminetetraacetic acid), 0.5 mM DTT, and
0.2 mM PMSF), placed on ice for 20 min, and centrifuged at
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2.8. Quantification of reduced and oxidized glutathione

Cells were washed twice with PBS, detached with 5 mM
EDTA in PBS and washed twice again with cold PBS. Cell
number was counted using a hemocytometer; afterwards the
cells were centrifuged and equal volumes of cold PBS and
6% S5-sulfosalicylic acid (SSA) were added to cell pellets.
The samples were sonicated, centrifuged at 10,000 rpm for
5 min and the supernatants used for the assays. Total glutathi-
one (GSH + GSSG) and glutathione disulfide (GSSG) were
determined by using recycling assays involving the reaction
of 5,5'-dithio-bis(2nitrobenzoic acid) and glutathione reduc-
tase. The total amount of glutathione was calculated from a re-
duced glutathione standard curve prepared in SSA. For GSSG
assay, 100 pl of supernatant was incubated with 2 pl of 2-vi-
nylpiridine for 60 min on ice. The amount of GSSG was cal-
culated from the GSSG standard curve. The amount of
reduced GSH per cell was calculated by subtracting the
amount of GSSG per cell from the amount of total glutathione
per cell [22].

2.9. Annexin V and 7-amino-actinomycin D assays

Control and ferruginol-treated cells were collected and re-
suspended in 1x binding buffer (0.01 M HEPES—NaOH
(pH 7.4), 0.14 mM NaCl and 2.5 mM CaCl,) at a concentration
of 2 x 107 cells/ml. Subsequently, 100 ul of cell suspension
was transferred to a 5 ml tube and 5 ul each of Annexin V-
APC and 7-amino-actinomycin D (7-AAD) was added. Cells
were incubated at room temperature for 15 min, after which
400 pl of 1x binding buffer was added and apoptosis detected
by flow cytometry (Becton Dickinson FACSCalibur, Rock-
ville, MD), the data obtained were analyzed using the software
Cell Quest Pro BD Biosciences Pharmingen (Erembodegem,
Belgium).

2.10. Flow cytometry

After treatment of PC3 cells with ferruginol for 24 h, cells
were harvested by the addition of 5mM EDTA and gently
washed off the plate. Cells were pelleted along with the previ-
ously collected media. Cell pellets were fixed with 70% etha-
nol for 30 min on ice and than rinsed three times with 1 ml of
0.1% glucose in PBS (20 mM NaH,PO,, 150 mM NaCl), re-
pelleted and resuspended in propidium iodide (PI) staining so-
lution (10 pl of 10 mg/ml RNase A, 5 ul of 10 mg/ml PI per
1ml of PBS with 0.1% glucose). After 30 min the cells
were analyzed using a flow cytometer.

2.11. Statistical analysis

All experiments were performed in triplicate and the results
shown in the graphs represent the means and standard errors.
Cell viability data were expressed as the mean =+ standard er-
ror of three independent experiments carried out in triplicate.

less than 0.05. Western blots represent three independent ex-
periments, Quantitative analysis of the proteins was performed
by volume densitometry after scanning the film (data are pre-
sented as the protein to B-actin or tubulin ratio).

3. Results
3.1. Inhibition of PC3 growth by ferruginol

PC3 cells were treated with ferruginol in concentrations up
to 100 pM and the effect of ferruginol on cell viability was de-
termined employing the MTT method. As shown in Fig. 1B,
ferruginol caused a dose-dependent reduction in the cell num-
ber displaying an ICsq value of 55 uM. Importantly, pre-treat-
ment of the cells with 10 mM GSH prevented the toxic action
of ferruginol (inset plot). In agreement, the microscopy analy-
sis also demonstrated a decrease of the cell number (Fig. 1C).

3.2. Ferruginol induces apoptosis of PC3 cells via
caspases and AIF activation

In the next series of experiments, it was determined
whether treatment of PC3 cells to ferruginol led to apoptosis.
Ferruginol caused around 15% and 30% (in the presence of 25
and 50 uM ferruginol, respectively) of cell death via apoptosis
as detected through phosphatidylserine exposure (Fig. 2A). In
agreement, we also observed activation of caspases 8, 9 and 3
(Fig. 2B). Additionally, at the lowest concentration, ferruginol
led to an overexpression of TNFR1; however, FADD expres-
sion was not affected. We also examined the possible partici-
pation of mitochondria in response to ferruginol. Bcl2:Bax
ratio was not significantly affected; however the expression
of AIF was dramatically increased at 50 pM ferruginol. Ac-
cordingly, AIF nuclear translocation was detected (Fig. 2C).
These findings suggest that PC3 cell response toward ferrugi-
nol involves activation of caspases and release of AIF from
mitochondrial intermembrane space.

3.3. Ferruginol treatment impairs prostate
cancer cell survival

To obtain more insight into the molecular mechanisms me-
diating ferruginol effects on PC3 cells, the phosphorylation/
expression state of a panel of signal transduction mediators
in response to ferruginol was examined. As shown in Fig. 3,
PC3 cell treatment with 50 uM ferruginol provoked downre-
gulation of p85 subunit of PI3K and inhibition of AKT. The
results presented above indicate that ferruginol should produce
a decrease of the survival and anti-apoptotic relevant kinase
activities. Accordingly, cells treated with 50 uM ferruginol
displayed activation of MAPK p38, an important apoptosis in-
ductor, and a slight inhibition of ERK2. However, the up-
stream activator of ERK, MEK, was not affected.
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Fig. 2. Apoptosis induction of PC3 cells by ferruginol. (A) Cell samples were prepared as described in Section 2 and Annexin V-positive, 7-AAD-positive and
Annexin V/7-AAD-positive populations were analyzed by flow cytometry. (B) Caspases 3, 8 and 9 activities were determined by using colorimetric assay. (C)
The expression of pro- and anti-apoptotic proteins was determined by Western blot analysis. Soluble lysates were matched for protein content and analyzed
on Western blot and immunoblots were probed with actin antibody to ensure equal loading. Nuclear translocation of AIF was also determined.

3.4. Inhibition of cell cycle progression by ferruginol

By plotting the ratio of the cells in Gq plus G, against cells
in Go/M plus S-phase it is apparent that PC3 cells undergo G/
G;-phase cell cycle arrest after ferruginol treatment (Fig. 4A).
Approximately 2.5-fold of the PC3 population was at phase
Gy/G, after exposure to ferruginol for 24 h.

We therefore turned to characterize the effect of ferruginol

p21 was increased even at the lowest concentration of ferruginol.
On the other hand, the phosphorylated Rb protein and the ex-
pression of PCNA were not affected. The level of phospho-
cdc2, the key protein of the cell cycle progression from G, to
M phase, remained unchanged. Ferruginol decreased the level
of CDK4, CDKS6, cyclin D1 and cyclin D3. This response di-
rectly mirrored the ability of ferruginol to induce cell cycle ar-
rest in PC3 cells. We conclude that the combination of
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3.5. Ferruginol causes downregulation of IKKa and
hypophosphorylation of STATs

The immunoblot analysis data showed that the expression
of IKKa was significantly decreased after treatment with fer-
ruginol; however, the total level of NFkB remained unchanged
(Fig. 5). In addition, ferruginol caused a decrease of this tran-
scription factor into the nucleus.

The phosphorylation status of STAT 3 and 5, key signaling
molecules for many cytokines and growth-factor receptor re-
sponse, was also evaluated by Western blot. The treatment
of PC3 with 50 uM ferruginol was able to decrease the phos-
phorylation levels of STAT3 (Tyr705) and STATS (Tyr694).
Interestingly, 50 uM ferruginol caused a strong decline in
Hsp27 expression, which can be associated with the increase
in the number of apoptotic cells.

3.6. Redox status on PC3 cells treated with ferruginol

Based on the diterpene chemical properties, which can lead
to antioxidant and/or oxidant action depending on its concentra-
tion, and the importance of reducing equivalents for PC3 cells
survival [23], we investigated the effect of ferruginol on PC3
cell GSH metabolism. PC3 cells treated with ferruginol dis-
played a more oxidizing environment as defined by a decrease
of GSH and an increase of GSSG levels (Fig. 6). Both effects
were dose dependent and the highest concentration of ferrugi-

ratio remained almost in equilibrium (GSH:GSSG =44, 2.7
and 1.1 at 0, 25 and 50 pM ferruginol, respectively).

3.7. Low molecular weight protein tyrosine phosphatase
is modulated by ferruginol

Besides the fact that protein tyrosine phosphatases are
highly sensitive to cell redox status, there is some evidence
that this class of phosphatases can contribute to tumor cell pro-
gression and aggressiveness. Especially LMWPTP has been
recognized as a positive regulator of tumor growth [24].
Therefore, to address the possible modulation of LMWPTP
by ferruginol, we examined the LMWPTP activity as well as
expression. LMWPTP immunoprecipitated from PC3 cells
was inhibited around 30% by 50 uM ferruginol (Fig. 7). On
the other hand, when the LMWPTP activity was checked after
treating the cells for 24 h, this enzyme displayed only 20% of
residual activity. Reduced LMWPTP activity is consistent with
the change in redox status in response to ferruginol. In addi-
tion, treated cells demonstrated downregulation of LMWPTP
expression.

4, Discussion

Prostate cancer is commonly malignant and it is the second
leading cause of cancer-related deaths (after lung cancer) of
males in Brazil, with a similar trend in many Western coun-
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and because of the increasing life expectancy, its incidence is
expected to further rise in the years to come [25]. Chemopre-
vention and intervention strategies using anticancer agents are
considered as promising therapeutic options. The search for

great interest in phytochemicals with potential activity in
this respect [26]. Suppression of tumorigenesis often involves
modulation of signal transduction pathways, leading to alter-
ations in gene expression, cell cycle progression or apoptosis.
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elimination of cancer cells [27] and as a consequence targeting
signaling elements controlling apoptosis may open novel ther-
apeutic avenues [28,29]. Several plant-derived bioactive
agents may have such action, at least as judged from model
systems [4,9,30—33]; the present study may add ferruginol
to this growing list.

Our results suggest that ferruginol is a negative regulator of
cancer cell proliferation. Androgen-independent human pros-
tate cancer cells (PC3 cells) a model that exhibits extreme
therapy resistance exhibited, upon treatment with this phyto-
compound, remarkable induction of apoptosis via extrinsic

and intrinsic pathways, as demonstrated by the observation
of overexpression of TNFR1 and activation of caspases 8, 9
and 3. The extrinsic pathway for cell death involves plasma
membrane death receptors [34]. These receptors trimerize
and recruit the adaptor molecule FADD which, in turn, acti-
vates caspase 8 and also leads to the activation of downstream
execution caspases [35—38]. In both pathways, activation of
effector caspases leads to a series of morphological changes
that are characteristic for apoptosis [28].

Ferruginol-induced apoptosis and cell growth inhibition
were also accompanied by an increase of apoptosis-inducing
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factor (AIF) expression and maintenance of Bax and Bcl-2
levels. AIF was identified as a mitochondrial intermembrane
space protein, which is released from mitochondria and trans-
located to the nucleus, in response to apoptotic stimuli, and
participates in peripheral chromatin condensation and the ex-
posure of phosphatidylserine in the outer leaf of the plasma
membrane. Increasing evidence supports the notion that AIF
plays an important role in caspase-independent apoptosis
[39,40].

Ferruginol, even at lower concentration, caused inhibition
of Ras/PI3K cascade and suppression of downstream mito-
genic targets such as cyclin D1. Additionally, this diterpene
also induced activation of MAPK p38. The phosphatase and
tensin homologue (PTEN) gene is deleted in PC3 cells. This
phosphatase is defined as a tumor suppressor, since it is the
major negative modulator of AKT protein, an important medi-
ator of cell survival. It is therefore important to identify agents
that can overcome the therapeutic resistant properties of PTEN
deficient tumor cells. Importantly, in accordance with cell sur-
vival diminishing, ferruginol caused cell cycle arrest. Eukary-
otic cell cycle progression is regulated by sequential activation
and subsequent inactivation of a series of CDKs at different
phases [41]. Ferruginol caused an overexpression of protein
p21 a member of the cyclin-dependent kinase inhibitors, and
downward expression of cyclin D1, cyclin D3, CDK4 and
CDKG6. These data showed the involvement of p21 in ferrugi-
nol-induced G, phase arrest, through binding to and subse-
quently inhibiting the cyclin-CDK activity. The active
complex of cyclin D/CDK4 targets the Rb protein for phos-
phorylation, allowing the release of E2F transcription factors
that activate G;/S-phase gene expression. Importantly cdc-2,

modulation by various plant-derived agents are gaining wide-
spread attention in recent years. A large number of phyto-
chemicals has been shown to inhibit cell cycle progression
of various cancer cells [42].

Ferruginol decreased the phosphorylation level of STAT3,
STATS and Hsp27. STATS are latent cytoplasmic transcription
factors consisting of seven mammalian members. They be-
come phosphorylated on Tyr residues upon activation,
a post-translational modification that is critical for dimeriza-
tion, nuclear import, DNA binding, and transcriptional activa-
tion [43]. The activation of STATSs is mediated by the action of
an upstream Janus kinase (JAK), usually JAK1 or JAK2,
showing that the JAK cascade might itself be a target for ther-
apy in prostate cancer. Ahohen and coworkers [44] demon-
strated that STATS is activated in a significant number of
human prostate cancer specimens. Additionally, these authors
also reported induction of apoptosis via caspases 9 and 3 ac-
tivation dependent on inhibition of STATS phosphorylation.
Activated STAT3 was reported in many types of malignancies,
such as myeloma, head and neck cancer, breast cancer, and
prostate cancer [45]. Recently, it has been demonstrated that
inhibition of STAT3 in tumors impeded vascular endothelial
growth factor production [46]. Data from the literature have
identified Hsp27 as a modulator of STAT3-regulated apoptosis
after androgen ablation. Hsp27 is a 27 kDa protein of which
expression is seen to be correlated with an increase of survival
in response to a wide variety of physiological and environ-
mental insults including heat, reactive oxygen species and an-
ticancer drugs. Indeed analysis by co-immunoprecipitation
and immunofluorescence confirmed that Hsp27 is able to in-
teract with STAT3 and that STAT3 levels correlate directly
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Fig. 8. Schematic representation of the molecular mechanism of ferruginol-induced PC3 cell death. Data presented in this report revealed that ferruginol exhibits
multi-activities, which culminate with apoptosis induction of prostate cancer. Ferruginol caused inhibition of two important signaling cascade pathways involved in
the cell survival/proliferation (Ras/PI3K and Jak/STAT). Additionally treated prostate cancer cells displayed a decrease in the phosphorylated form of Hsp27. Fer-
ruginol-induced apoptosis was accompanied by activation of caspase 3, an increase of AIF expression and maintenance of Bax and Bcl-2 levels. AIF is released
from mitochondria and translocated to the nucleus, and participates in peripheral chromatin condensation. In accordance with cell survival diminishing, ferruginol
caused cell cycle arrest. Ferruginol caused an overexpression of protein p21 (a member of the cyclin-dependent kinase inhibitors), and downward expression of
cyclin D1, cyclin D3, CDK4 and CDKG6, which indicates cell cycle arrest at G¢/G;. Importantly, LMWPTP was directly and indirectly modulated by ferruginol,

which indicates that this enzyme can be a target for this natural compound.

after androgen ablation and that this protein is highly ex-
pressed in androgen-independent tumors, and inhibition of
Hsp27 in prostate cancer cells can increase the number of ap-
optotic cells (Go—G,), an event that seems to be associated
with the decrease in the STAT3 levels [47]. These findings in-
dicate that the anti-apoptotic effects of Hsp27 are associated
with its ability to interact and stabilize the STAT3 molecule,
leading to more resistant prostate cancer cells. In accordance
with this notion, our results show a decrease in the phosphor-
ylated forms of Hsp27 and STAT3, when PC3 cells were
treated with ferruginol at the concentration of 50 pM, suggest-
ing that the pro-apoptotic and anti-proliferative actions of fer-
ruginol might be associated with diminished function of
STAT3 through the decrease of Hsp27 levels.

agreement with the findings of Rodriguez and coworkers
[17] related to the anti-inflammatory effect of ferruginol.
Recently, Chaiswing and collaborators [23] reported in
a very well designed paper the effect of cellular redox state
on prostate cancer cell growth in vitro. These authors demon-
strated that during PC3 cells growth, these cells require higher
ratio of reduced glutathione (GSH)/glutathione disulfide
(GSSG). Based on this observation, we evaluated the redox
status toward PC3 cell treatment with ferruginol. This diter-
pene caused a decrease of GSH and increase of GSSG, indicat-
ing a dominant effect in favor of oxidizing equivalent. Several
signaling mediators can be modulated by redox modifiers, in-
cluding protein tyrosine phosphatases [48,49]. To investigate
the effect of ferruginol on PTPs we chose LMWPTP. The ra-
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and (b) Chiarugi and collaborators [24] have reported the im-
portance of this enzyme for cancer cell growth. Interestingly,
we observed a direct effect of ferruginol on LMWPTP but
also there was a correlation between cellular oxidizing equiv-
alents and inhibition of this enzyme. The oxidation of catalytic
site cysteine of PTPs, such as LMWPTP, leads to the transfor-
mation of the sulfhydrylic residue in sulfenic acid and the con-
sequent inactivation of the enzyme due to its inability to form
cysteinyl-phosphate intermediate during the first step of the
catalysis [48]. Altogether, our results demonstrate that ferrugi-
nol can act as a chemical and genetic modulator of LMWPTP.
These data indicate that at least in part, the anti-proliferative
action of ferruginol is dependent on changing cellular redox,
which is in agreement with the protective effect of GSH.
This observation also confirms the importance of reducing
equivalents for PC3 cell survival, as recently reported [23].
Further experiments to clarify the role of LMWPTP on pros-
tate cancer progression are currently in progress in our
laboratory.

5. Conclusion

One of the challenges of cancer therapy is to combine effi-
cacy with few side effects and consequently improve the qual-
ity of life of the patient. Prostate cancer represents a spectrum
of diseases in which the cost of cure may be substantial, with
short- and long-term side effects. Therefore, new agents are
needed to extend survival, improve cure rates, and avoid unde-
sired treatment-related toxicities. In this scenario, there are at
least two aims: (a) to provide therapeutic agents with a very
specific target and (b) to discover agents which present differ-
ential action mechanisms in comparison with the traditional
chemotherapy. In this context, ferruginol appears as an inter-
esting bioactive compound, since it exhibits multi-activities
in the signal transduction/biochemical aspects in prostate can-
cer cells, In summary, ferruginol negatively modulates signal-
ing cascades, which are known to be defective in some types
of prostate cancers, namely Ras/PI3K and Jak/STAT, as well
as cell cycle regulators (Fig. 8). Importantly, we demonstrated
for the first time that LMWPTP is directly and indirectly mod-
ulated by ferruginol, which indicates that this enzyme can be
a target for this natural compound. Besides affecting signal
transduction triggered by TNFR1, ferruginol also affected mi-
tochondria permeability as demonstrated by the presence of
nuclear AIF (protein involved with chromatin condensation
and DNA fragmentation); however, the Bax:Bcl2 ratio re-
mained unchanged. In general, this study provides an overview
of biochemical aspects which were affected by ferruginol and
in turn confirms its anti-tumor activity. This type of investiga-
tion can contribute to the development of “smart” drugs.
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No presente trabalho, os flavonéides fisetina e apigenina e o diterpeno ferruginol
foram avaliados quanto a potencialidade de agdo antitumoral em linhagens de leucemia
mieléide (HL60) e de cancer prostatico humano (PC3). Visando o fornecimento de maiores
detalhes sobre os mecanismos de ag¢do molecular desses compostos, moléculas
sinalizadoras envolvidas em vias de sobrevivéncia e morte celular foram avaliadas quanto
a expressdo e/ou atividade, apds tratamento das células tumorais. Este tipo de estratégia
de investigagdo pode ser util para identificagdo de potenciais alvos terapéuticos, bem como
predi¢do de possiveis efeitos colaterais. Para este propésito, células HL60 foram tratadas
com fisetina ou apigenina, por 24 horas, enquanto que células PC3 foram submetidas ao
tratamento com ferruginol, pelo mesmo perfodo de tempo.

Os flavonodides fisetina e apigenina mostraram ser efetivos indutores de morte na
linhagem celular HL60, reduzindo pela metade o ntmero de células vidveis quando
utilizados na concentragido de 30 pM. Muitos trabalhos na literatura tem mostrado a ago
citotéxica, sobre células tumorais, dos flavondides fisetina (Chen et al., 2002; Lee et al.,
2002, Kim at al., 2008) e apigenina (Birt et al., 1997; Wang, 2000; Caltagirone et al., 2000;
Way et al., 2004; Shukla et al., 2005). Observou-se também que ambos os flavondides eram

capazes de induzir apoptose através da ativagdo de caspases (Wang et al, 1999).

81



5. DISCUSSAO GERAL

Recentemente, Khan e colaboradores (2008) mostraram que a fisetina induzia
apoptose de células de cancer de préstata através da ativagdo das caspases 3, 8 e 9. No
entanto, o mecanismo molecular de acgio destes flavondides na atividade antitumoral tem
sido pouco explorado.

Nossos resultados revelaram que a agdo citotéxica da fisetina e apigenina esté
associada, em parte, a sua capacidade de alterar, direta ou indiretamente, as atividades de
protefnas quinases e fosfatases. A fisetina mostrou-se um inibidor de fosfatases e/ou
ativador de quinases, como evidenciado pelo aumento nos niveis de proteinas fostoriladas
em tirosina e treonina. Em relagdo a apigenina, o perfil quinémico indicou diminuigdo
significativa da fosforilagdo de 101 peptideos dos 1024 peptideos do chip sugerindo,
portanto, inibi¢io das quinases responsaveis por fosforilar tais peptideos. £ importante
ressaltar que o efeito geral dos flavonéides em estudo sobre fosforilagdo de proteinas é o
resultado de um balango da atividade de quinases e fosfatases, podendo tanto ativar como
inibir ambas enzimas.

Os flavondides, frequentemente, sio mostrados como inibidores de proteinas
quinases (Graziani et al., 1983; Gschwendt et al, 1983; Srivastava, 1985). Lu e
colaboradores (2005) demonstraram que a fisetina formava um complexo com a quinase
CDKS, inibindo sua atividade. Sarno e colaboradores (2002) mostraram que a posic¢do da
hidroxila na estrutura do flavondide alterava a capacidade de inibir a proteina quinase
CK2. A fisetina mostrou-se o mais potente inibidor da CK2 (IC50= 0,35 pM), seguida pela
quercetina (IC50 = 0,565 uM). A tnica diferenga entre os dois flavondides ¢ a hidroxila na
posi¢do 5 da quercetina. Ao remover as hidroxilas 3 e 8 da quercetina, formando a
apigenina, o valor da IC50 de inibi¢do da CK2 aumentou para 0,8 uM. Removendo a
hidroxila da posi¢do 4’ da apigenina, formando a crisina, a eficiéncia na inibi¢do da CK2
diminuiu drasticamente (IC50 = 9,0 uM), sugerindo que o minimo de 3 hidroxilas sdo
requeridas para inibi¢do enzimatica da CK2.

De modo geral, o tratamento das células HL60 com os flavondides inibiu a
atividade de quinases responséveis pela proliferagio e sobrevivéncia celular, levando assim
a morte celular. No caso da fisetina, observou-se um aumento da fosforilagdo e, portanto,
ativagdo da JNK e p38. Por outro lado, detectou-se diminui¢do dos niveis de fosforilagdo da
ERK. A familia das MAPKs é conhecida pelo importante papel na regulagdo de diversos

eventos fisiolégicos, como proliferagdo, diferenciagio e morte celular, o que,
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consequentemente, torna os membros desta familia de proteinas serina/treonina quinases
potenciais alvos terapéuticos. Em leucemia, a via Raf/MEK/ERK pode ser ativada por
mutagdes/amplificagdes de receptores de fatores de crescimento, além das mutagdes que
levam a expressdo da proteina Ras constitutivamente ativa. A superexpressio da proteina
Ras tem sido observada em aproximadamente 30% dos canceres humanos (Steelman et al.,
2008). Entretanto, muitos estudos mostraram que mais de 50% dos pacientes com
leucemia mieléide aguda e leucemia linfocitica aguda apresentavam ativagdo constitutiva
da via Raf/MEK/ERK sem, no entanto, apresentar qualquer mutagio genética (Ricciard
et al., 2005; Kornblau et al., 2006). As células HL60 apresentam ERK constitutivamente
ativa, evento importante para manutengio das vias de sobrevivéncia e proliferagdo, sendo
importante alvo molecular para a indugdo de morte. Recentemente, alguns trabalhos tém
sugerido que a via da ERK pode ser suprimida pelas quinases JNK e p38, durante o
processo de apoptose (Junttila et al., 2008). Apesar da apigenina se mostrar inibidora de
quinases, de forma interessante, ela foi capaz de ativar tanto a quinase JNK quanto a p38
pois a fosforilagdo essencial para a atividade dessas quinases apresentou-se aumentada nas
células HL60 tratadas com apigenina, fato também observado por Vargo e colaboradores
(2006) em outra linhagem de leucemia, THP-1.

Em relagdo as vias de sobrevivéncia celular PISK/AKT e a via da JAK/STAT,
observou-se que o tratamento das células com apigenina levava a uma regulagdo negativa
dessas vias. A fosfatase PTEN, principal modulador negativo da via PISK/AKT,
apresentou-se mais ativa com o aumento da concentragdo de apigenina decorrente da
diminuic¢do da fosforilagdo do seu sitio inibitério (Ser380). Além disso, os iniciadores da
via, as quinases PISK, ART e PDK foram inibidas na presenga de apigenina. A via de
sobrevivéncia da PISK/AKT ¢ iniciada através da liga¢do de um fator de crescimento ou
citocina a um receptor na membrana plasmética com atividade tirosina quinase. Esse
receptor, em seguida, sofre autofosforilagio em residuos de tirosina, sinal para o
recrutamento e ativagdo da proteina PISK. Uma vez ativa e localizada na membrana, a
PIsK fosforila os lipidios fosfatidil inositol di-fostato, levando a produgdo de fosfatidil
inositol 3 - fosfato (PtdIns 3,4-P2 — PtdIns 3,4,5-P3). Esses lipidios especializados
recrutam a protefna serina-treonina quinase ART e PDK para a membrana plasmatica.
Assim, a PDRK-1 torna-se ativa, sendo capaz, portanto, de fosforilar e ativar a AKT.

Através da fosforilagdo de diversas proteinas, AKT é a proteina-chave na regulagdo de
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importantes fungdes das células, como metabolismo de glicose, proliferacdo celular e
sobrevivéncia (Paez and Sellers, 2002). Resumidamente, a ART mantém ativas as
proteinas responsdveis pela sobrevivéncia celular e inibe as proteinas pré-apoptéticas,
como Bad, caspase 9 e “forkhead’. A PTEN ¢é capaz de desfosforilar o PtdIns 3,4,5-P3
impedindo, portanto, que AKT e PDK sejam recrutadas e ativadas.

A proteina tirosina quinase Src, uma outra quinase importante para as vias de
sobrevivéncia, foi completamente inibida nas células tratadas com apigenina, fato
observado pela diminuigdo da fosforilagdo do residuo Tyr416, essencial para a catélise. A
Src é um dos ativadores da via JAK/STAT, responsavel por fosforilar a proteina STAT
promovendo, assim, sua transloca¢do para o ntcleo, onde exercerd seu papel de fator de
transcrigio.

Outro aspecto avaliado neste trabalho foi a influéncia da apigenina no ciclo celular.
As células foram tratadas com apigenina 25, 50 e 100 uM. Apenas na concentra¢do maior
observou-se inibi¢do do ciclo celular na fase G2/M. Recentemente, Choi e Kim (2008)
observaram que células de cdncer de mama tratadas com apigenina apresentavam
interrupgio do ciclo celular na fase G2/M, ap6s 48h de tratamento com 50 e 100 uM de
apigenina. Em céncer de pancreas, o mesmo efeito foi observado por Ujiki e colaboradores
(2006), enquanto que em células de cancer de préstata humano, LNCap e PC3, a apigenina
causou parada do ciclo na fase G0/G1 (Shukla and Gupta, 2007).

Os efeitos neuroprotetores, cardioprotetores e quimiopreventivos da dieta rica em
flavonoéides estdo bem documentados (Cao et al., 1997; Havsteen, 2002; William et al,,
2004). Entretanto, muitos estudos mostraram que os flavondides apresentam
caracteristicas pré-oxidantes in witro, efeito que resulta na modulagio de vias de
sinalizagdo (William et al., 2004). Uma grande variedade de compostos naturais induz
apoptose, principalmente, em células tumorais, pelo aumento da produg¢do de ROS
mitocondrial, evento que desencadeia a permeabilizagio da membrana mitocondrial e
liberagdo de citocromo c. Em células tumorais, como préstata (PC3), pulmio (A549) e
leucemia (HL60), diversos flavondides, inclusive apigenina, induzem a deple¢io de GSH
(Kachadourian and Day, 2006). Deplecdo de GSH intracelular e produgdo de ROS podem
resultar em inibig¢do de protefna tirosina fosfatases (PTP) por oxidagdo de grupos tidis. As
atividades tanto de PTP quanto de proteinas tirosinas quinases (PTK) podem ser

modificadas por oxidagdo de residuos de cisteina através da agdo de HoO.. A inibigdo de
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PTPs e ativagio de PTK, provavelmente, leva a altos niveis de fosfoproteinas
intracelulares, alterando vias de transdugio de sinal. Neste trabalho, o tratamento das
células HL60 por 24h ndo causou deple¢io de GSH. Apesar de ndo ter sido observada
alteracdo do estado redox celular, detectou-se inibi¢do de aproximadamente 50% da
atividade da proteina tirosina fosfatase de baixa massa molecular (LMWPTP). Este
resultado indica que a apigenina tem capacidade de interagir diretamente com a
LMWPTP. Vargo e colaboradores (2006) observaram aumento de ROS apenas na
primeira hora de tratamento das células THP-1 com apigenina; ap6és 3 h ndo houve
qualquer alteragdo nos niveis de ROS.

Em relagdo a fisetina, a avalia¢do da produgio de ROS foi realizada indiretamente
pela quantificagdo da atividade das enzimas aconitase, fumarase, catalase, glutationa
peroxidade e superéxido dismutase (MnSOD e CuZnSOD). A enzima aconitase, que

7

participa do ciclo de Krebs convertendo citrato em isocitrato, é altamente sensivel a
oxidagdo, gracas a presenca de um cluster de ferro e enxofre no sitio ativo que reage
diretamente com o substrato. Na presenca de fisetina, a aconitase das células tratadas
apresentou-se inibida 20 vezes, resultado que sugere a produgdo de ROS pela fisetina.
Recentemente, Kawabara e colaboradores (2008) observaram que, em fibroblastos (V79),
H:0; levou a ativagdo de p38 MAPK, JNK e ERK. Contudo, a adigdo de inibidores de
proteinas tirosinas quinases (PTK) bloqueou tais fosforilagdes, indicando que ROS leva a
ativagdo de MAPK p38 e JNK através da ativagdo de PTKs e/ou inibigdo de PTPs, o que
estd de acordo com os nossos resultados referentes ao tratamento de células HL60 com
fisetina. O fato de a fisetina inibir fosfatases citossélicas quando adicionada ao extrato
celular indica que a capacidade desse composto de inibir fosfatases pode nido somente ser
mediada pela agdo de ROS, mas também por interagio direta.

Embora flavonéides sejam reconhecidos por agirem como importantes agentes
antioxidantes, os resultados aqui apresentados revelam que a atividade anticarcinogénica
desses compostos pode estar associada a indugdo de geragdo de ROS no ambiente celular.
Os resultados obtidos refor¢am a hip6tese de que a agdo celular da fisetina e apigenina,
assim como de muitos outros flavondides e seus metabdlitos, pode estar associada a
modulagdo direta ou indireta da atividade de protefnas quinases e fosfatases, tais como

PISK, PKB/AKT, tirosina quinases e MAPKs mostrando, portanto, o potencial
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antileucémico de tais compostos como reguladores da expressdo génica e moduladores de
importantes vias de transdugdo de sinal.

Os resultados obtidos no presente trabalho reforcam dados da literatura que
associam ROS ao aumento da expressdo de NFkB e estimulagdo de sua atividade como
agente pré-apoptético (Kroemer et al., 1997; Dumont et al., 1999). Embora a maior parte
dos trabalhos encontrados na literatura reporte a atividade indutora de sobrevivéncia e
proliferacdo de NFkB, um nimero crescente de estudos tem associado a agdo desse fator de
transcri¢do como indutor de morte celular sob certas condi¢des (Lin et al., 1995; Carter et

al., 1996; Grimn et al.,, 1996; Grill and Memo, 1999; Lin et al., 1999).

Ferruginol suprime vias de sobrevivéncia em cdncer de prdstata independente de

androgénio

O cancer de prostata é a segunda causa de morte relacionada ao cancer no Brasil e
no mundo. Como o cancer de préstata atinge homens com mais de 50 anos, com o aumento
da expectativa de vida, a incidéncia desse tipo de céncer tende a aumentar nos préoximos
anos. Logo, a busca de compostos preventivos e terapéuticos mais efetivos e com menos
efeitos colaterais tem gerado grande interesse e, sob estes aspectos, os produtos naturais
sdo altamente promissores.

O diterpeno ferruginol apresentou-se como um potente inibidor do crescimento
celular e indutor de apoptose de células de cancer de préstata PC3, as quais exibem
extrema resisténcia a terapias.

O aumento da expressio de TNIFRI1, em baixa dose de ferruginol (25 pM) e
ativagdo de caspase 8 demonstraram, claramente, a ativagdo da via extrinsica, em baixas
concentragdes de ferruginol. A via intrinsica torna-se mais proeminente na indugdo de
morte, em concentragio mais alta de ferruginol (50 uM), mostrada pelo aumento da
atividade da caspase 9, aumento dos niveis de AIF nuclear e aumento da expressio da
proteina pré-apoptética mitocondrial Bax. Em resposta a um certo estimulo apoptético,
protefnas pré-apoptoéticas citossélicas e ligadas a membrana mitocondrial na forma de
mondmeros, como Bax e Bak, sofrem oligomeriza¢do formando poros que levam a

permeabilizagdio da membrana mitocondrial interna e liberagdo de proteinas, como
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citocromo ¢ e AIF. O citocromo ¢ constituird o complexo chamado apoptossomo, formado
também pela caspase 9 e protefna Apaf-1, responsédvel pela ativagdo da caspase 3. O AIF
liberado da mitocondria transloca-se para o ntcleo das células onde participard da
condensagio da cromatina e exposi¢do de fosfaditil serina na camada externa da membrana
plasmatica.

Para uma célula entrar em apoptose, o equilibrio entre eventos pré-apoptéticos e
antiapoptéticos deve ser rompido através do aumento do estimulo apoptdtico e/ou da
inibi¢do das vias de sobrevivéncia e proliferagdo. O ferruginol, além de ativar as vias de
apoptose, consegue parar o ciclo celular e inibir vias de sobrevivéncia cruciais para o
desenvolvimento do cancer.

O ferruginol mostrou-se eficiente na inibi¢do de uma das principais vias de
sobrevivéncia celular, a via da AKT. Este composto causou tanto a diminuigdo da
expressdo, quanto a diminuigdo da fosforilagdo (ativagdo) da AKT. Interessantemente, na
concentragdo de 25 pM de ferruginol observou-se um aumento da quantidade de AKT
tostorilada no residuo serina 473; em contrapartida, na concentracdo de 50 uM, ocorreu
diminui¢do. Como mencionado anteriormente, somente foi possivel observar alteragdes
metabdlicas caracteristicas da apoptose quando o ferruginol foi utilizado em concentragoes
maiores. Assim, sob baixas concentragdes de ferruginol as células tendem a contornar os
estimulos pré-apoptéticos através da ativagdo das proteinas de sobrevivéncia e
proliferagio celular. O mesmo se observa para a proteina MEK 1/2, cuja fosforilagdo nos
residuos de serina 217/221 teve um sutil aumento no tratamento com ferruginol. A via de
sinalizag¢do da ERK, assim com a via da PISK/AKT sdo responséaveis pela regulacdo de
diversos eventos fisiolégicos, como proliferagdo e diferenciagio. MEK ¢ ativador direto da
ERK e como ferruginol levou a diminui¢do da expressdo e fosforilacio de ERK, seria
possivel que a célula “tentasse se recuperar” ativando a MEK.

Assim como a fisetina e apigenina, o ferruginol induziu a ativagdo da MAPK p38.
O ferruginol também atuou sobre proteinas controladoras do ciclo celular. Diferentemente
da apigenina, o ferruginol aumentou a expressdo da protefna p21, um dos inibidores das
quinases dependentes de ciclinas (CDKs). Observou-se também no trabalho uma
diminui¢do da expressdo das ciclinas D1 e D3, CDR4 e CDK6, dados que suportam a
parada do ciclo celular na fase G1 pelo ferruginol. O complexo ciclina D/CDK# fosforila a

proteina Rb, o que leva a liberagdo do fator de transcrigio E2F que ativa a expressdo de
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genes da fase G1/S. Nenhuma alteragdo na proteina cdc-2, responsavel pela progressio do
ciclo da fase G2 para M, foi observada, corroborando o efeito especitico do ferruginol na
tase G1.

O tratamento das células PC3 com ferruginol causou diminuigdo da fosforilagdo da
Hsp27 e STATS, indicando que a diminuigdo da atividade da STAT3 pode estar associada
a diminui¢do da fungdo da Hsp27. As STATs sdo protefnas latentes no citoplasma que
exercem fungio de fatores de transcrigio quando ativadas. A ativagdo das STATs se da
através da fosforilagdo de residuos de tirosina, principalmente pela JAK e, em segundo
plano, pela Src. As proteinas JAK sdo ativadas pelos receptores tirosina quinases que, por
sua vez, foram ativados pela ligagdo de citocinas, como IL-3, IL-5 e fatores de transcrigdo
(Turkson and Jove, 2000). Quando fosforilada a STAT dimeriza e se transloca ao niicleo,
onde se liga ao DNA e ativa a transcri¢do de genes relacionados a proliferagdo celular.
Atividade anormal de membros da familia das STATS, particularmente STAT3 e STATS,
estd associada a uma grande variedade de doengas, incluindo leucemias, cancer de mama,
cabeca e préstata (Turkson and Jove, 2000). A STAT3 estad envolvida com oncogénese o
que a torna alvo de intervengdes terapéuticas. Tan e colaboradores (2008) observaram que
a STAT5 é constitutivamente ativa em cancer de préstata humano de alta escala, mas nio
em epitélio de préstata normal.

A Hsp27 é uma proteina de 27 kDa que estd relacionada com o aumento da
sobrevivéncia em resposta a vérios fatores fisiol6gicos e ambientais como choque térmico,
ROS e quimioterdpicos. De fato, a andlise de coimunoprecipitagdo mostra que Hsp27 é
capaz de interagir com STATS e os niveis de STAT3 e Hsp27 estio diretamente
relacionados. Muitos trabalhos tém mostrado que o cancer de prdstata independente e
androgénio apresenta niveis elevados de Hsp27 e a inibi¢do desta protefna leva ao aumento
de células apoptéticas na fase GO-G1, evento que pode estar associado a diminuig¢do dos
niveis de STAT3 (Rochi et al., 2005).

Outro importante resultado deste trabalho foi que o ferruginol induziu a
translocagdo de NFkB para o ntcleo. Este fato esta de acordo com os dados publicados por
Rodriguez e colaboradores (2006) sobre o efeito anti-inflamatério do ferruginol.

O ferruginol causou ainda diminuig¢do da glutationa reduzida (GSH) e aumento da
glutationa oxidada, caracteristicas que indicam ambiente oxidante. De forma importante,

muitas proteinas-chave no desenvolvimento e progressdo do cancer sdo sensiveis e
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inativadas por oxidagdo, como é o caso da LMWPTP. Essa fosfatase apresenta-se
altamente expressa em diferentes tipos de tumores, inclusive em cancer de prostata.
Observou-se o efeito direto do ferruginol sobre a atividade e expressio da LMWPTP. A
oxidacgdo da cistefna do sitio catalitico das PTPs, como da LMWPTP, leva a inibi¢io da
atividade pela incapacidade de formar intermedidrio cisteinil-fosfato durante o primeiro

passo da catalise (den Hertog et al., 2005).

&9



CONCLUSAO

Produtos naturais sio fontes renovaveis para o desenvolvimento de firmacos com
diferentes mecanismos de ac¢do. Nesse contexto, o estudo de transducdo de sinal apresenta-se
como ferramenta interessante para a identificagdo de alvos moleculares e, consequentemente,
defini¢do da especificidade e direcionamento terapéutico.

No presente trabalho, ficou evidente o potencial da fisetina, apigenina e ferruginol
como antitumorais, apresentando algumas caracteristicas interessantes:

e [isetina, apigenina e ferruginol sdo potentes agentes indutores de apoptose em células
tumorais. Todos eles afetam profundamente a fungdo celular, alterando o estado de
fosforilagdo de moléculas alvos e/ou modulando a expressdo génica.

e [isetina e apigenina apresentam efeitos citotéxicos apenas em célula tumorais, mostrando
especificidade para células em divisdo celular.

e Os efeitos citotéxicos da fisetina e ferruginol, em 24 h de tratamento, estdo associados ao
aumento da geracdo de ROS e a modulagdo de cascatas de sinalizagdo controladas por
proteinas quinases e fosfatases, fato que nio foi observado no estudo com apigenina.

e [isetina levou ao aumento na expressdo da subunidade p65 do fator de transcrigio NFkB,

enquanto o ferruginol induziu translocag¢do nuclear de NFkB.
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e Os compostos estudados apresentaram efeito diferencial sobre a atividade de quinases. De
modo geral, a fisetina pode ser considerada um indutor de fosforilagdo de proteinas em
residuos de tirosina e treonina. Apesar de a fisetina ter sido capaz de inibir a MAPK ERK, foi
capaz de induzir a ativacdo da MAPK p38 e JNK, fato também observado no tratamento de

células PC3 com ferruginol.

e Apigenina foi capaz tanto de ativar como inibir atividade de PTPs. A PTEN foi ativada
por apigenina, evento importante para inibi¢do da via de proliferagio PISK/AKT. Por outro
lado, a atividade de LMWPTP foi inibida em 50% nas células tratadas, efeito que, em parte,
pode ser resultado da interagdo direta da enzima com apigenina, pois o tratamento nio
alterou significativamente a expressdo dessa PTP. Entretanto, o ferruginol foi capaz tanto de
inibir a atividade quanto a expressdo de LMWPTP.

e O ciclo celular foi afetado pela apigenina e ferruginol; interrupgdo do ciclo da fase G0/G1
foi observada pelo tratamento com ferruginol e interrup¢io do ciclo em G2/M, pela

apigenina.

Resumindo, fisetina, apigenina e ferruginol mostraram-se atuantes sobre importantes
alvos moleculares relacionados a proliferacdo, resisténcia e sobrevivéncia em células
tumorais. Portanto, a propriedade de atuar como agentes moduladores de vias de sinalizagido
sugere pelo menos trés usos desses compostos naturais em cancer: como modelos no design
de andlogos mais potentes, como auxiliares no tratamento tradicional, potencializando a agdo
de quimioterdpicos comerciais e na utilizagdo direta em quimioterapia. Finalmente, este

trabalho nos permite enfatizar a importéancia da alimentagdo na prevengdo contra o cancer.
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