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Resumo

Introducdo : o sarcoma de Ewing € um dos tipo mais agressivos de cancer
pediatrico. Esse tipo de cancer € um tumor primitivo nheuroectodérmico, grupo que
inclui ainda outros tumores pediatricos como o0 meduloblastoma e o neuroblastoma.
Apesar de avancos significativos desde o surgimento da quimioterapia, ainda ha
necessidade de aumento dos indices de cura, reducdo da toxicidade da
quimioterapia e reducdo da resisténcia ao tratamento em pacientes com essa
doenca. Inibidores da acetilacdo de histonas (HDACIs ou HDIs) e bifosfonatos tém
um futuro promissor no tratamento de cancer, especialmente quando utilizados
conjuntamente ou em associagdo com outros agentes citotoxicos, como
antineoplasicos classicos. No entanto, os efeitos destes tratamentos combinados
ainda n&o haviam sido devidamente estudados em Sarcoma de Ewing. Obijetivos :
este estudo se propOs a avaliar, in vitro, os efeitos do inibidor da acetilacdo de
histonas, butirato sdédico (NaB), do bifosfonato, zoledronato (ZA), da associacao
destes dois agentes e de combina¢des dos mesmos com antineoplasicos classicos
sobre a proliferagédo, viabilidade e sobrevivéncia celular em sarcoma de Ewing.
Métodos : as linhagens celulares de sarcoma de Ewing, SK-ES-1 e RD-ES, foram
tratadas com NaB, ZA, doxorrubicina, etoposideo ou vincristina e com diferentes
combinac¢des destes agentes. O crescimento tumoral in vitro, incluindo parametros
de proliferacdo e viabilidade celular, foi analisado pelos métodos de contagem
celular por exclusdo com azul de tripan e MTT. Os efeitos tardios (sobrevivéncia)
também foram estudados através da determinacdo da formacéo de col6nias (ensaio
colonogénico). Resultados : a combinagdo de NaB e ZA teve um efeito citotoxico
sinérgico 72h apdés o tratamento, persistindo durante 10-14 dias ap0s o tratamento,

em ambas as linhagens celulares testadas. Todas as combinagdes entre NaB ou ZA



e 0s antineoplasicos classicos testados apresentaram efeitos citotoxicos sinérgicos
72h apoOs os tratamentos em ambas linhagens celulares, com a excec¢do das
seguintes associacfes: NaB + VCR e ZA + Doxo, que apresentaram apenas efeito
aditivo nas células RD-ES, quando comparados com cada um dos agentes em
monoterapia. Estes efeitos “agudos” observados em ambas as linhagens celulares
de sarcoma de Ewing foram confirmados pelo ensaio clonogénico. Conclusado : 0s
dados obtidos sugerem que o uso combinado de bifosfonatos e HDIs e a associacéo
destes agentes com quimioterapicos classicos representam promissoras alternativas

no tratamento de sarcoma de Ewing e proporcionam a base para novos estudos.

PALAVRAS-CHAVE: sarcoma de Ewing, butirato sodico, acido zoledrénico, terapia

adjuvante, quimioterapia, efeito sinérgico.



Abstract

Background : Ewing sarcoma, often referred to as Ewing’s sarcoma family tumors, is
a peripheral primitive neuroectodermal tumor. Ewing sarcoma is the second most
common solid bone and soft tissue malignancy of children and young adults. Despite
significant advances in cancer chemotherapy, there is still need for increased rates of
cure, reduction of toxicity of chemotherapy and reduced resistance to treatment in
patients with this disease. Histone deacetylase inhibitors (HDACIs or HDIs) and
bisphosphonates have a promising future in the treatment of cancer as targeted
anticancer drugs, especially when used together or in combination with other
cytotoxic agents. However, the effects of these combined treatments have not yet
been properly evaluated in Ewing sarcoma. Objective : In the present study, we
evaluated the in vitro cytotoxic effects (on cellular proliferation, viability, and survival)
elicited by the co-treatment of sodium butyrate (NaB) and zoledronic acid (ZA) alone
or in combination with three anti-cancer drugs strongly recommended to treat Ewing
sarcoma (doxorubicin, etoposide and vincristine) in two human cell lines. Methods :
two Ewing sarcoma cell lines, SK-ES-1 and RD-ES, were treated with NaB, ZA,
doxorubicin, etoposide, vincristine and with different combinations of these drugs.
The proliferation and cell viability were analyzed by counting cell in a hemocytometer,
by exclusion of trypan blue and by MTT assay. The survival and proliferation of cells
were also studied by clonogenic assay. Results: our results demonstrate that the
combination of NaB and ZA has a synergistic cytotoxic effect at 72h after treatment,
persisting for 10-14 days post-treatment, in both cell lines tested. All combinations
between NaB or ZA and classical antineoplastic drugs demonstrated a synergistic
cytotoxic effect at 72h post-treatment in SK-ES-1 and RD-ES cells, with the exception

of NaB plus VCR, and ZA plus Doxo, which showed only an additive effect in RD-ES



cells when compared to each agent alone. These acute effects observed in both
Ewing sarcoma cells were confirmed by the clonogenic assay. Conclusion : These
data suggest that HDIs and bisphosphonate co-treatment in combination with
classical chemotherapeutic drugs is a promising therapeutic venue the treatment of

Ewing sarcoma, and provide a basis for further study in this field.

KEYWORDS: Ewing sarcoma, sodium butyrate, zoledronic acid, adjuvant therapy,

chemotherapy, synergistic effect.
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1 Introducéo

O termo “sarcoma de Ewing” € usado para definir uma familia de tumores
pediatricos, que inclui o sarcoma de Ewing classico, o tumor de Askin e outros tipos
de tumores neuroectodérmicos primitivos. O sarcoma de Ewing é o segundo tipo
mais comum de tumor 6sseo e de tecidos moles em criancas ™. Os tumores da
familia do sarcoma de Ewing apresentam uma alteracdo biolégica comum, que
consiste na translocagao entre os cromossomos 11 e 22, que leva ao surgimento de
oncogenes quiméricos formados pela fusdo entre o gene EWS com um oncogene
ETS °. Este tumor esta entre os mais agressivos tipos de cancer pediatricos, com
alto potencial metastatico e resisténcia aos tratamentos. Os tratamentos atuais
consistem de quimioterapia neoadjuvante, resseccao cirargica local, com o
salvamento do membro, seguida de quimioterapia adjuvante com ou sem
radioterapia. A maioria dos regimes de quimioterapia sdo baseados em
combinacdes de agentes alquilantes, principalmente ifosfamida e ciclofosfamida,
com antraciclinas (como a doxorrubicina), com alcaléides da vinca (como a
vincristina), com actinomicina D e com etoposideo °. Antes da era da quimioterapia,
menos de 10% dos pacientes com sarcoma de Ewing sobreviviam ’. O uso atual de
terapia multimodal agressiva melhorou as taxas de sobrevida a longo prazo de
pacientes com doenca localizada na maioria dos centros clinicos (50-70%). No
entanto, pacientes com metastases clinicamente detectaveis no momento do
diagnéstico, ou que nao respondem a terapia, ou com recidiva da doenca tém um
prognastico significativamente pior (~20%). Além disso, 30-40% dos doentes com
sarcoma de Ewing apresentam recidiva da doenca. Esses tém um prognostico

particularmente decepcionante, com uma probabilidade de sobrevivéncia de néo
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mais de 20% *>2. Além disso, os agentes quimioterapéuticos classicos sdo muitas
vezes Uutilizados em doses elevadas, provocando varios efeitos adversos e
toxicidade, incluindo neurotoxicidade (vincristina), alteracdes hematoldgicas
(ifosfamida ou etoposideo) ou cardiotoxicidade (doxorrubicina) **2. Por estas razdes,
sdo necessarios ainda esforcos para a identificacdo e desenvolvimento de novas
terapias °. Uma melhor compreensdo da complexa biologia do sarcoma de Ewing,
com a identificacdo e caracterizacdo dos mecanismos moleculares e celulares que
regulam seu crescimento, transformacdo e metastase, € necessaria para a
expansdo do numero de alvos terapéuticos conhecidos e o desenvolvimento de
terapias-alvo inovadoras que permitam o aumento dos indices de cura e melhoria na

qualidade de vida dos pacientes ***8,

O balanco entre acetilacdo e desacetilacdo de histonas € um importante fator
na regulacdo da expressao génica eucariotica. Inibidores de histona deacetilases
(HDACIs ou HDIs), tais como o butirato soédico (NaB), estdo em evidéncia como uma
potencial nova classe de agentes antineoplasicos, porque esses compostos sao
capazes de promover ou intensificar uma variedade de diferentes mecanismos
anticancerigenos, como apoptose, parada do ciclo celular e diferenciacéo celular, e
podem estimular a resposta imune e ter atividade antiangiogénica. Diversos HDIs
estdo atualmente em fase de ensaios clinicos, devido a sua capacidade para
reverter alguns dos estados epigenéticos aberrantes associados ao céancer. A
maioria destes estudos tém mostrado que a hiperacetilagdo de histonas pode ser
conseguida de forma segura em seres humanos, e que o tratamento com tais
agentes é plausivel . Além disso, a utilizacdo de HDIs, isoladamente ou em
associagcdo com outros agentes, como farmacos antineoplasicos classicos ou

bifosfonatos, representa uma promissora alternativa de tratamento em cancer 2*,
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Os bifosfonatos (BPs) sdo bem conhecidos por seu efeito antirreabsortivo
sobre o metabolismo 6sseo, proporcionando um efeito redutor sobre a morbidade da
metastase 0ssea de diferentes tipos de tumores, e também servindo como uma
opcao terapéutica primaria para a hipercalcemia maligna. O zoledronato (ZA), o
membro mais potente da familia dos bifosfonatos nitrogenados (N-BPs), inibe a
atividade de reabsorcdo osteoclastica através da inibicdo da farnesil-difosfato
sintase e da prenilacdo de proteinas. No entanto, muito além do seu efeito sobre o
metabolismo 0sseo, o0s bifosfonatos também apresentam acfes bioldgicas
pleiotrépicas: podem mediar a liberacdo de fatores de crescimento, influenciar na
adesao celular, ter efeitos antiangiogénicos e pro-apoptoticos em diversos tipos de

25

tumores Estudos recentes, in vitro e in vivo, sugerem que os bifosfonatos

apresentam atividade antitumoral, especialmente, quando associados a outros

agentes citotoxicos, tais como aqueles utilizados na quimioterapia classica 222

HDIs e bifosfonatos tém um futuro promissor no tratamento de cancer, como
terapias-alvo inovadoras, especialmente quando utilizados em conjunto ou em
combinacdo com outras moléculas, tais como farmacos anticancerigenos classicos.
No entanto, em sarcoma de Ewing, os possiveis efeitos da co-administracdo de
HDIs e bifosfonatos e da associacdo desses agentes com farmacos anticancer
classicos ainda ndo foram devidamente investigados. O presente estudo propds-se a
avaliar, in vitro, os efeitos citotoxicos induzidos por NaB, por ZA e por combinacdes
destes agentes, entre si, ou associados a farmacos classicos usados no tratamento
de sarcoma de Ewing (doxorrubicina, etoposideo e vincristina), em duas linhagens

de células humanas, SK-ES-1 e RD-ES.
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2 Revisdo da literatura
2.1 Sarcoma de Ewing
2.1.1 Aspectos gerais

Em 1921, James Ewing descreveu, pela primeira vez, um tumor que foi
classificado como endotelioma difuso do osso, acreditando que 0 mesmo havia

2329 Mais tarde, ele

surgido a partir de vasos sanguineos do tecido 6sseo
descreveu a histopatologia, como células redondas, pequenas, com citoplasma
palido e com pequenos nucleos hipercromaticos, caracterizando o tumor como um
"mieloma endotelial". Hoje, os “tumores de Ewing” sdo descritos como células
pequenas, azuis e com formato arredondado (Figura 1) e sua familia compreende
um espectro de neoplasias de células neuroectodérmicas primitivas, que sao células
embrionarias que migram da crista neural. Esses tumores acometem primariamente
ossos e tecidos moles. Dependendo do grau de diferenciacdo neural, séo
denominados Sarcoma de Ewing (ES), quando € um tumor indiferenciado, ou Tumor

Neuroectodérmico Primitivo Periférico (PPNET), quando apresenta caracteristicas de

diferenciacdo neural. PPNET na parede toracica é referido como tumor de Askin %

4,29,30

Tumores da familia do Ewing (EFTs) sdo neoplasias altamente agressivas
(malignas). As causas desses tumores sao praticamente desconhecidas e apesar
dos avancgos terapéuticos (com intervencdo cirargica, quimio e raditerapia), os
pacientes com essas doengas tém uma baixa taxa de sobrevida. A localizagdo mais
comum € nos 0ssos, sendo 80% Sarcoma de Ewing e 20% PPNET. Na familia de

Sarcoma de Ewing, 0s 0ssos longos e chatos sao igualmente acometidos. Sarcoma
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de Ewing e PPNET podem ocorrer em quase todos os 0ssos do corpo, sendo que,
em ordem de frequéncia, sdo observados em 0ssos pélvicos, seguidos de fémur,
tibia e imero. Estes tumores malignos sao caracterizados por rapido crescimento e
elevado potencial para desenvolvimento de metastases, principalmente nos

pulmdes, ossos e medula éssea *.

Figura 1. llustracdo histopatoldgica de um sarcoma de Ewing tipico.

o9 e,
Y 2
_ ® a -. _ &
Fonte: Sarcomaimages — The internet database of bone and soft tissue tumors, 2013. Disponivel em:

http://www.sarcomaimages.com/index.php?v=Ewing's-Sarcoma (acessado em 20 de outubro de
2013).

ES é muitas vezes subdiagnosticado. Um dos primeiros sintomas € a dor leve
no local do tumor, mas, conforme o tumor cresce, a dor aumenta de intensidade e se
faz necesséria a terapia com analgésicos “?°. A dor é frequentemente seguida pelo
aparecimento de uma massa palpavel, que pode estar sensivel e inflamada. Na

maioria das vezes, estes tumores surgem a partir dos 0ssos, e em alguns casos,
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uma fratura patolégica secundaria a trauma menor pode ser o sinal tipico que da
inicio a intervencdo médica. Raramente, estes tumores surgem a partir de tecidos
moles e, nestes casos, sdo rotulados como ES extradsseo ou extraesquelético. O
Tumor Neuroectodérmico Primitivo Periférico da éarea toracopulmonar &
frequentemente denominado tumor de Askin. Dados de 18 estudos dos Estados
Unidos da América (EUA), Europa e Japdo, que incluiram 1505 pacientes,
mostraram a seguinte distribuicdo: Sarcoma de Ewing do osso (87%), Sarcoma de
Ewing extradsseo (8%), PPNET 6sseo e extra-6sseo (5%) >*34. Caso estes tumores
sejam profundos, a massa tumoral pode ser indiscernivel durante um longo periodo
de tempo, resultando em maior volume do tumor no diagnéstico e,

consequentemente, num pior prognéstico *.
2.1.2 Epidemiologia

O sarcoma de Ewing € o segundo tipo mais comum de tumor 0sseo e de
tecidos moles em criancas *. Caucasianos apresentam as maiores taxas de
desenvolvimento de ES, enquanto asiaticos e afrodescententes raramente
desenvolvem a doenca *?°. O diagnéstico é mais frequente entre os 11 e os 20 anos
(64%), seguido da faixa até os 10 anos (27%) e 9% entre os 21 e os 30 anos, sendo
gue o pico de idade de ocorréncia é 15 anos. Cerca de 55% dos individuos afetados

sdo do sexo masculino 3*,

Nos EUA, ES afeta cerca de 250 a 400 pacientes a cada ano, sendo que 80%
desses casos ocorrem antes dos 18 anos, com uma taxa de 0,3 casos por milhdo de
criangas menores de 3 anos de idade e de 4,6 casos por milhdo de adolescentes
com idade entre 15-19 anos. Internacionalmente, a média anual da taxa de

incidéncia consiste em menos de 2 casos por milh&o de criangcas. No Reino Unido,
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uma média de seis criancas por ano sao diagnosticadas, principalmente os meninos
em estagio inicial de puberdade 333, No Brasil, o Instituto Nacional do Cancer
(INCA) apresenta, entre seus ultimos trabalhos, publicagcbes que tratam direta ou
indiretamente sobre cancer infantil. Em 2008, foi publicada a obra intitulada “Cancer
da crianca e adolescente no Brasil: dados dos registros de base populacional e de
mortalidade” **. Essa obra, estabeleceu, entre outras coisas, a incidéncia por tipo de
cancer, valor absoluto, taxas bruta e ajustada por idade, por 1.000.000 de criancas e
adolescentes, para cada registro de cancer de base populacional (RCBP), no
periodo de 1998 a 2002. Em relacdo ao RCBP de Porto Alegre, a incidéncia bruta de
tumor de Ewing e sarcomas 0sseos relacionados foi de 2,40; sendo que para
meninas foi de 1,89 e, para meninos, de 2,92. Outra publicacdo relevante foi a
“Estimativa 2012: incidéncia de cancer no Brasil’. Entretanto, essa obra, como a
maioria das publicacdes brasileiras, avalia os tumores pediatricos conjuntamente, de
modo a ndo dispormos de informacdes especificas em relacdo ao sarcoma de
Ewing. Segundo esse estudo, o percentual mediano dos tumores pediatricos
observados no nosso pais encontrava-se proximo de 3% e que, em 2012, a excecéo
dos tumores da pele ndo melanoma, a estimativa de ocorréncia seria de cerca de

11.530 casos novos de cancer em criancas e adolescentes até os 19 anos *°.
2.1.3 Bases bioldgicas da doenca

Desde a sua primeira descricdo, os tumores da familia de Ewing eram tidos
como tumores malignos enigmaticos, pobremente diferenciados, de histogéneses
incertas e comportamentos biolégicos agressivos. Originalmente, se pensava que
estes tumores fossem diferentes, mas atualmente sdo conhecidas caracteristicas
biolégicas que indicam um mesmo tumor. A cerca de duas décadas, o entendimento

da biologia de Sarcoma de Ewing deu um salto com a identificagdo de recorrentes
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fusbes génicas, que impulsionam a oncogénese nesta doenca. Estes tumores
apresentam uma alteracdo biolégica comum. Essa anormalidade citogenética
consiste na translocagao entre os cromossomos 11 e 22, que leva ao surgimento de
oncogenes quiméricos formados pela fusdo entre o gene EWS com um oncogene
ETS (ou, menos comumente, consiste na translocacao 21;22 ou 7;22). A fusdo mais
comum, encontrada em 85% dos casos, ocorre entre 0 segmento 5’ do gene EWS e
0 segmento 3’ do gene FLI-1, da familia ETS, resultando na producé&o da proteina
EWS-FLI1, a qual provavelmente age como ativador aberrante da transcricao
génica, provocando diversas alteracdes celulares relacionadas, por exemplo, ao
surgimento da doenca >*"*°. A alteracdo EWS-FLI1 facilita a formacao de interacdes
proteina-proteina que regulam a transcricdo de inumeros genes e 0 “splicing”
alternativo de mRNA. Inumeras func¢des biologicas sdo moduladas pela atividade de
EWS-FLI1: ativacdo das vias de IGFR, PDGFR, VEGFR, SHH; inibicdo das vias de
wnt, TGFBRII; condugdo ao fendtipo maligno EW: proliferagdo, angiogénese,
alteracbes no sistema imunoldgico, potencial metastatico e resisténcia aos

tratamentos **.

O novo arranjo gendmico especifico pode ser detectado por hibridizacéo in
situ por imunofluorescéncia (FISH) e reacdo em cadeia de polimerase por
transcriptase reversa (RTPCR). Sua caracteristica antigénica comum € a expressao
na superficie da célula de uma molécula de adesao, a glicoproteina MIC2, que pode

ser detectada por um nimero de anticorpos monoclonais .

7

Outro dado biologicamente relevante € o fato das células de sarcoma de
Ewing apresentarem caracteristicas de células-tronco mesenquimais “***. Além

disso, células-tronco tumorais, ou células iniciadoras de tumores, foram identificadas
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em ES e podem estar relacionadas ao surgimento, progressao e resisténcia a

quimioterapia ***4.

2.1.4 Prognostico

O principal fator prognéstico em ES é a presenca ou auséncia de doenca
metastatica, e enquanto 80% dos pacientes tém doenca clinicamente localizada,
assume-se que metastases subclinicas estdo presentes em praticamente todos
pacientes >*. A doenca metastatica torna-se evidente em apenas semanas ou
meses em pacientes que nao recebem tratamento adequado. Os sintomas, incluindo
febre, mal estar, perda de peso e anemia, estdo presentes em 10-20% dos
pacientes e acredita-se que estdo relacionados a citocinas circulantes, que sao o
resultado direto de um grande volume tumoral. Para pacientes com doenca
localizada, aqueles com lesdes de extremidades tendem a ter um progndstico
melhor do que aqueles com lesdes primarias axiais (como por exemplo, envolvendo
costelas, clavicula, pélvis, coluna vertebral, do couro cabeludo, cranio, ou esterno),
principalmente, porque estes Ultimos ndo podem ser removidos cirurgicamente com
uma margem negativa adequada. Doenca primaria pélvica, idade superior a 12 anos
e um nivel sérico de desidrogenase lactica elevada sédo geralmente indicadores
prognésticos desfavoraveis 3. Um elevado nivel de desidrogenase lactica, aliado a
um intervalo menor que trés meses entre o inicio dos sintomas e o diagndstico esta
exponencialmente relacionado a diminuigdo da sobrevida e pode ser um preditor de

doenca metastatica °.

De um modo geral, fatores progndésticos positivos incluem boa resposta
clinica e patologica (>90% necrose tumoral) a quimioterapia. Entre os fatores que

influenciam negativamente o prognostico estdo presenca de metastases ao



27

diagnéstico, localizacdo em o0ssos pélvicos, tumores grandes (>100 ml ou >8 cm em

diametro) e idade superior a 17 anos *°.
2.1.5 Tratamento

Antes da era da quimioterapia, a sobrevivéncia dos pacientes com ES era
inferior a 10%, apesar da radiossensibilidade desses tumores fosse bem conhecida.
Com a aplicacdo de regimes terapéuticos modernos multimodais, incluindo
quimioterapia de inducdo e controle local com cirurgia, radioterapia ou uma
combinacdo de ambas as modalidades, taxas de cura de aproximadamente 50-70%
podem ser obtidas em pacientes com doenca localizada. O prognoéstico dos
pacientes com metastases ao diagnostico, no entanto, mantem-se inferior, indicando
as limitacbes das estratégias atuais de tratamento. O tratamento com quimioterapia
deve ser intenso e de longo prazo, sendo que a maioria dos protocolos sé&o
baseados na combinacdo de agentes alquilantes (ifosfamida, ciclofosfamida) e
antraciclinas (doxorrubicina), com adicdo de alcaldides da vinca (vincristina),

actinomicina D e etoposideo %',

O maior problema em relagdo ao tratamento de ES sdo 0s pacientes com
metastases clinicamente detectaveis no momento do diagndstico, ou com recidiva
(cerca de 30-40%) da doenca ou que ndo respondem a terapia. Esses pacientes tém
um prognéstico particularmente decepcionantes, com uma probabilidade de

sobrevivéncia de ndo mais que 20% >°%,

Outro fator que deve ser levado em consideragdo, uma vez que a
guimioterapia deve ser intensa (doses elevadas) e a longo prazo, sdo os diversos
efeitos secundarios toxicos, incluindo neurotoxicidade (vincristina), alteracdes

hematolégicas (ifosfamida ou etoposideo) ou cardiotoxicidade (doxorrubicina) que 0s
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agentes quimioterapéuticos classicos provocam nos pacientes, levando, muitas

vezes, a suspenséo do tratamento %12,

2.1.6 Novas perspectivas

Nos ultimos anos, pesquisadores vém tentando compreender melhor a
complexa biologia do sarcoma de Ewing, a fim de propiciar o desenvolvimento de
tratamentos inovadores. Diversas alternativas terapéuticas em potencial estdo em
fase de estudo, dentre as quais se destacam as terapias-alvo relacionadas: a
reducdo da expressao de EWS-FLI1 com o emprego de oligonucleotideos, RNA, ou
SiRNA; a inibi¢cao de vias de sinalizagédo de fatores de crescimento, como a via IGF-
1R/PIBK/AKT/mTOR; a utilizacdo de inibidores de tirosinas quinase; o uso de
inibidores multialvo, como imatinibe, desatinibe, sorafenibe, sunitinibe e pazopanibe;
a inibicdo de crescimento celular dependente de reguladores do ciclo celular; o uso
de moléculas pro-apoptoticas e de inibidores de moléculas anti-apoptoéticas; a
inibicAo de angiogénese; a inibicdo do fendtipo metastatico, a modulacdo da
resposta imune antitumoral; a modula¢cdo do micoambiente 6sseo, com emprego de
agentes, como bifosfonatos e anticorpos monoclonais; a modulagdo epigenética,
através do uso de HDACIs; entre outros “®*°. A figura abaixo, adaptada a partir de
um recente artigo de revisdo, representa os principais alvos e terapias-alvo para

sarcoma de Ewing que estéo sendo estudados (Figura 2) *°.
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Figura 2. Alvos e terapias em desenvolvimento pré-c  linico e clinico em
criancas e adolescentes com sarcoma de Ewing.
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Legenda: As diferentes cores indicam o desenvolvimento clinico atual dos agentes testados.
(Vermelha) fase pré-clinica; (laranja) Fase I; (azul) Fase IlI; (verde) Fase lll; (preta) Fase | ou Il em

adultos.
Fonte: adaptado de Gaspar et al, Sarcoma 2012. Original disponivel em:

http://www.hindawi.com/journals/srcm/2012/301975/ (acessado em 27 de julho de 2013).
2.2 Histonas desacetilases e seus inibidores
2.2.1 Modulacao epigenética

A organizacdo da cromatina € crucial para a regulagdo da expressdo génica.
Em particular, propriedades e posicionamento do nucleossomo influenciam na
transcricio em resposta a sinais extra- ou intracelulares. A acetilacdo e
desacetilagdo de histonas desempenham importante papel na regulacdo

transcricional de células eucaribticas, e sao catalisadas por familias especificas de
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enzimas, as histonas acetil transferases (HATS) e as histonas desacetilases
(HDACSs) respectivamente. HDACs sao uma familia de enzimas (presentes em
bactérias, fungos, plantas e animais) que remove o residuo acetil dos aminoacidos
lisina presentes na extensédo N-terminal do nacleo das histonas. Consequentemente,
aumentam a carga positiva na porcdo N-terminal do nucleo das histonas, o que
reforca a interacdo com a carga negativa do DNA e bloqueia o acesso da maquinaria
transcricional ao DNA. A acetilacdo neutraliza as cargas das histonas, gerando uma

conformac&o do DNA mais aberta (Figura 3) *%°%°%,

Figura 3. Acetilacdo e desacetilacao de histonas.

Cromatina com conformacgéo fechada (compactada) - forma inativa
Repressao da transcricdo génica

%c \@
Cromatina com conformagé&o aberta - forma ativa
Ativag@o da transcrigao génica

Nota: Acetilacdo e desacetilacdo de histonas catalisadas pelas enzimas histonas acetil transferases
(HAT) e histonas desacetilases (HDAC), respectivamente. A acetilacdo neutraliza as cargas das
histonas, gerando uma conformacéo do DNA mais aberta. Inibidores da desacetilacdo de histonas
(HDACIs), impedem a desacetilacdo catalisadas pelas HDACs, promovendo a hiperacetilacdo de
histonas.

Fonte: adaptado de Ho et al., J Nutr 2009. Original disponivel em: http://jn.nutrition.org/content/
139/12/2393.long (acessado em 22 de outubro de 2013).
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2.2.2 Histonas desacetilases (HDACS)

Até o momento, ao menos 18 isoenzimas de HDACs foram identificadas nos
seres humanos e mamiferos, sendo classificadas com base na sua homologia com
proteinas de levedura. Onze dessas HDACs sdo enzimas dependentes de zinco:
Classe | (HDACs 1, 2, 3 e 8) tem homologia com a levedura RPD3; classe lla
(HDACs 4, 5, 7 e 9) tem homologia com a levedura HDA1; classe Ilb (HDACs 6 e 10)
tem dois sitios cataliticos e classe IV (HDAC11) conservou residuos compartilhados
com ambas as classes | e Il. HDACs de classe Il incluem sirtuinas de 1 a 7, que tem
homologia com a levedura Sir2 e tem uma exigéncia absoluta de NAD®. As
isoformas da classe | sdo conhecidas por representarem um alvo para 0S novos
inibidores de HDACs (HDIs ou HDACIs). A eficacia de alguns HDACIs foram

correlacionadas com uma reducéo da atividade de HDACs de classe | %%,

2.2.3 Histonas desacetilases e cancer

O balango entre acetilacdo e desacetilacdo de histonas € um importante fator
na regulacdo da expressdo génica e esta, entdo, ligado ao controle do destino
celular. A perturbacdo da atividade de HAT ou HDAC pode estar associada com o
desenvolvimento de céancer, e nestes casos 0s processos moleculares envolvidos
com a ativagdo ou repressdo da transcricdo sdo possiveis alvos para terapia
anticancer. Em cancer, HDACs foram avaliados pela primeira vez em leucemia
promielocitica aguda. Desde entdo, o silenciamento ou inibicdo de HDAC tem
mostrado ter um impacto no ciclo celular, crescimento celular, descondensacéo da
cromatina, diferenciacdo celular, apoptose e angiogénese em diversos tipos de

cancer %3,



32

Mutacfes estruturais em HDACs associadas ao cancer parecem ser raras,
enquanto a expressao alterada e o recrutamento aberrante de diferentes HDACs
tém sido relatados em muitos tumores humanos °*®8, A andlise sistematica dos
niveis de expressdo de HDACs em linhagens celulares de cancer, assim como, em
culturas primarias de células de cancer humanas e de varias amostras de biopsia de
tumores humanos, frequentemente, encontra niveis mais elevados de expressao do
que no tecido normal correspondente °%%. Varios estudos tém relatado uma ligacéo
funcional entre HDACs classe | e o desenvolvimento de tumores soélidos malignos
" Por outro lado, a correlacdo entre HDACs classe Il e desenvolvimento de cancer

tem sido relatada com menor frequiéncia #.
2.2.4 Inibidores de histonas desacetilases e atera  pia do cancer

O desenvolvimento de inibidores de HDACs (HDIs, HDACIs ou HDACI) como
farmacos anticancerigenos iniciou-se a partir de um simples produto quimico,
dimetilsulféxido (DMSO). Uma vez que a inibicdo da atividade de HDACs reverte o
silenciamento epigenético frequentemente observado em céancer, diversos
compostos, naturais e sintéticos, passaram a ser desenvolvidos para fins
terapéuticos (Tabela 1). Normalmente, HDACIs séo classificados em grupos ou
classes, incluindo acidos graxos de cadeia curta (como acido valpréico [VPA] e
butirato sédico [NaB]), acidos hidroxamicos (como SAHA), Tricostatina A [TSA],
Panobinostat [LBH-589], Belinostat [PXD101]), benzamidas (MS-275), peptideos
ciclicos (como trapoxin, apicidin e depsipeptideo), cetonas eletrofilicas, moléculas

hibridas, bem como uma variedade de outros compostos quimicos ">°.
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Tabela 1. Principais inibidores de histonas desace tilases estudados em cancer

e outras doengas.

Classe

Acidos graxos de cadeia curta

Derivados do acido hidroxamico

Benzamidas

Peptideos ciclicos

Cetonas eletrofilicas

Moléculas hibridas

Fonte: adaptado de Abujamra

Composto

Acido valpréico

Butirato sédico (NaB)
Acido hidroxamico (SAHA)
Tricostatina A (TSA)
Panobinostat (LBH-589)
Belinostat (PXD101)

MS-275

Cl-994

Romidepsina ou depsipeptideo
(FK-228)

Trapoxina B

CHAP31

Leuk Res 2010. Original disponivel em:

http://www.sciencedirect.com/science/article/pii/S0145212609004305 (acessado em 24 de outubro de

2013).

Inibidores de HDACs possuem graus variados de especificidade, embora o

mecanismo molecular anticancer

de cada agente especifico nao esteja

completamente claro. A criagdo de inibidores com maior especificidade permitira que

a funcdo de cada agente seja melhor elucidada, além de melhorar a eficicia e
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reduzir a toxicidade. A pesquisa atual na terapia do cancer esta focada no desenho
de farmacos que ajam especificamente contra alteracées moleculares encontradas
apenas nas células transformadas. O objetivo € associar um tipo especifico de tumor
com um determinado perfil de expressdo génica, definindo assim a alteracéo

responsavel por cada cancer 2%°%7°,

HDACIs séo indutores potentes de apoptose de células tumorais que pode ser
mediada pela regulacdo da funcdo das histonas e, subseqguentemente, da
transcricdo génica, e/ou pela regulacdo da funcéo ou da estabilidade das proteinas
nao-histonas. Embora a inducdo da apoptose parece ser 0 mecanismo
predominante de morte celular mediada por HDIs, mecanismos de morte celular
alternativos, tais como autofagia, podem ser estimulados quando proteinas ou vias
apoptoticas estdo desativadas. No entanto, os eventos moleculares necessarios a
autofagia mediada por HDIs ainda nao sao conhecidos. Dependendo do estimulo, a
apoptose pode prosseguir através de duas vias funcionalmente distintas, pela via
extrinseca (envolvendo receptores de morte) e pela via intrinseca (via mitocondrial).
Embora as fases de iniciacdo das duas vias serem molecularmente separadas, um
namero de componentes a jusante, tais como a ativacdo de caspase-3, sao
partiihados entre as duas vias e, portanto, as caracteristicas bioquimicas e
morfoldégicas da apoptose intrinseca e extrinseca (incluindo a exposicdo a
fosfatidilserina, a ativagcdo de caspase efetora e a fragmentacdo de DNA) séo
semelhantes. HDACIs podem sensibilizar células tumorais aos agentes que
danificam DNA através de um ou mais mecanismos. Em primeiro lugar, h4 uma
viséo relativamente simplista onde a reversao da condensacao de cromatina seguida
pela hiperacetilagdo de histonas de nucleo mediada por HDACIs podem aumentar a

acessibilidade de agentes danificadores de DNA aos seus respectivos alvos e,
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assim, melhorar os seus efeitos citotoxicos. Em segundo lugar, a remodelacéo da
cromatina por HDIs pode induzir uma resposta que gere danos ao DNA que envolva
a ativacdo da quinase danificadora de DNA, ATM, e pode permitir a formacéo de

quebras no DNA 488183,

HDIs estdo em evidéncia como uma potencial nova classe de agentes
antineoplasicos. Isto se deve ao fato destas substancias promoverem ou auxiliarem
uma variedade de diferentes mecanismos anticancer, como apoptose, parada do
ciclo celular e diferenciacdo celular, além do que, as células normais sé&o
relativamente resistentes & morte celular induzida por esses agentes %%, Ensaios
clinicos recentes tém demonstrado que a hiperacetilacdo de histonas pode ser
realizada com seguranca em humanos, e que o tratamento com estes agentes é
plausivel 192402476 Dpiversos HDIs, incluindo SAHA, depsipeptideo, MS-275, TSA e
butirato sodico, vém sendo testados como farmacos anticancer, sendo que 0s
resultados mais promissores tém sido obtidos quando esses compostos Sao
combinados a outros agentes. Efeitos sinérgicos no aumento da atividade
antineoplasica de um grande numero de farmacos quimioterapicos convencionais ja
foram relatados em diversos tipos de cancer >*%2 Muitos estudos avaliando o uso
de HDIs em cancer tém sido realizados nos ultimos anos, e diversas novas patentes

foram registradas °.

Os acidos graxos de cadeia curta, como o butirato soédico (NaB) (Figura 4),
tornaram-se tépico de pesquisa preferido em céncer, porque eles podem ser
produzidos a partir da fermentacdo bacteriana de fibra dietética, e podem proteger
contra cancer de colon. Os compostos incluidos nesta classe sdo bem tolerados em
pacientes, e estdo atualmente sendo investigados em varios ensaios clinicos para

varios tipos de canceres. Os farmacos desta classe sao facilmente metabolizados in
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Vivo, e as meia-vidas no plasma sédo mais curtas do que as das moléculas de outras
classes de HDACIs. Por esse motivo, sdo necessarias doses elevadas para se obter

adequado efeito terapéutico %°°.

Figura 4. Férmula molecular do butirato sédico (NaB ).
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Fonte: PubChem Compound, 2013. Disponivel em: http://pubchem.nchi.nim.nih.gov/summary/
summary.cgi?cid=5222465 (acessado em 28 de outubro de 2013).

2.2.5 HDACIs e tumores de Ewing

Em células de ES, os efeitos de HDACIs comecaram, recentemente, a ser
avaliados. Um pequeno numero de estudos relata informacdes referentes tanto a
biologia tumoral quanto aos efeitos antitumorais propriamente ditos destes agentes.
Sakimura et al. (2005) demonstraram que as fun¢des anormais da oncoproteina
EWS-FLI1 estdo associadas tanto com a acetilacdo quanto com a desacetilagao das
histonas, sugerindo que HDACIs s&do promissoras terapias-alvo para EFTs %,
Segundo Nakatami et al. (2003), a inibicdo de HDAC restaura a atividade de HAT,
inibe o crescimento celular e induz a apoptose em Ewing *°*. Outro estudo concluiu
qgque HDACIs podem ser considerados como uma estratégia de tratamento para
sarcoma de Ewing, quando utilizados em terapia Unica ou, principalmente, em
combinacdo °. Os mecanismos moleculares pelos quais esses agentes exercem

efeitos antitumorais ndo sao bem conhecidos em ES, assim como nos demais tipos

de cancer. Em tumores da familia do sarcoma de Ewing, alguns estudos avaliaram
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os efeitos da acetilacdo pela proteina EWS-FLI1 %1% Em células de ES, EWS-FLI1
reprime HAT e ativa HDAC. A inibicdo de HDAC restabelece a actividade de HAT,
inibe o crescimento celular e induz a apoptose. O HDACI FK228 diminui a expressao
de EWS-FLI1 e a proliferacdo de ES, e induz a apoptose dependente de TRAIL.
Além disso, os inibidores de histona desacetilases inibem a proliferacdo e/ou
sobrevivéncia tumoral e a reabsorcdo 0ssea associada a inflamacdo através da
neutralizacdo de NF-kB em osteoclastos. Este duplo efeito dos HDIs poderia
conduzir a reducdo dos niveis de citocinas pro-inflamatérias e fatores de

crescimento no microambiente do tumor e, assim, participar na regressao do tumor

48,81-83

Em relacdo a resisténcia a HDACIs, ha um estudo relatando que a
resisténcia adquirida ao HDACI, FK-228, € mediada pela glicoproteina P, por uma
bomba de efluxo de drogas e pela via MAPK, e pode ser revertida com verapamil em

ES 104.

Um estudo clinico de fase | foi publicado recentemente (“IND203 a trial of the
NCIC IND program/C17 pediatric phase | consortium”), avaliando a toxicidade e a
farmacocinética, o qual determinou a dose de fase Il recomendada para adultos
(RP2D) do HDACI, pracinostat (SB939), em pacientes pediatricos com tumores
sélidos refratarios, incluindo ES. Este estudo concluiu que o Pracinostat é
razoavelmente bem tolerado em criangcas com tumores sélidos refratarios e que a

RP2D é 45 mg/m?*%.
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2.3 Metabolismo 6sseo e bifosfonatos

2.3.1 Reabsorcao 0ssea e osteoclastogénese

O tecido 0sseo € um tipo especializado de tecido conjuntivo formado por
células e uma matriz extracelular calcificada, a matriz 6ssea. Os 0ssos funcionam
como depdsitos de calcio, fosfato e outros ions, armazenando-os ou liberando-os de
maneira controlada, para manter constante a concentracdo desses importantes ions
nos liquidos corporais. A fim de manter a competéncia mecéanica da matriz, o tecido
0sseo sofre um processo continuo de renovagcao que se prolonga durante toda a
104,106.

vida do individuo (Figura 5)

Figura 5. Remodelacdo Ossea: processo de equilibrio entre formacdo e
reabsorcdo 6ssea, envolvendo osteoblastos e osteocl astos.

Osteoclast :
Sle0Ciastio Reduz calcio

| | sanguineo
Minerais Mi :
removidos i
S integrados
Nno 0s50
Aumeqtﬂ calcio O=steoblasto
SANgUINED
Ostedcito
Cssocakiicagg  (CekilE 0sseaAa)

Fonte: adaptado de Brown, Women to women 2013. Original disponivel em:
http://www.womentowomen.com/bonehealth/natureofhealthybones.aspx (acessado em 12 de outubro
de 2013).

Este processo de renovacao, ou remodelacdo Ossea, envolve dois tipos de
células: osteoclastos (reabsorvem a matriz calcificada, liberando calcio para a

corrente sanguinea — processo conhecido como reabsorcdo 6ssea) e osteoblastos
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(sintetizam nova matriz éssea, removendo calcio do sangue - processo conhecido

como formac&o éssea) *°410°,

O processo de formacdo, desenvolvimento e maturacdo dos osteoclastos,
conhecido como osteoclastogénese (Figura 6), engloba multiplas etapas. Para iniciar
0 seu processo de diferenciacdo, os osteoclastos necessitam da presenca de células
osteoblasticas (ou de células mesenquimatosas do estroma da medula éssea)
capazes de produzir fatores de diferenciacao e ativacao, que incluem, entre outros, o
fator estimulador de colonias de macrofagos (M-CSF). Os osteoblastos expressam
ainda (na sua superficie) outra proteina transmembranar conhecida como RANKL
(ligante para o receptor de ativacao do fator nuclear kappa B). Para que possa dar-
se a ativacdo das células osteoclasticas é necessario que estas desenvolvam,
entretanto, (também na sua superficie) um receptor transmembranar designado por
RANK (receptor de ativacdo do fator nuclear kappa B). A interacdo do RANKL
(presente na superficie dos osteoblastos) com o RANK (presente na superficie dos
pré-osteoclastos) leva a maturacdo dos osteoclastos sendo um dos principais
“motores de arranque” da osteoclastogénese. Os osteoblastos sintetizam ainda uma
proteina, solluvel, a osteoprotegerina (OPG), com uma alta afinidade para o RANKL,
impedindo ou bloqueando a ligagdo do RANKL ao seu receptor RANK
(RANKL/RANK). Por esse mecanismo, a OPG regula a produgao funcional dos
osteoclastos, atuando localmente como um “bloqueio” a osteoclastogénese,
reduzindo, assim, a reabsorcdo 6ssea. Em suma, o processo de diferenciagdo das
células osteoclasticas esta muito controlado pelas células osteoblasticas, através de
um eixo de regulacdo comum, conhecido como RANKL/RANK/OPG. Assim, a

presenca de altos niveis de RANKL promove a osteoclastogénese, enquanto que

uma maior expressédo de OPG resulta numa diminuicdo deste processo, ou mesmo
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na apoptose dos osteoclastos. O sistema de citocinas RANKL/RANK/OPG constitui
no eixo fundamental na regulacdo da massa 0ssea. Com efeito, o equilibrio entre
formacéo e reabsorcdo 0ssea esta na dependéncia das flutuacdes locais da razéo

RANKL/OPG 106107,

Figura 6. Osteoclastogénese: processo de diferencia  ¢do dos osteoclastos por
intervencéo direta dos osteoblastos através do sist ema RANKL/RANK/OPG.
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Fonte: adaptado de Judas et al.,, Universidade de Coimbra, 2012. Original disponivel em:
http://rihuc.huc.min-saude.pt (acessado em 14 de outubro de 2013).

2.3.2 Bifosfonatos

Bifosfonatos (BPs) sdo analogos sintéticos estaveis de pirofosfato (PPi). Ao
contrario do PPi que tem uma estrutura central de P-O-P, BPs tém um atomo de
carbono em ponte com os dois grupos de fosfato, dando uma estrutura central
fundamental P-C-P que é essencial para a sua atividade biolégica. A fracdo P-C-P é
necessaria para a ligagdo com o 0sso mineral e para a quelacao de ions calcio. BPs
sdo comumente classificados em dois grupos, com base na estrutura quimica da
cadeia lateral R2: os BPs néo nitrogenados, como o etidronato e o clodronato; e os

BPs nitrogenados (N-BPs), como o pamidronato, o alendronato e o &acido
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zoledrdnico (ZA). Os compostos nitrogenados séo, significativamente, mais potentes

do que os que ndo contém este atomo *°&11°.

Figura 7. Férmula molecular do acido zoledrénico (Z  A).
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Fonte: PubChem Compound, 2013. Disponivel em:

http://pubchem.ncbi.nlm.nih.gov/summary/summary.cgi?cid=68740 (acessado em 28 de outubro de
2013).

ZA, o mais potente membro da familia dos bifosfonatos nitrogenados,
pertencente a terceira geracdo dos BPs, caracterizado por um substituinte
heterociclico, tem uma elevada afinidade com calcio e, por conseguinte, influe na
mineralizacdo Ossea, onde parece ser internalizado seletivamente pelos
osteoclastos, inibindo a reabsorcdo Ossea exercida por essas células (Figura 8).
Mais precisamente, inibe a reabsorcdo O0ssea osteoclastica através da inibicdo da
farnesil difosfato sintase e da prenilacdo de proteinas através da via do mevalonato
111-114'

Os BPs sé@o usados extensivamente na pratica clinica no tratamento de

doencas com elevado catabolismo 6sseo, especialmente osteoporose, doenca de

Paget, alguns disturbios pediatricos esqueléticos (por exemplo, osteogénese
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imperfeita, artrite reumatoide juvenil, e osteoporose idiopatica juvenil), e doencas
6sseas relacionadas a cancer **>11°,

Figura 8. Mecanismo da inibicdo da reabsorcdo Ossea osteoclastica pelos
bifosfonatos.

Osteoclasto O=teoclasto Osteoclasto em
Ativo Inativo Apoptose

Nota: endocitose de BPs (aderidos aos 6ssos) pelos osteoclastos e consequente inibicao da farnesil
difosfato sintase e da prenilagdo de proteinas através da via do mevalonato, levando a apoptose
destas células.

Fonte: adaptado de Rodan et al., Curr Med Res Opin 2004. Original disponivel em:
http://www.medscape.com/viewarticle/489616 2 (acessado em 25 de outubro de 2013).

2.3.3 Bifosfonatos e a terapia do cancer

Os bifosfonatos, em especial o ZA, sdo amplamente empregados no
tratamento atual de neoplasias malignas com predilecdo para o envolvimento
esquelético, sendo indicados para tratar metastases Osseas a partir de uma

variedade de tumores sélidos e mieloma mdltiplo **"*%°,

Muito além do efeito sobre o metabolismo 6sseo exercido pelos BPs, estudos
revelaram que estes compostos também exercem acdes biologicas pleiotropicas
com nitidos efeitos antitumorais: podem mediar libertacdo de fator de crescimento,
interferir na adesé@o e invasdo celular, exercer efeitos antiangiogénicos e podem

induzir a apoptose em varios tipos de cancer (Figura 9) 4123,
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Figura 9. Mecanismos de acao antitumoral dos bifosf ~ onatos.
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Fonte: adaptado de Winter et al, Cancer Treat Rev 2008. Original disponivel em:
http://www.sciencedirect.com/science/article/pii/fS0305737208000431 (acessado em 25 de outubro de
2013).

Os mecanismos envolvidos na atividade antitumoral continuam a ser
investigados, mas propde-se que BPs exercam efeitos antitumorais diretos e
indiretos. A sintese de colesterol, através da via do mevalonato, € essencial para
todas as células nucleadas e, por conseguinte, qualquer tipo de célula, incluindo
células tumorais (efeitos antitumorais diretos) e osteoclastos (efeitos antitumorais

indiretos), que metabolizar N-BPs pode ser afetada. A apoptose de células tumorais
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induzida por ZA esta associada com a libertacdo de citocromo C e ativagao
resultante da via da caspase. Isto pode ocorrer através da inibicdo da via do
mevalonato e a consequente inibicdo da prenilacdo de sinalizadores essenciais da
proteina G, tais como Ras, Rac e Rho. Como inibidores de reabsorcdo 0ssea, BPs
reduzem a liberacdo de citocinas derivadas de osso e fatores de crescimento,
essencialmente tornando 0 0sso menos atraente para as células tumorais como um
local para migracdo, colonizacdo, adesédo, invasédo, proliferacdo e sobrevivéncia
tumoral. Além disso, especialmente em tumores 0sseos, BPs podem também
exercer outros importantes efeitos antitumorais indiretos, uma vez que inibem a
expressdo de RANK e a migracdo de células progenitoras de osteoclastos durante a

osteoclastogénese e aumentam a expressdo de OPG 2848124126

Uma recente publicacdo apresentou os resultados de um ensaio clinico
prospectivo, avaliando a influéncia de ZA em tumores disseminados na medula
O0ssea. Os autores concluiram que a terapia com bifosfonatos contribuiu para a
erradicacdo de células tumorais disseminadas e influenciou positivamente na

sobrevida dos pacientes *#’.
2.3.4 Bifosfonatos e tumores de Ewing

Uma vez que ES é caracterizado por uma reabsorcdo éssea acentuada,
qualquer estratégia terapéutica que tenha como alvo os osteoclastos, tais como o
uso de bifosfonatos, é promissora >**?8, Potenciais efeitos antitumorais observados
em osteossarcoma podem ser explicados por uma atividade direta sobre as células
tumorais, por uma forte modulagcdo do microambiente do tumor, ou por estimulagéo
da resposta imune ?*1¥, No sarcoma de Ewing, bifosfonatos parecem exercer

atividades semelhantes 2"?813* Qs resultados obtidos por Zhou et al. (2005)
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indicaram que o &acido zoledronico pode proporcionar uma nova abordagem
terapéutica no tratamento de doentes com sarcoma de Ewing, uma vez que ZA
induziu a apoptose e inibiu o crescimento do tumor 6sseo primario em ES através de
um mecanismo que envolveu a supra-regulacao da osteoprotegerina. Além disso,
ZA teve um efeito sinérgico com o paclitaxel em uma linhagem celular de sarcoma
de Ewing humano (TC71), tanto in vitro quanto em modelos animais ?%. Outro estudo
concluiu que ZA representa uma nova estratégia terapéutica adjuvante para diminuir
as doses das quimioterapias utilizadas no tratamento de pacientes com sarcoma de
Ewing, uma vez associa¢cfes entre ZA e ifosfamida tiveram efeitos antitumorais
sinérgicos quando avaliados em modelo animal: esta combinacdo com um ciclo de
ifosfamida resultou em um efeito inibitorio semelhante a trés ciclos de ifosfamida
(quando empregada em monoterapia) 2’. Em relac&o a estudos clinicos, um trabalho
do tipo Relato de caso “Case” foi publicado mostrando que o uso de um tratamento
alternativo (associando ZA e quimioterapia classica) foi eficaz em pacientes com

sarcoma de Ewing recorrente .

Na Europa, o uso de acido zoledrénico em
combinacdo com quimioterapia de primeira linha estd sendo testado em pacientes
com ES localizado, em um estudo clinico randomizado de fase Ill (Ewing 2008 e
Euro-EWING2012). Em modelos juvenis, ZA diminuiu o crescimento 0sseo

endocondral de forma reversivel 48128

2.4 O uso combinado de HDACIs e bifosfonatos em can  cer

Assim como ocorre com 0s quimioterapicos classicos, o uso de HDIs e
bifosfonatos em monoterapia apresenta algumas limitacdes. Estudos sugerem que o
uso clinico de alguns HDACIs (para tratar cancer e uma infinidade de outras
136,137_

doencas) pode ter efeitos indesejaveis sobre as populagbes de células 6sseas

Além disso, o crescimento 6sseo endocondral pode ser transitoriamente perturbado
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por altas doses de ZA, correspondentes ao tratamento de tumores pediatricos

6sseos priméarios %8,

N&o estd claro se a administracdo concomitante de uma
terapia osteogénica (por exemplo, bifosfonatos) pode atenuar a perda éssea
induzida por HDACIs **'. Por outro lado, possiveis efeitos esqueléticos indesejaveis
provocados pelo uso de HDACIs (que estdo sendo estudados em ensaios clinicos)
podem ser considerados como efeitos colaterais aceitaveis pelos oncologistas e
seus pacientes, devido aos efeitos benéficos que estas substancias podem produzir
em tumores alojados nos 6ssos *°. O tratamento atual do cancer se baseia em
poliquimioterapia, ou seja, no emprego de mais de um farmaco com diferentes
mecanismos de acao, visando combater o tumor por diferentes “caminhos”, o que
possibilita a obtencdo de melhores resultados terapéuticos. Em relacdo ao uso de
bifosfonatos e HDACIs, no tratamento de cancer, o panorama € semelhante: estudos
recentes, in vitro e in vivo, sugerem fortemente que o sucesso terapéutico de
bifosfonatos e HDACIs no tratamento de céncer est4d diretamente ligado a
poliquimioterapia, ou seja, ao uso combinado com outros agentes citotoxicos, tais
como quimioterapicos classicos. O uso destas associacdes pode permitir também a
diminuicdo das doses de cada agente empregado, de modo a reduzir complicacdes
freqUentes e evitar a necessidade de reducdo de dose ou interrupgdo temporaria do
tratamento, como resultado de toxicidade ou resisténcia aos medicamentos
tradicionais. Isso por si s6 ja pode melhorar as chances de sucesso e a qualidade de

vida dos pacientes %28,

Entre os diferentes sarcomas infantis, sarcoma de Ewing parece
especialmente adequado para o tratamento com o acido zoledrénico (devido ao seu
papel na modulacdo do microambiente 6sseo) e com HDIs “8. Embora algumas

associacdes entre HDCAIs ou bifosfonatos com farmacos antineoplasicos classicos
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24138139 tarem sido avaliadas em alguns tipos de cancer, muito pouco se sabe a
respeito dos efeitos destas combinacbes em sarcoma de Ewing. Além disso, 0s
efeitos do uso combinado de HDACIs e BPs permanecem praticamente
desconhecidos em cancer**’ e, no nosso entendimento, ainda n&o foram avaliados

em ES.
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3 Objetivos

3.1 Objetivo principal

Avaliar, in vitro, os efeitos sobre a proliferacdo, viabilidade e sobrevivéncia
celular do inibidor de histona desacetilase, butirato sodico (NaB), do bifosfonato,
acido zoledrénico (ZA), de diferentes combina¢cdes destas substancias entre si e de
associacfes das mesmas com antineoplasicos classicos usados no tratamento atual

de Sarcoma de Ewing.

3.2 Objetivos secundarios

3.2.1 Padronizar condi¢cGes de crescimento em cultura das células de
sarcoma de Ewing, SK-ES-1 e RD-ES;

3.2.2 Determinar as curvas de crescimento celular das linhagens de sarcoma
de Ewing, SK-ES-1 e RD-ES;

3.2.3 Determinar as curvas de dose dos farmacos antineoplasicos classicos
vincristina (VCR), etoposideo (VP-16) e doxorrubicina (Doxo), nas
células SK-ES-1 e RD-ES;

3.2.4 Determinar as curvas de dose do butirato sodico (NaB) e do acido
zoledrénico (ZA), nas células SK-ES-1 e RD-ES;

3.2.5 Calcular o ICsy para cada agente testado, nas células SK-ES-1 e RD-
ES;

3.2.6 Avaliar os efeitos de NaB, de ZA e dos antineoplasicos classicos sobre
a proliferacao e a viabilidade das células SK-ES-1 e RD-ES;

3.2.7 Avaliar os efeitos de diferentes combinacdes entre NaB, ZA e

antineoplasicos classicos (VCR, VP-16 e Doxo) sobre a proliferacéo e
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a viabilidade celular, nas linhagens SK-ES-1 e RD-ES;

3.2.8 Avaliar os efeitos de NaB, de ZA e dos antineoplasicos classicos sobre
a sobrevivéncia celular, nas linhagens SK-ES-1 e RD-ES;

3.2.9 Avaliar os efeitos de diferentes combinacdes entre NaB, ZA e
antineoplasicos classicos (VCR, VP-16 e Doxo) sobre a sobrevivéncia

celular, nas linhagens SK-ES-1 e RD-ES.
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Abstract

Histone deacetylase inhibitors and bisphosphonates have a promising future in the
treatment of cancer as targeted anticancer drugs, particularly when used together or
in combination with other cytotoxic agents. However, the effects of these combined
treatments have not yet been systematically evaluated in Ewing sarcoma. The in vitro
effects on cellular proliferation, viability and survival were investigated in two Ewing
sarcoma cell lines, SK-ES-1 and RD-ES. The cell lines were treated with sodium
butyrate, a histone deacetylase inhibitor and zoledronic acid, a bisphosphonate,
alone, together or in combination with chemotherapeutic drugs recommended for
clinical treatment of Ewing sarcoma. The data demonstrated that the combination of
sodium butyrate and zoledronic acid had a synergistic cytotoxic effect at 72 h
following treatment, persisting for 10-14 days post-treatment, in both cell lines tested.
All combinations between sodium butyrate or zoledronic acid and the traditional
antineoplastic drugs (doxorubicin, etoposide and vincristine) demonstrated a
synergistic cytotoxic effect at 72 h in SK-ES-1 and RD-ES cells, except for the
combinations of sodium butyrate with vincristine and of zoledronic acid with
doxorubicin, which showed only an additive effect in RD-ES cell lines as compared to
each agent alone. These acute effects observed in both Ewing sarcoma cell lines
were confirmed by the clonogenic assay. The present data suggest that combining
histone  deacetylase inhibitors and  bisphosphonates with  traditional
chemotherapeutic drugs is a promising therapeutic strategy for the treatment of

Ewing sarcoma, and provides a basis for further studies in this field.

Keywords: Ewing sarcoma, sodium butyrate, zoledronic acid, adjuvant therapy,

chemotherapy, synergistic effect.
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Introduction

Ewing sarcoma (ES), often referred to as Ewing's sarcoma family tumors
(ESFTSs), is a peripheral primitive neuroectodermal tumor (PNET). ES is the second
most common solid bone and soft tissue malignancy of children and young adults
following osteosarcoma, and accounts for ~3% of all malignancies in pediatric
patients (1-3). This disease most commonly occurs in the second decade of life, and
~55% of affected individuals are male (4). It is associated in 85% of cases with the
(11;22)(g24:9q12) chromosomal translocation that generates fusion of the 50 first
segments of the EWS gene with the 30 last segments of the FLI-1 gene of the ETS
family. The resulting EWS-FLI-1 fusion protein is believed to behave as an aberrant
transcriptional activator that contributes to ESFT development by altering the
expression of its target genes in a permissive cellular environment (5). Current
treatments comprise neoadjuvant chemotherapy and local surgical resection with
limb salvage, followed by adjuvant chemotherapy with or without radiotherapy. Most
combination chemotherapeutic regimens are based on alkylating agents, primarily
ifosfamide and cyclophosphamide and anthracyclines, supplemented with vinca
alkaloids, actinomycin D and etoposide (6). Before the era of chemotherapy, the
survival rate of ES patients was <10% (7). The current use of an aggressive
multimodal therapy has improved long-term survival rates of patients with localized
disease in most clinical centers by 50-70%. However, patients with clinically
detectable metastases at diagnosis, who do not respond to therapy or with disease
relapse, have a significantly poorer prognosis (20%). In addition, 30-40% of patients
with ES experience disease relapse. They have a particularly dismal prognosis, with
a survival likelihood that does not exceed 20% (3,5,8). Moreover, traditional

chemotherapeutic agents are often used in high doses, causing several toxic side-
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effects, including neurotoxicity in the case of vincristine, hematological side-effects in
the case of ifosfamide or etoposide or cardiotoxicity in the case of doxorubicin (9-12).

For these reasons, efforts to identify new therapies are still warranted (6).

Epigenetic alterations, such as histone deacetylation, are known to contribute
to cellular transformation by silencing critical genes. Histone deacetylase inhibitors
(HDACIs or HDIs), such as sodium butyrate (NaB), represent a potentially novel
class of antineoplastic agents with the potential to act as adjuvants, since they
promote or enhance a variety of distinct anticancer mechanisms, including apoptosis,
cell cycle arrest, cellular differentiation, immune stimulatory and antiangiogenic
activities. A number of HDIs are currently under clinical trials, owing to their ability to
revert some of the aberrant epigenetic states associated with cancer. These studies
have shown that histone hyperacetylation can be safely achieved in humans, and
that treatment with such agents is plausible (13-15). The use of HDIs alone or in
association with other molecules, such as traditional chemotherapeutic drugs, could

be a promising alternative for the treatment of cancer patients in the future (15-18).

The bisphosphonates (BPs) are generally well-known for their antiresorptive
effects on bone metabolism, providing a reductive effect on the morbidity of skeletal
metastasis of different types of tumors, and also serving as a primary therapeutic
option for malignant hypercalcemia. Zoledronic acid (ZA), the most potent member of
the nitrogen-containing bisphosphonate family (N-BPs), inhibits osteoclastic
resorptive activity partly through inhibition of farnesyl-diphosphate synthase and
protein prenylation. However, far beyond their effect on bone turnover,
bisphosphonates have pleiotropic biological effects: they can mediate growth factor
release, cell adhesion, antiangiogenic effects and apoptosis in various types of

tumors (19). Recent in vitro and in vivo studies suggest that bisphosphonates exhibit
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antitumor activity, especially when associated with other cytotoxic agents, such as

those employed in traditional chemotherapy (20-22).

HDIs and bisphosphonates have a promising future in the treatment of cancer
as targeted anticancer agents, especially when used together or in combination with
other molecules, such as traditional anticancer drugs. However in ES, the possible
effects of co-administering HDIs and bishosphonates, and of associating HDIs or
bisphosphonates with traditional anticancer drugs have not yet been systematically
investigated. In the present study, we evaluated the in vitro cytotoxic effects elicited
by the co-treatment with NaB and ZA alone or in combination with three anticancer
drugs strongly recommended for the treatment of ES (doxorubicin, etoposide and

vincristine) in two human ES cell lines, SK-ES-1 and RD-ES.
Materials and methods

Cell lines and reagents. The human Ewing sarcoma cell lines SK-ES-1 and RD-ES
were obtained from the American Type Culture Collection (ATCC; Rockville, MD,
USA) and grown in RPMI-1640 medium (Gibco-BRL, Carlsbad, CA, USA), containing
0.1% Fungizone® (250 mg/kg; Invitrogen Life Technologies, Sao Paulo, Brazil), 100
U/l gentamicin (4 mg/ml; Nova Pharma, Brazil) and 10% (SK-ES-1) or 15% (RD-ES)
fetal bovine serum (FBS; Sorali, Campo Grande, Brazil), at 37°C in a humidified
incubator under 5% CO2. Sodium butyrate (NaB) and trypan blue were obtained from
Sigma-Aldrich (St. Louis, MO, USA); zoledronic acid (ZA), vincristine (VCR) and
doxorubicin (Doxo) were obtained from Faulding/LIBBS (S&o Paulo, Brazil); and

etoposide (VP-16) was purchased from Bristol-Myers Squibb (S&o Paulo, Brazil).

Cellular proliferation and viability assay. The cells were seeded at a density of

2.5x10* cells/well (SK-ES-1) and 3.5x10* cells/well (RD-ES) in 24-well plates and
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allowed to grow for 24 h. The medium was replaced and different doses of NaB, ZA,
VCR, VP-16 and Doxo, alone or in combination, were added to the culture medium.
To measure cellular proliferation, the medium was removed 72 h following the
treatments, cells were washed with Hanks' balanced salt solution (Invitrogen Life
Technologies) and were detached with 100 pl of 0.25% trypsin solution. To inactivate
trypsin, 100 ul of complete medium was added, and 10 ul of the resulting cellular
suspension was mixed with 10 ul trypan blue (0.4%). Cells were then manually
counted in a hemocytometer to determine the ratio of dead to viable cells (23,24).
The mean of triplicate experiments for each dose was used to calculate the IC50 and

the combination index (Cl) values. The results were confirmed by an MTT assay (25).

Colony formation assay (clonogenic survival assay). Following counting, SK-ES-
1 and RD-ES cells were seeded into 6-well plates without treatment (1,000
cells/well). After incubation for 10-14 days, the cells were fixed with 70% ethanol and

counterstained with 0.5% crystal violet (26).

Optimized digital counting of colonies for the clonogenic assays. To analyze the
clonogenic assay data, colonies were digitalized and an optimized digital colony
counting was performed using ImageJ software (version 1.37 for Windows) (27). The
method developed by Cai et al (27) was validated according to the experimental
conditions. After drying the crystal violet stain, images from each plate were obtained
using a desktop scanner (Lexmark X342n XL). Each plate was placed at the same
position on the light table by aligning it with the center of the exposed preview light
window. In order to separate colonies from the dark grey background, each plate was
scanned in color or grey-scale mode. The scanned images were saved as 16-bit tiff
files with a resolution setting of 600 dots per inch (DPI) and were analyzed using the

ImageJ software as follows: First, image files of the same plate were opened, then
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the background was subtracted (‘Process\Subtract Background...”) to correct for
unevenness of transmission light. The default setting for a rolling ball radius of 15.0
pixels was chosen and the light background was checked. Following background
subtraction, the images were converted into 8-bit grey scale images. Second, the
macro ‘Make_ovalscan.txt’ was run, resulting in the appearance of the region of
interest in the shape of a circle that corresponds to a circular well area. Next, colony
counting was performed by setting the threshold values (‘Image\Adjust\Threshold...’),
the measurements (‘Analyze\ Set Measurements...’) and the parameters that were
measured and displayed: the area, the mean grey value, the standard deviation (SD),
the integrated density and the display label. The colonies were analyzed
(‘Analyze\Analyze Particles...”) with a range of predefined values for particle (colony)
size (‘5-Infinity’) and circularity (‘0.30-1.00’). The effects of drugs on treated colonies
were expressed as the surviving fraction of the colonies (SF) and the average size of

the colonies (AS) evaluated with the following formulas:

i) SF = Number of colonies in treated cells X 100
Number of colonies in control

i) AS = Total area of colonies in treated cells
Number of colonies in treated cells

To confirm the results, the colonies in each well were also manually counted

using light microscopy. Only colonies consisting of at least 50 cells were counted.

Statistical analysis. Results are representative of three independent experiments
performed in triplicates, and are expressed as mean values * standard deviation
(SD) of independent experiments. Data were analyzed by a one-way analysis of

variance (ANOVA), followed by the Tukey-Kramer test, using the SPSS program,



75

version 16.0. P-values (P) <0.05 were considered to indicate statistically significant

differences.

Median dose-effect analysis. The combination index, a measure of synergism and
antagonism, is calculated based on the method described by Chou and Talalay along
with the release of the computer software CalcuSyn (Biosoft, Ferguson, MO, USA),
designed to assess drug interactions. This method takes into account both the
potency of each drug or combination of drugs and the shape of the dose-effect curve.
The CalcuSyn software version 2.11 for Windows was used to calculate the CI, with
synergy, additivity and antagonism defined as CI<0.9, CI=0.9-1.1 and CI>1.1
respectively, and CI<0.3 defined as strong synergy. For this analysis, we chose
clinically achievable concentrations of NaB, ZA, VCR, Doxo and VP-16 that were

below the IC50 values (28,29).

Results

A time- and dose-dependent decrease in the proliferation of ES cell lines in
response to sodium butyrate, zoledronic acid or traditional antineoplastic
drugs. To evaluate the cytotoxic effects of sodium butyrate on the growth of Ewing
sarcoma cells, SK-ES-1 and RD-ES cell lines were exposed to increasing
concentrations of NaB (0.1-10 mM) for 24, 48 and 72 h, and trypan blue counting
assays were performed. There was an 8, 27 and 55% decrease in the viability of SK-
ES-1 cells exposed to 0.1, 0.5 and 1 mM of NaB, respectively, as compared to the
untreated controls at 72 h (Fig. 1A). In addition, there was a 11, 30 and 75%
decrease in the viability of RD-ES cells exposed to 0.5, 0.75 and 3 mM of NaB,
respectively, when compared to the untreated controls at 72 h (Fig. 1B). The highest

cytotoxicity was observed at 72 h and IC50 values of NaB in SK-ES-1 and RD-ES
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cells were estimated at 0.77 and 1.08 mM, respectively. The effect of zoledronic acid
on SK-ES-1 and RD-ES cells was evaluated at increasing concentrations of ZA (1-
200 uM) for 24, 48 and 72 h, and cell proliferation assays were performed. There was
a 15, 45 and 80% decrease in the viability of SK-ES-1 cells exposed to 10, 25 and
100 uM of ZA, respectively, when compared to the untreated controls at 72 h (Fig.
1C). In addition, there was a 7, 36 and 84% decrease in the cell viability of RD-ES
cells exposed to 10, 50 and 200 pyM of ZA, respectively, when compared to the
suntreated controls at 72 h (Fig. 1D). The IC50 value of zoledronic acid was 34.31

MM for SK-ES-1 cells and 67.45 uM for RD-ES cells.

We also examined the effects of the traditional chemotherapeutic agents
doxorubicin, etoposide and vincristine on SK-ES-1 and RD-ES cell lines. The cells
were exposed to increasing concentrations of Doxo (0.1-200 nM), VP-16 (0.01-10
MM) and VCR (0.1-10 nM) for 24, 48 and 72 h, and cell proliferation assays were
performed. There was a 25, 40 and 79% decrease in cell viability of SK-ES-1 cells
exposed to 10, 15 and 50 nM of Doxo, respectively, when compared to the untreated
controls at 72 h (Fig. 1E). In addition, there was a 10, 40 and 90% decrease in the
viability of RD-ES cells exposed to 10, 30 and 100 nM of Doxo, respectively, as
compared to the untreated controls at 72 h (Fig. 1F). The highest cytotoxicity was
observed at 72 h and the IC50 values of Doxo in SK-ES-1 and RD-ES cells were
estimated at 19.83 and 32.48 nM, respectively. There was a 24, 44 and 91%
decrease in the cell viability of SK-ES-1 cells exposed to 0.05, 0.1 and 0.5 uyM of VP-
16, respectively, when compared to the untreated controls at 72 h (Fig. 1G). In
addition, there was a 14, 35 and 68% decrease in the viability of RD-ES cells
exposed to 0.05, 0.1 and 0.6 uM of VP-16, respectively, when compared to the

untreated controls at 72 h (Fig. 1H). The highest cytotoxicity was observed at 72 h
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and IC50 values of VP-16 in SK-ES-1 and RD-ES cells were estimated at 0.11 and
0.17 uM, respectively. A 28, 67 and 95% decrease in the cell viability of SK-ES-1
cells was found when they were exposed to 0.5, 1 and 5 nM of VCR, respectively,
when compared to the untreated controls at 72 h (Fig. 11). In addition, there was a
25, 68 and 82% decrease in viability of RD-ES cells exposed to 1, 5 and 7.5 nM of
VCR, respectively, when compared to the untreated controls at 72 h (Fig. 1J). The
highest cytotoxicity was observed at 72 h and the IC50 values of VCR in SK-ES-1
and RD-ES cells were estimated at 0.71 and 2.09 nM, respectively. All tested agents
caused cytotoxicity in a time- and dose-dependent manner in SK-ES-1 and RD-ES

cells (data not shown).

Sodium butyrate and zoledronic acid synergistically inhibit growth in the ES
cell lines. To study the potentially synergistic/additive effects of NaB and ZA
combined, SK-ES-1 and RD-ES cells were exposed to concentrations chosen as
clinically achievable and below or at the IC50 values of each agent alone, and of their
combination for 72 h. Synergism or additivity was assessed via Cl measures using
the Calcusyn software. Results revealed synergistic toxicity in human Ewing sarcoma
SK-ES-1 and RD-ES cells at 72 h, as compared to each agent alone (Table I). The
results indicated that 0.5 mM NaB and 25 yM ZA led to a 24 and 44% decrease in
the cell viability of SK-ES-1 cells, respectively, but the combination of both led to a
72% decrease (Fig. 2A). In RD-ES cells, the results were similar: 0.75 mM NaB and
50 uM ZA led to a 19 and 36% decrease in cell viability, respectively, while the

combination of both led to a 73% decrease (Fig. 2A).

Sodium butyrate and traditional antineoplastic agents exhibit synergistic or
additive effects on growth inhibition in the ES cell lines. These experiments were

conducted in a similar fashion as described above for the NaB and ZA combination.
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Results showed synergistic toxicity or additive effects in human Ewing sarcoma SK-
ES-1 and RD-ES cells at 72 h, when NaB was combined with Doxo, VP-16 or VCR,
as compared to each agent alone (Table I). In the SK-ES-1 cells, 0.5 mM NaB and
15 nM Doxo resulted in a 35 and 48% decrease in cell viability, respectively, but the
combination of both resulted in a 83% decrease (Fig. 2B). In RD-ES cells, the results
were similar; 0.75 mM NaB and 30 nM Doxo resulted in a 33 and 49% decrease in
cell viability, respectively, but the combination of both resulted in a 90% decrease
(Fig. 2B). NaB (0.5 mM) and 0.06 yM VP-16 led to a 24 and 30% decrease in the cell
viability of SK-ES-1 cells, respectively, but the combination of both resulted in a 78%
decrease (Fig. 2C). In the RD-ES cells, the results were similar; 0.75 mM NaB and
0.08 uM VP-16 resulted in an 18 and 19% decrease in cell viability, respectively, but
the combination of both resulted in a 67% decrease (Fig. 2C). Synergistic toxicity
was observed in the SK-ES-1 cells when NaB and VCR were combined, however in
RD-ES cells the effect of this combination was classified as additive. In the SK-ES-1
cells, 0.5 mM NaB and 0.5 nM VCR resulted in a 19 and 21% decrease in cell
viability, respectively, but the combination of both resulted in a 61% decrease (Fig.
2D). In the RD-ES cells, 0.75 mM NaB and 1.5 nM VCR led to a 33 and 40%
decrease in cell viability, respectively, but the combination of both resulted in a 60%

decrease (Fig. 2D).

Zoledronic acid and traditional antineoplastic agents show synergistic or
additive effects on growth inhibition in the ES cell lines. Results showed
synergistic toxicity or additive effect in human Ewing sarcoma SK-ES-1 and RD-ES
cells at 72 h when ZA was combined with Doxo, VP-16 or VCR, as compared to each
agent alone (Table I). Synergistic toxicity was observed in the SK-ES-1 cells when

ZA and Doxo were combined, however in the RD-ES cells the effect of this
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combination was classified as additive. In the SK-ES-1 cells, 25 yM ZA and 15 nM
Doxo led to a 46 and 48% decrease in cell viability, respectively, but the combination
of both resulted in a 73% decrease (Fig. 2E). In the RD-ES cells, 50 uM ZA and 30
nM Doxo resulted in a 36 and 47% decrease in cell viability, respectively, but the
combination of both resulted in a 60% decrease (Fig. 2E). ZA (25 pM) and 0.06 yM
VP-16 resulted in a 44 and a 30% decrease in the cell viability of SK-ES-1 cells,
respectively, but the combination of both resulted in a 70% decrease (Fig. 2F). In the
RD-ES cells, the results were similar: 50 uM ZA and 0.08 uM VP-16 resulted in a 36
and 19% decrease in cell viability, respectively, but the combination of both resulted
in a 66% decrease (Fig. 2F). In the SK-ES-1 cells, 25 pM ZA and 0.5 nM VCR
resulted in a 45 and 25% decrease in cell viability, respectively, but the combination
of both resulted in a 64% decrease (Fig. 2G). In the RD-ES cells, 50 yM ZA and 1.5
nM VCR resulted in a 35 and 41% decrease in cell viability, respectively, but the

combination of both resulted in a 68% decrease (Fig. 2G).

Strong synergistic growth inhibition by sodium butyrate, zoledronic acid and
etoposide in the ES cell lines. A synergistic growth inhibition effect was observed
when combining etoposide with sodium butyrate or etoposide with zoledronic acid as
compared to each agent alone, in both SK-ES-1 and RD-ES Ewing sarcoma cancer
cells. Therefore, it was postulated that this effect might increase by combining the
three agents (triple treatment). Results showed a strong synergistic toxicity in SK-ES-
1 and RD-ES cells at 72 h, as compared to each agent alone (Table I). The triple
treatment (0.5 mM NaB plus 25 yM ZA plus 0.06 uM VP-16) resulted in a 94%
decrease in cell viability of SK-ES-1 cells. This reduction was higher than that
observed in the double treatments (NaB plus ZA, 72%; NaB plus VP-16, 78% and ZA

plus VP-16, 70%) and much greater than that observed when each agent was
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administered alone (NaB, 24%; ZA, 44% and VP-16, 31%) (Fig. 2H). In RD-ES cells,
the results were similar; the 0.75 mM NaB plus 50 uyM ZA plus 0.08 pM VP-16
combination resulted in a 96% decrease in cell viability. This reduction was higher
than those obtained with the double treatments (NaB plus ZA,3%, NaB plus VP-16,
67% or ZA plus VP-16, 66%) and much higher than those obtained with each agent

alone (NaB, 18%, ZA, 36%, or VP-16, 19%) (Fig. 2H).

Combination of sodium butyrate and zoledronic acid significantly suppresses
colony formation in the ES cell lines. To analyze the effects of NaB and ZA on the
survival and proliferation of SK-ES-1 and RD-ES cells, a clonogenic assay was
performed. As shown in Figs. 3A and 4A, NaB did not significantly suppress colony
formation of SK-ES-1 cells (6%), while ZA suppressed colony formation by 62%. Co-
treatment with NaB and ZA though, strongly suppressed colony formation (84%) at
the doses tested. In RD-ES cells, the results were similar; NaB did not reduce colony
formation (102%, not significant), while ZA suppressed colony formation by 63% and
the NaB plus ZA co-treatment strongly suppressed colony formation (85%) (Figs. 3B

and 4A).

Co-treatment with sodium butyrate and traditional antineoplastic agents
significantly reduces colony formation in the ES cell lines. In the SK-ES-1 cells,
at the doses tested, NaB did not reduce colony formation, whereas Doxo reduced it
by 68%. The combination of both strongly suppressed colony formation (92%) (Figs.
3A and 4B). In the RD-ES cells, the results were similar; NaB did not reduce colony
formation, (4%, not significant), Doxo suppressed it by 64%, and co-treatment with
both agents strongly suppressed colony formation (92%) (Figs. 3B and 4B). The
combination of NaB and VP-16, at the doses tested, strongly suppressed colony

formation in SK-ES-1 cells (86%) and suppressed colony formation in RD-ES cells
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(64%). NaB alone did not significantly reduce colony formation in both cell lines, and
VP-16 alone reduced colony formation in SK-ES-1 and RD-ES cells by 45 and 24%,
respectively (Figs. 3A and B and 4C). At the doses tested, the combination of NaB
and VCR suppressed colony formation by 44%. When compared to the single
treatments with NaB or VCR, colony formation was not significantly reduced in SK-
ES-1 cells (Figs. 3A and 4D). However, in the RD-ES cells, co-treatment with NaB
and VCR did not significantly reduce colony formation when compared to VCR alone

(38 and 36%, respectively) (Figs. 3B and 4D).

Zoledronic acid, traditional antineoplasic agents and sodium butyrate
significantly suppress colony formation in the ES cell lines. In the SK-ES-1 cells,
at the doses tested, ZA and Doxo mono-treatment suppressed colony formation by
48 and 67%, respectively. The combination of both strongly suppressed colony
formation (91%) (Figs. 3A and 4E). In the RD-ES cells, the results were similar; ZA
and Doxo mono-treatment suppressed colony formation by 46 and 66%, respectively,
and the combination of both drastically suppressed colony formation (97%) (Figs. 3B
and 4E). ZA and VP-16 mono-treatment suppressed colony formation by 47 and
45%, respectively. The combination of both strongly suppressed colony formation
(84%) at the doses tested in the SK-ES-1 cells (Figs. 3A and 4F). In the RD-ES cells,
the results were similar; ZA suppressed colony formation by 45%, VP-16 weakly
suppressed colony formation (24%) and the combination of both strongly suppressed
colony formation (83%) (Figs. 3B and 4F). At the doses tested, ZA suppressed
colony formation by 49%, whereas VCR did not significantly reduce colony formation
(10%). However, combined treatment with ZA and VCR strongly suppressed colony
formation (81%) (Figs. 3A and 4G). In the RD-ES cells, the results were similar; ZA or

VCR suppressed colony formation (41 and 38%, respectively) and the combination of
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both strongly suppressed colony formation (79%) (Figs. 3B and 4G). The triple
treatment combining NaB, ZA and VP-16 at the doses tested, drastically suppressed
colony formation in SK-ES-1 (99%) and in RD-ES (100%) cells. These effects were
more pronounced than those obtained with treatments combining only two agents
(NaB plus ZA, NaB plus VP-16) and were much greater than those obtained with

each agent alone (Figs. 3A and 3B and 4H).

Effects of sodium butyrate, zoledronic acid, doxorubicin, etoposide, vincristine
and combinations of these on the average size of ES colonies. Through the use
of optimized digital counting, it was possible to evaluate not only the surviving
fraction of the colonies, but also their average size. This is important for a more
accurate assessment of the longterm effects of the tested compounds. In SK-ES-1
cells, NaB significantly enhanced the average colony size (48%), while ZA, Doxo,
VP-16 and VCR did not alter the average size of the colonies formed in the
clonogenic assay as compared to control (20, 12, 20 and 1%, respectively; Fig. 5A).
The combined treatments with NaB plus ZA, NaB plus Doxo, NaB plus VP-16, ZA
plus Doxo, ZA plus VP-16, ZA plus VCR and NaB plus ZA plus VP-16 reduced
colony size (43, 41, 50, 37, 40, 36 and 76%, respectively), whereas the NaB plus
VCR co-treatment increased (32%) the average size of the colonies as compared to
the control (Fig. 5A). The NaB plus ZA, NaB plus Doxo and NaB plus VP-16
combinations significantly reduced the average colony size as compared to each
drug alone (Fig. 5A). The NaB plus VCR combination increased the average size of
the colonies as compared to VCR alone and this effect was statistically similar to that
obtained with the NaB mono-treatment (Fig. 5A). A slight reduction was observed
when ZA plus Doxo, ZA plus VP-16, and ZA plus VCR combinations were compared

to each drug alone, however these reductions were not significant (Fig. 5A). The
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combination of NaB, ZA and VP-16 strongly reduced the average size of the
colonies. This reduction was higher that the one obtained with the double treatments
(NaB plus ZA, NaB plus VP-16 and ZA plus VP-16) and much greater than those
obtained with each agent alone (Fig. 5A). As shown in fig. 5B, NaB enhanced the
average size of RD-ES colonies by 24%, while ZA, Doxo, VP-16 and VCR reduced
the average size of RD-ES colonies when compared to the control (29, 26, 20 and
19%, respectively). However, the only statistically significant difference was observed
when ZA was compared to its control. The combined treatments with NaB plus ZA,
NaB plus Doxo, ZA plus Doxo, ZA plus VP-16, ZA plus VCR and NaB plus ZA plus
VP-16 reduced colony size (58, 47, 53, 60, 52 and 82%, respectively), whereas NaB
plus VP-16 increased (13%, not significant) and NaB plus VCR reduced (5%, not
significant) the average size of the colonies when compared to controls (Fig. 5B).
The NaB plus ZA, ZA plus VP-16 and ZA plus VCR co-treatments reduced the
average size of the colonies when compared to each drug alone (Fig. 5B). Co-
treatments with NaB plus VCR and NaB plus VP-16 increased colony average size
when compared with VCR and VP-16 alone (respectively) and the strength of the
observed increase was similar to that obtained with the NaB mono-treatment (Fig.
5B). A slight reduction in colony size was observed when NaB plus Doxo and ZA plus
Doxo co-treatments were compared to each drug alone, however these reductions
were not significant (Fig. 5B). As observed in the SK-ES-1 cells, the combination of
NaB, ZA and VP-16 strongly reduced the average size of the colonies formed by RD-
ES cells. This reduction was more pronounced than the ones obtained with the
double treatments (NaB plus ZA, NaB plus VP-16 and ZA plus VP-16) and much

greater than the ones obtained with each agent alone (Fig. 5B).
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Discussion

HDAC inhibitors (HDIs) and bisphosphonates are considered as promising
alternatives in the treatment of cancer. Among the different childhood sarcomas,
Ewing sarcoma (ES) appears particularly suitable for treatment with zoledronic acid

because of the role of BPs in the modulation of the bone microenvironment (30).

In ES cells, the effects of HDIs have been evaluated. Sakimura et al (31)
demonstrated that the abnormal functions of the EWS-FLI1 fusion oncoprotein are
associated with both histone acetylation and deacetylation (EWS-FLI1 represses
HAT and activates HDAC), suggesting that HDIs might serve as a molecular-based
therapeutic application for ESFTs. Furthermore, another study concluded that HDIs
may provide a novel strategy for treatment of ES, either applied as a monotreatment
or in combination with TRAIL (8). The molecular mechanisms by which HDIs exert
antitumor effects are not well known. In ESFTs, some studies have been undertaken

to evaluate the effects of acetylation by the EWS-FLI1 protein (32,33).

Among the different classes of compounds studied for the treatment of ES, the
bisphosphonates have been the most intensely evaluated, since ES is characterized
by a marked bone resorption. Therefore, any therapeutic strategy that targets
osteoclasts, such as the bisphosphonates, is promising (2,4,34). Potential antitumor
effects observed in osteosarcoma might be explained by a direct activity on tumor
cells (35), by a strong modulation of the tumor microenvironment (36,37), or by
stimulation of immune effectors (38,39). In ES, bisphosphonates appear to have
similar inhibitory activities (21,22,40). The results obtained by Zhou et al (22) suggest
that ZA might represent a novel therapeutic approach for the treatment of patients

with ES, since it induces apoptosis and inhibits primary bone tumor growth via a
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mechanism involving the upregulation of osteoprotegerin. Moreover, ZA showed a
synergistic effect with paclitaxel in the TC71 human ES cell line, both in vitro and in
animal models (22). Other studies have concluded that ZA is a new adjuvant
therapeutic strategy allows a decrease in the dosage of chemotherapeutic agents
employed for treating ES patients, since ZA, when combined with ifosfamide,
exhibited synergistic effects in a soft tissue model: its combination with one cycle of
ifosfamide resulted in an inhibitory effect comparable to three cycles of ifosfamide
alone (21). In the clinic, one case was reported where ZA combined with
chemotherapy was an effective salvage treatment for recurrent ES (41). The use of
zoledronic acid in combination with first-line chemotherapy for localized ES is being
addressed in Europe, in randomized phase lll trials (Ewing 2008 and Euro-Ewing
2012). In juvenile models, zoledronic acid decreases endochondral bone growth in a

reversible manner (30,34).

Recent studies strongly suggest that successful cancer therapy is likely to
involve a combination of HDIs or bisphosphonates with each other or with traditional
chemotherapeutic agents (13-22). Although the associations between HDIs or
bisphosphonates and traditional anticancer drugs (18,42,43) and between HDIs and
ZA (44) have been evaluated in other types of cancer, to our knowledge, this is the

first study to evaluate the effects of these combinations in ES.

In the present study, the experiments were carefully designed to evaluate how
the co-treatment with antineoplastic drugs and NaB or ZA, and with NaB and ZA,
may affect in vitro cellular proliferation. Dose curves were calculated so as to
establish the lowest concentrations that significantly reduced cellular proliferation
when compared to the controls, albeit without causing significant cell death.

Administering these drugs at lower concentrations allowed us to assess with greater
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certaintly whether NaB and/or ZA enhance the effects elicited by each drug when
administered in combination. We hypothesized that NaB and ZA might show
synergistic cytotoxic effects when combined or in association with traditional
antineoplastic drugs, in the human ES cell lines SK-ES-1 and RD-ES. Our results
clearly demonstrated that HDIs, NaB and ZA, when employed alone, significantly
inhibited proliferation and viability of both cell lines. More importantly, the
combination of NaB with ZA exhibited a synergistic cytotoxic effect on both ES cell
lines as compared to each agent alone. Furthermore, these results were confirmed
by clonogenic assays, suggesting that the effects were extended to, or intensified, for
a longer period of time. The co-treatments with NaB or ZA and traditional
chemotherapy agents also showed acute (72 h) and chronic (10-14 days) synergistic
cytotoxic effects in SK-ES-1 cells as compared to each agent alone. As clearly
demonstrated by the results, the RD-ES cell line was more resistant to these
treatments. The combined treatments with NaB plus VCR and ZA plus Doxo, for
example, demonstrated only an additive effect in RD-ES cells when compared to
each agent alone at 72 h. The effect of ZA and Doxo had long-term intensity (10-14
days), while this result was not observed for the combination of NaB with VCR. On
the other hand, the chemotherapeutic agent etoposide (VP-16), in combination with
NaB or ZA, demonstrated a synergistic cytotoxic effect, and in combination with NaB
and ZA (triple treatment) showed a strong synergistic cytotoxic effect in both ES cell
lines as compared to any agent alone. These results were also confirmed by colony
formation assays. An additional evaluation of importance was the determination of
the average colony size in the clonogenic assay. This measure showed that NaB
alone or in any combination promoted an increase in the average size of the colonies

of both cell lines when compared to the controls. On the other hand, ZA alone or in
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combination with different agents not only reduced the number of colonies, but also
reduced the average colony size in both cell lines. Overall, these results suggest that
the combined treatments with NaB plus ZA, NaB or ZA plus Doxo and particularly,
NaB and/or ZA with VP-16 represent the most promising alternatives for the

development of new therapies for Ewing sarcoma.

The use of HDIs, bisphosphonates and traditional antineoplastic drugs as
monotherapeutic agents has some limitations. Recent findings suggest that clinical
use of HDAC inhibitors for conditions such as cancer and a multitude of other
ailments might have undesirable effects on bone cell populations (45,46). Moreover,
Battaglia et al suggested that endochondral bone growth is transiently disturbed by
high doses of ZA, administered during the pediatric treatment of primary bone tumors
(34). It is unclear whether concurrent administration of an osteogenic therapy (e.g.,
bisphosphonates) can attenuate HDI-induced bone loss (46). On the other hand, the
negative skeletal consequences of broad-acting HDIs, currently under clinical trials,
might be considered as acceptable side-effects from oncologists for patients with
sarcoma or advanced metastatic tumors, due to the beneficial effects of HDIs on
tumors within the bone (45). It is well established that the traditional
chemotherapeutic agents tested in the present study cause a number of undesirable
side-effects in patients. Furthermore, while undergoing treatment, several patients
become irresponsive to these agents, especially when the latter are employed as
monotherapy. Since the NaB plus ZA combination demonstrated a synergistic
cytotoxic effect, and NaB or ZA can potentiate the effects of traditional cytotoxic
drugs, these co-treatments might allow such drugs to be administered in smaller
doses, while preserving their effects. This fact consolidates the idea that using NaB

and ZA as anticancer adjuvant drugs might decrease the toxic side-effects that are
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common to the current anticancer protocols. This idea is further supported by clinical
studies that have shown that histone hyperacetylation can be safely achieved in
humans, and that treatment with these agents is plausible (13-15). The clinical use of
these co-treatments could reduce frequent disease complications and allow to
bypass the need for dose reductions or temporary discontinuations of treatment as a
means to address toxicity or drug resistance. This approach has the potential to
improve the chances of success and the quality of life of patients per se. The results
from the present study provide a basis for evaluating, in clinical trials, the
combinations tested herein, as well as the effects of administering traditional

anticancer drugs combined with NaB and/or ZA in lower concentrations.

An additional mechanism that remains largely unknown is the one by which
the combination of bisphosphonates, HDIs and traditional chemotherapeutic agents
exerts synergistic antitumor effects. As described in the literature, traditional drugs,
such as doxorubicin and etoposide (VP-16), cause DNA damage (Doxo by DNA
intercalation, macromolecular biosynthesis and topoisomerase Il inhibition and VP-16
by topoisomerase Il inhibition). Vincristine inhibits microtubule dynamics, which
results in mitotic arrest and eventually, cell death. These anticancer drugs can inhibit
cellular proliferation via p53-dependent and p53-independent mechanisms, resulting
in cell cycle arrest and/or apoptosis. In vitro studies have shown clear antitumor
effects for BPs, particularly zoledronic acid, as demonstrated by the BP-mediated
induction of tumor cell apoptosis and their inhibitory effects on tumor cell adhesion,
invasion, tumor cell viability, proliferation and angiogenesis (22). The mechanisms
underlying this spectrum of antitumor activities are still under investigation. It was
proposed that BPs exert both indirect and direct antitumor cell effects by inhibiting

the farnesyl diphosphonate synthase in the mevalonate pathway. Cholesterol
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synthesis via the mevalonate pathway is essential for all nucleated cells and,
therefore, any cell type that metabolizes N-BPs may be affected, including tumor
cells (direct antitumor effects) and osteoclasts (indirect antitumor effects). Zoledronic
acid-induced tumor cell apoptosis was demonstrated to be associated with the
release of cytochrome C and the resulting activation of the caspase pathway (47).
This might occur via the inhibition of the mevalonate pathway and the consequent
inhibition of prenylation of essential signaling G proteins such as Ras, Rac and Rho.
As inhibitors of bone resorption, BPs reduce the release of bone-derived cytokines
and growth factors, essentially rendering bone tissue less attractive to tumor cells as
a site for tumor migration, colonization, adhesion and invasion, proliferation and
survival. Furthermore, especially in bone tumors, BPs might also exert additional
indirect antitumor effects of importance, since these molecules inhibit RANK
expression and osteoclast progenitor migration during osteoclastogenesis while they
increase osteoprotegerin (OPG) expression (22,30,47-49). HDAC inhibitors (HDIs)
are enzymes that modify chromatin access to transcription factors and to gene
transcription. HDIs are potent inducers of tumor cell apoptosis, which can be
mediated by regulating histone function and subsequently, gene transcription, and/or
by regulating the function or stability of non-histone proteins. While induction of
apoptosis appears to be the predominant mechanism of HDI-mediated cell death,
alternative cell death mechanisms, such as autophagy, might be stimulated when
apoptotic proteins or pathways are disabled. However, the molecular events required
for HDI-mediated autophagy are poorly understood. Depending on the stimulus,
apoptosis can proceed via two functionally distinct pathways, the ‘extrinsic’ death
receptor pathway and the ‘intrinsic’ mitochondrial pathway. Although the initiating

phases of the two pathways are molecularly separate, a number of the downstream
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events, such as the activation of caspase-3, are shared between the two pathways
and, therefore, the biochemical and morphological features of intrinsic and extrinsic
apoptosis (including phosphatidylserine exposure, effector caspase activation and
DNA fragmentation) are similar. HDIs may sensitize tumor cells to DNA-damaging
agents through one or more of the following mechanisms. First, according to a
relatively simplistic view, reversal of chromatin condensation following HDI-mediated
hyperacetylation of core histones might increase the accessibility of DNA-damaging
agents to their targets and thus, enhance their cytotoxic effects. Second, chromatin
remodeling by HDIs can induce a DNA damage-like response that involves the
activation of the DNA damage kinase ATM, and can enable the formation of DNA
strand breaks. In ES cells, EWS-FLI1 represses HAT and activates HDAC. HDAC
inhibition restores HAT activity, inhibits cell growth and induces apoptosis. The HDI
FK228 decreases EWS-FLI1 expression and ES proliferation and induces TRAIL-
dependent apoptosis. Furthermore, HDIs inhibit tumor proliferation and/or survival
and the associated inflammation/bone resorption via neutralization of NF-kB in
osteoclasts. This dual effect of HDIs could lead to reduced levels of proinflammatory
cytokines and growth factors in the tumor microenvironment and, thus, contribute to

tumor regression (30,50-52).

We present a schematic representation of the main established anticancer
mechanisms involving BPs, HDIs and traditional chemotherapeutic drugs in Fig. 6.
Based on this overview scheme, one might infer that the molecular mechanisms by
which the co-treatment with NaB, ZA and the traditional drugs tested in the present
study exert their effects are a complex combination of induction of proapoptotic
proteins and suppression of cell cycle proteins. This hypothesis is supported by

studies that evaluated similar associations in ES or other types of cancer. For



91

instance, Zhou et al (22), using a primary ES animal model in nude mice,
demonstrated that zoledronic acid significantly inhibits osteolytic ES growth in vivo,
enhances tumor sensitivity to paclitaxel and exhibits a synergistic apoptotic effect
when combined with paclitaxel. Ottewell et al (49) studied the anticancer effects of
doxorubicin and zoledronic acid on the metastatic growth of breast cancer tumors in
the bone. They showed that the in vivo administration of doxorubicin followed by
zoledronic acid caused specific changes in gene/protein expression and inhibited the
mevalonate pathway in breast tumors metastasizing in the bone. The roles of
doxorubicin and zoledronic acid in induction of apoptosis of tumor cells growing in the
bone are unclear. Both drugs have been shown to induce apoptosis by disrupting the
balance of proteins of the Bcl-2 family and mitochondrial membrane potential, leading
to an activation of caspase-9 and to cleavage of caspase-3. In addition to activating
the mitochondrial pathway, both drugs can induce the cleavage of caspase-8,
resulting in activation of the mitochondrial-independent pathway. According to the
authors, the induction of apoptosis following sequential treatment with doxorubicin
and zoledronic acid could be also caused by one drug increasing the cytotoxicity of
the other, or could be the result of an additive effect of both drugs acting on the same

pathway (49).

Regarding the associations between HDIs and BPs, Sonnemann et al found
that the suberoylanilide hydroxamic acid (SAHA) and ZA interacted cooperatively to
induce cell death in prostate carcinoma cells, and that this combination was clearly
synergistic in LNCaP and PC-3 cell lines (44). Furthermore, experiments with two
other HDIs, sodium butyrate and MS-275, revealed that the effect of this combination
was not specific to SAHA. The coadministration of SAHA and ZA resulted in the

initiation of apoptosis, potently activated caspase-3 and led to the accumulation of
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sub-G1 cells. SAHA and ZA synergistically affected mitochondrial function, indicating
that the activities of these agents converge upstream of the mitochondria. In addition,
experiments using the polycaspase inhibitor z-VAD-fmk revealed that caspase
activation was required for the cytotoxic effects observed when combining SAHA and
ZA, as measured by propidium iodide uptake and by quantifying DNA fragmentation,
further substantiating that the SAHA/ZOL-induced cell death is due to apoptosis.
Since ZA acts by inhibiting the mevalonate pathway thereby preventing protein
prenylation, the authors explored whether the mevalonate pathway is also the target
of the cooperative action of ZA and SAHA. They found that geranylgeraniol, but not
farnesol, significantly reduced ZA/SAHA-induced cell death, indicating that the
synergistic action of the agents was due to the inhibition of geranylgeranylation.
Consistent with this hypothesis, a direct inhibitor of geranylgeranylation, GGTI-298,
was found to synergize with SAHA to induce cell death, whereas an inhibitor of
farnesylation, FTI-277, had no effect. In addition, SAHA synergized with mevastatin,
an inhibitor of the proximal enzyme in the mevalonate pathway. Therefore, we argue
that these are the key pathways for a better understanding of the mechanisms by
which the tested combinations exert synergistic anticancer effects. Our future efforts

will focus on the better understanding of these mechanisms.

The study presented here is consistent with the objectives of The European
Network for Cancer Research in Children and Adolescents (ENCCA), as described in
‘The First European Interdisciplinary Ewing Sarcoma Research Summit’ (53), and
provides sufficient evidence to allow discussions on novel therapeutic approaches for
the treatment of Ewing's sarcoma family tumors. The most promising results from our
study rely on the possibility of using combined regimens that enhance cytotoxic

effects, while reducing the undesirable side-effects that are so commonly observed in
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the ES patient population. Further investigations are needed to consolidate the use of
HDIs and bisphosphonates in the therapy of Ewing sarcoma. Understanding the
mechanisms by which NaB and ZA mutually enhance their respective effects is also
necessary, in order to potentiate their effects and to develop pharmacophore models
for the development of similar drugs that display a broader, but safer, range when

used in adjuvant therapy.
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Figure Legends

Table | - Combinations index values

Cell line Concentration of drugs Cl value

SK-ES-1  NaB (0.5 mM) + ZA (25 uM) 0.687
NaB (0.5 mM) + Doxo (15 nM) 0.503
NaB (0.5 mM) + VP-16 (0.06 uM) 0.532
NaB (0.5 mM) + VCR (0.8 nM) 0.533
ZA (25 pM) + Doxo (15 nM) 0.689
ZA (25 pM) + VP-16 (0.06 pM) 0.729
ZA (25 uM) + VCR (0.8 nM) 0.769

NaB (0.5 mM) + ZA (25 uM) + VP-16 (0.06 uM)  0.287

RD-ES NaB (0.75 mM) + ZA (50 pM) 0.539
NaB (0.75 mM) + Doxo (30 nM) 0.491
NaB (0.75 mM) + VP-16 (0.08 uM) 0.644
NaB (0.75 mM) + VCR (1.5 nM) 0.987
ZA (50 uM) + Doxo (30 nM) 0.922
ZA (50 uM) + VP-16 (0.08 pM) 0.738
ZA (50 pM) + VCR (1.5 nM) 0.688

NaB (0.75mM) + ZA (50pM) + VP-16 (0.08uM)  0.236
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Interpretation

Synergism
Synergism
Synergism
Synergism
Synergism
Synergism
Synergism
Strong synergism
Synergism
Synergism
Synergism
Additivity
Additivity
Synergism
Synergism

Strong synergism

Combination index values (Cl) of sodium butyrate (NaB), zoledronic acid (ZA),

doxorubicin (Doxo), etoposide (VP-16) and vincristine (VCR) alone and in

combination in SK-ES-1 and RD-ES cells. Cl value were calculated from the cellular
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proliferation and viability assay. The data represent the mean of three independent

experiments.
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Figure 1. Dose-response study of the antitumor effect of sodium butyrate (A,B),

zoledronic acid (C,D), doxorubicin (E,F), etoposide (G,H) and vincristine (1,J) in

human Ewing sarcoma SK-ES-1 and RD-ES cell lines, respectively. The ICsg

concentration of each drug was determined by trypan blue counting assay as
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described in Material and Methods after a 72 h treatment of the cells with different
drug concentrations. Cell viability was assessed in triplicates, in at least three
independent experiments. Data are expressed as dose-effect curves: effect (fraction
affected versus control) represented on the y-axis versus dose (different doses of
each agent tested) represented on the x-axis. The linear correlation coefficient (r) of
the median-effect plot was greater than 0.90 for all agents tested ensuring accuracy
of measurement and conformity to the mass-action. (Positive control = 100% cell

viability = zero in the graphs).
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Figure 2. Cytotoxic effects of different combinations of sodi

zoledronic acid (ZA), doxorubicin (Doxo), etoposide

(VCR) on cellular proliferation and viability.

um butyrate (NaB),

(VP-16) and vincristine

SK-ES-1 and RD-ES cell lines were

treated for 72 h with (A) NaB 0.5 or 0.75 mM and ZA 25 or 50 uM, (B) NaB 0.5 or

0.75 mM and Doxo 15 or 30 nM, (C) NaB 0.5 or 0.75 mM and VP-16 0.06 or 0.08

puM, (D) NaB 0.5 or 0.75 mM and VCR 0.5 or 1.5 nM, (E) ZA 25 or 50 uM and Doxo

15 or 30 nM, (F) ZA 25 or 50 uM and VP-16 0.06 or 0.08 pM, (G) ZA 25 or 50 pM
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VCR 0.5 or 1.5 nM, (H) NaB 0.5 or 0.75 mM and VP-16 0.06 or 0.08 uM and ZA 25
or 50 uM, respectively. Cellular proliferation and viability was assessed in triplicates,
in at least three independent experiments. Data are expressed as % mean of control
and standard deviation are shown (error bars). P value was determined using one-
way analysis of variance (ANOVA), followed by the Tukey-Kramer test, P<0.05 was
considered significant. All treatments promoted a statistically significant reduction in
cell growth when compared to control. *, P<0.05 versus single agents. **, P<0.05

versus double treatments.
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Control NaB 0.5 mM ZA 25 M Control NaB 0.75mM  ZA 50 uM

Control Control

Doxo 15 nM Doxo 30 nM
VP-16 0.06 uM VP-16 0.08 uM
VCROSM | VCR 1.5 nM

ZA 50 uM

VP-16 0.06 uM VP-16 0.08 uM

Figure 3. Representative pictures of cell survival experiments performed in

triplicate with SK-ES-1 (A) and RD-ES (B) cells.
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Figure 4. Combination effects of sodium butyrate (N aB) and/or zoledronic acid
(ZA) and doxorubicin (Doxo), etoposide (VP-16) or v incristine (VCR) on
suppression of colony formation in Ewing sarcoma ce lIs. Colony formation of
SK-ES-1 and RD-ES cells treated with (A) NaB 0.5 or 0.75 mM and ZA 25 or 50 uM,

(B) NaB 0.5 or 0.75 mM and Doxo 15 or 30 nM, (C) NaB 0.5 or 0.75 mM and VP-16
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0.06 or 0.08 uM, (D) NaB 0.5 or 0.75 mM and VCR 0.5 or 1.5 nM, (E) ZA 25 or 50 uM
and Doxo 15 or 30 nM, (F) ZA 25 or 50 uM and VP-16 0.06 or 0.08 uM, (G) ZA 25 or
50 uM VCR 0.5 or 1.5 nM, (H) NaB 0.5 or 0.75 mM and VP-16 0.06 or 0.08 uM and
ZA 25 or 50 pM, respectively, for 72 h. The assay was initiated by plating 1x10° cells
per well into 6-well plates. After 10-14 days, cells were fixed and stained with crystal
violet as described in Material and Methods. Colony formation was analyzed by
optimized digital counting colonies of clonogenic assays using Image J software. The
results are shown as the mean = SEM percentage surviving fraction for three
different experiments. P value was determined using one-way analysis of variance
(ANOVA), followed by the Tukey-Kramer test, P<0.05 was considered significant. *,
P<0.05 versus control. **, P<0.05 versus single agents. *** P<0.05 versus double

treatments.
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Figure 5. Effects of sodium butyrate (NaB), zoledronic acid (
(Doxo), etoposide (VP-16) or vincristine (VCR) and

these drugs on average size of the colonies formed

Ewing sarcoma cells.

ZA), doxorubicin
different combinations of

in clonogenic assay in

After evaluating the number of colonies formed in surviving

assay, the average size of colonies was also determined by optimized digital
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counting colonies of clonogenic assays using Image J software in SK-ES-1 (A) and
RD-ES (B) cells. The average size of colonies for each treatment is expressed as %
mean of control and standard deviation are shown (error bars). P value was
determined using one-way analysis of variance (ANOVA), followed by the Tukey-
Kramer test, P<0.05 was considered significant. *, P<0.05 versus control. **, P<0.05

versus single agents. ***, P<0.05 versus double treatments.
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Figure 6. Schematic representation of the anti-tumor activity

containing bisphosphonate family (N-BPs), histone d

(HDIs) and classical chemotherapeutic drugs (doxoru

vincristine) as shown in pre-clinical studies.

of the nitrogen-

eacetylase inhibitors

bicin, etoposide and

Recent studies have demonstrated

synergistic anti-tumor effects when combining BPs, HDIs and cytotoxic agents. The

molecular mechanisms by which these combinations exert their antitumor effects

have not yet been elucidate, but, it is possible that they are due to a complex

combination of induction of proapoptotic proteins and suppression of cell cycle

proteins.
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6 CONSIDERACOES FINAIS

Nossos experimentos foram cuidadosamente desenhados para avaliar in vitro
os efeitos de diferentes associacbes entre NaB (HDI), ZA (bifosfonato) e
antineoplasicos classicos (amplamente usados no tratamento atual de ES) sobre a
proliferacdo e sobrevivéncia de células de sarcoma de Ewing. Curvas de doses
foram realizadas para se estabelecer as menores concentracdes destes agentes que
significativamente reduziam a proliferacdo celular sem produzir morte celular
significativa, quando comparados ao controle. Administrando estas substancias em
baixas concentracdes, permitiu-nos avaliar com maior propriedade se NaB ou ZA, de

fato, alterava os efeitos gerados por cada composto testado.

Noés hipotetisamos que ZA e NaB poderiam mostrar efeitos citotoxicos
sinérgicos quando combinados entre si ou quando em associagcdo com farmacos
antineoplasicos classicos nas linhagens celulares humanas de sarcoma de Ewing,
SK-ES-1 e RD-ES. Os nossos resultados demonstram claramente que o HDI ou o
bisfosfonato testados, quando utilizados em monoterapia, revelaram uma
significativa inibicdo da proliferacdo e viabilidade de ambas as linhagens celulares.
Mais importante, contudo, é que a combinacdo de NaB com ZA teve um efeito
citotoxico sinérgico em ambas as células de ES quando comparado com qualquer
dos agentes em monoterapia. Além disso, estes resultados foram confirmados por
ensaios clonogénicos, sugerindo que estes efeitos se estenderam ou se
intensificaram por um periodo de tempo maior. Os tratamentos combinados entre
NaB ou ZA e antineoplasicos classicos também mostraram efeitos citotoxicos
sinérgicos tanto em 72 h quanto 10-14 dias ap0s os tratamentos, nas células SK-ES-

1, guando comparados com qualquer agente em monoterapia. A linhagem celular



114

RD-ES se mostrou mais resistente aos tratamentos empregados. Em relacdo as
associacOes testadas com antineoplasicos classicos, os tratamentos combinados de
NaB com ZA, NaB ou ZA com Doxo e, especialmente, NaB e/ou ZA com VP-16 se
mostraram as alternativas mais promissoras para o desenvolvimento de novas

terapias contra o sarcoma de Ewing.

Esse estudo vai de encontro aos objetivos estabelecidos pela “Rede Europeia
para Pesquisa do Cancer em Criancas e Adolescentes (ENCCA)”, conforme descrito
em “A primeira cupula europeia de pesquisa interdisciplinar em sarcoma de Ewing”,
e fornece dados suficientes para permitir discussbes em relacdo a novas
abordagens terapéuticas para o tratamento da familia de tumores de Ewing. O maior
legado que este estudo traz € mostrar que € plausivel, em sarcoma de Ewing e
doencas relacionadas, a utilizacdo de regimes combinados (usando HDIs e
bifosfonatos) que permitam a obtencéo de tratamentos mais eficazes e, a0 mesmo
tempo, que produzam menores efeitos colaterais, toxicidade e resisténcia, que sao
comumente observados na pratica clinica. Por laudo lado, é nitido que investigacdes
adicionais sdo necessarias, especialmente no ampito clinico, para consolidar o uso
de HDIs e de bifosfonatos no tratamento de sarcoma de Ewing. Os resultados
apresentados neste estudo fornecem as bases para futuras avaliagbes destas

combinacdes em ensaios clinicos.

Uma melhor compreensao dos mecanismos pelos quais NaB e ZA aumentam
os efeitos um do outro (efeito sinérgico) também é necessario, a fim de se potenciar
estes efeitos e se desenvolver modelos farmacoforicos que permitam o
desenvolvimento de substancias semelhantes mais eficazes e seguras para serem
utiizadas na terapia adjuvante. Neste trabalho, ainda apresentamos uma

representacdo esquematica tedrica dos principais mecanismos anticancerigenos
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atribuidos aos HDIs, BPs e antineoplasicos classicos testados. Analisando
conjuntamente os mesmos, pdde-se inferir que 0os mecanismos moleculares pelos
quais 0s cotratamentos exercem 0S seus efeitos consistem em uma complexa
combinacéo de inducdo de proteinas pré-apoptéticas com a supresséo de proteinas
do ciclo celular. Acreditamos que estes sdo 0s pontos-chave para uma melhor
compreensao dos mecanismos pelos quais as combinacfes testadas exercem
efeitos antitumorais sinérgicos. A partir dos resultados obtidos, esfor¢cos fazem-se

necessarios para que se possa entender melhor esses mecanismos.



