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“We totally missed the possible role of...
[DNA] repair although... | later came to realize
that DNA is so precious that probably many

distinct repair mechanisms would exist”.

Francis Crick, Nafure, 26 de abril de 1974, 23 anos apds a

elucidacéo da dupla hélice do DNA.
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ESTRUTURACAO DA TESE

Esta tese esta divida da seguinte forma: uma introdugdo geral, os objetivos
(gerais e especificos), dois capitulos escritos na forma de artigos cientificos
contendo uma péagina de apresentacdo sobre o assunto, uma discussdo geral, as
conclusdes (gerais e especificas) e as perspectivas.

Apds um breve comentario sobre os tratamentos qui mioterapicos do cancer,
a introducdo apresenta os principais sistemas de reparacédo de DNA que estio
envolvidos com o mecanismo de acdo da droga estudada. Dando sequéncia, a
introducéo aborda os estudos sobre o agente alquilante ecteinascidina-743 (ET-
743). Nesta secdo estdo descritos desde a descoberta dos extratos do tunicado
marinho de onde foi isolada a ET-743 até as aplicacbes clinicas deste
medicamento.

O capitulo 1 descreve um estudo realizado com ET-743 utilizando como
modelo eucaridtico as células da levedura Saccharomyces cerevisiae. Neste
capitulo, linhagens celulares mutantes da levedura foram usadas como ferramenta
para identificar vias de reparacdo de DNA possivelmente envolvidas com a acao
farmacolégica da ET-743. Este capitulo foi publicado na revista Biochemical
Pharmacology.

O capitulo 2 apresenta um estudo realizado em células de mamiferos
tratadas com ET-743. Os experimentos realizados durante este trabalho
possibilitaram identificar a via de recombinacdo homéloga como sendo um dos

sistemas responsaveis pela reparacdo dos danos gerados pela ET-743. Esta e
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outras conclusdes foram publicadas na forma de artigo na revista Proceedings of
the National Academy of Sciences.

Em seguida, esta apresentada uma discusséo geral onde sdo comentados
os resultados obtidos nos dois capitulos e a sua importancia para a contribuicao
cientifica deste estudo. Apés, aparecem as conclusdes e as perpectivas geradas
por este trabalho.

No anexo encontra-se um artigo de revisdo sobre a ecteinascidina-743 e
outros compostos desta familia. Este artigo foi publicado na revista Drug Design

Review — Online durante o periodo de realizacdo desta tese.
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RESUMO

A ecteinascidina-743 (ET-743) € um alcaldéide marinho que tem apresentado
potente atividade antitumoral contra uma variedade de tumores humanos,
incluindo sarcomas, cancer de mama e de ovario. Em resposta aos resultados
promissores que a ET-743 tem mostrado na clinica, o seu mecanismo de acao
vem sendo amplamente investigado. Sabe-se que a ET-743 se liga na volta menor
do DNA e influencia a dindmica da hélice. Neste trabalho, o mecanismo de acéo
da ET-743 foi estudado em modelos eucaridticos de células da levedura
Saccharomyces cerevisiae e em células de mamiferos, incluindo linhagens
tumorais humanas. A utilizacdo do modelo de levedura revelou que o sistema de
reparacdo por excisdo de bases esta envolvido com o mecanismo de
citotoxicidade da ET-743. Além disso, 0 emprego de mutantes de levedura
permitiram explicar como ocorre a tolerancia e a reparagao dos danos gerados
pela ET-743 nas linhagens que sao resistentes a ac¢do da droga. Além do
mecanismo molecular proposto, este trabalho proporcionou uma possivel
explicacdo para a especificidade da ET-743 em tumores do tipo sarcomas.
Considerando que a resisténcia dos sarcomas a maioria das drogas classicas seja
devido a superexpressado de APEL, entre outros fatores, e que a auséncia desta
proteina torna as células eucarioticas resistentes a ET-743, os resultados obtidos
nesta tese contribuem para explicar por que sarcomas, tumores que
superexpressam esta proteina, sdo sensiveis ao tratamento com ET-743. Além
dos dados envolvendo o BER, este estudo permitiu explicar como ocorre 0
processamento da lesdo gerada pela ET-743 no DNA. A utilizacdo de linhagens
celulares de mamiferos com deficiéncias em proteinas especificas combinado a
técnicas bioquimicas e moleculares revelaram que a ET-743 forma adutos no DNA
que sao convertidos em uma lesdo secundaria durante a replicacdo do DNA. Pela
primeira vez foi mostrado que a ET-743 induz a formacédo de quebras duplas
dependentes de replicacdo e que o sistema de recombinagcdo homologa é
responsavel pela reparacdo destes danos. Os dados obtidos neste trabalho
indicam que a funcionalidade das vias de reparacdo de DNA é uma ferramenta util
para predizer a resposta clinica da droga e, dessa forma, contribuir na selecédo de
pacientes que mais podem se beneficiar do tratamento.
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ABSTRACT

Ecteinascidin 743 is a marine alkaloid that has shown potent antitumor activity
against several human tumor types, including soft tissue sarcomas, breast and
ovarian cancer. Because of these promising data, there is a strong interest in
evaluating its mechanism of action. ET-743 binds to the minor groove of DNA and
induces helix unwinding. Here, we studied its mechanism of action in both yeast
Saccharomyces cerevisiae and mammalian cells, including human tumor cell lines.
Using the yeast model, we have demonstrated that the base excision repair
pathway is strongly involved in ET-743 cytotoxicity. Moreover, this work clarified
how ET-743-induced DNA damages can be tolerated and repaired in yeast
resistant cell lines. In addition to the molecular model we have suggested to
explain the mechanism of action of ET-743, this work brings new insights to explain
the specificity of ET-743 towards soft tissue sarcomas. Indeed, sarcomas, while
resistant to most of the chemotherapeutic agents, over-express APE1. Thus, the
involvement of APEL in cell killing, could explain why sarcomas, as well as tumors
expressing high levels of APE1, are sensitive to the treatment with ET-743. This
work was extended to mammalian cells in order to better understand the
processing of the ET-743-induced DNA damage. Molecular and biochemical
experiments were combined and revealed that the primary ET-743 DNA-adducts is
transformed in DNA double strand breaks, a secondary type of more toxic DNA
lesion. This formation is entirely dependent on the progression of the DNA
replication fork. The use of mammalian cell lines, deficient in specific repair
proteins, demonstrated for the first time that these lesions were uniquely processed
by the homologous recombination repair pathway. Thus, our data establish a new
rational, based on the measure of the expression levels of selected repair factors,
both to predict clinical response and to facilitate the selection of the patients
particularly likely, or not, to benefit from the treatment with ET-743.
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1.1 INTRODUCAO GERAL

A instabilidade genética € uma das principais causas envolvidas nha
progressao da carcinogénese. Diversos agentes enddgenos e exdgenos, aos quais
estamos expostos diariamente, sdo capazes de causar danos no DNA e perturbar a
integridade da transmissao da informacédo genética e a manutencdo gendémica dos
organismos (Hoeijmakers, 2001b). A exposicdo dos individuos a agentes
genotoxicos e a geracdo de danos no DNA, bem como, a capacidade das células de
responder a estes danos sao determinantes criticos no processo de
desenvolvimento do cancer (Ishikawa et al., 2006).

Estudos sobre anormalidades cromossémicas em células de cancer tém
mostrado que as células tumorais contém centenas de muta¢cfes casuais, fenbmeno
conhecido por “fenétipo mutador” (Venkatesan et al., 2006). Esta hipdtese sugere
gue o acumulo de mutacdes em genes que governam a fidelidade da sintese e a
eficiéncia da reparacéo do DNA (caretaker genes) ou ainda, em genes que codificam
para a sintese de proteinas que controlam o ciclo celular ou induzem apoptose
(gatekeeper genes) contribuem para aumentar consideravelmente a taxa de
mutacédo durante o processo de tumorigénese (Sarasin, 2003).

A maior parte das terapias anticancer usadas nos dia de hoje, particularmente
a radiacado ionizante e certas classes de agentes quimioterapéuticos, causam morte
celular por danificar o DNA (Sharma e Dianov, 2007). Estes agentes podem gerar
quebras no DNA (de uma Unica fita: single strand break, SSB ou de fita dupla:
double strand break, DSB) através da formacéo de ligaces com o DNA (alquilacdes
mono ou bi-funcionais) ou interferir com proteinas que interagem com o DNA, como

por exemplo as topoisomerases. Apos a administracdo destes agentes, a resposta



celular para as lesdes geradas inicia-se através da deteccdo do dano e da
subsequente inducdo de vias de sinalizacdo que conduzem a paradas do ciclo
celular e ao reparo. No caso de danos muito severos, a célula dispde ainda uma via
apoptotica que induz a morte celular (revisado em Damia e D’Incalci, 2007).

Em vista disto, a funcionalidade das enzimas de reparacdo de DNA é muito
importante na determinacdo da sensibilidade celular aos agentes antitumorais. A
resisténcia celular a agentes que causam dano ao DNA tem sido associada com o
aumento da atividade da reparacdo de DNA, enquanto que defeitos nas vias de
reparacdo induzem a hipersensibilidade a estas drogas (Damia e D’Incalci, 2007).
Por exemplo, é bem conhecido que defeitos nas proteinas chaves envolvidas na via
de reparacao por recombinacdo homoéloga (HR) estdo associados com o aumento do
risco de desenvolvimento de cancer de mama e de ovario. Tumores deficientes em
BRCA1 e BRCA2 mostram sensibilidade aumentada a agentes que geram ligacdes
cruzadas (interstrand crosslinks, ICL), como o agente alquilante bifuncional
mitomicina C e os compostos anélogos de platina, cisplatina e carboplatina (Turner
et al., 2005). Estas proteinas tem papel central na regulacéo inicial das DSBs e o
seu processamento pelo complexo M/R/N, bem como, no auxilio da invasédo da fita
danificada em direcdo a fita homdloga para promover a reparacdo da lesédo
(Helleday et al., 2007).

O envolvimento do supressor de tumor BRCA n&o € o unico exemplo de
genes de reparacdo de DNA envolvidos na predisposi¢do ao cancer. Recentemente
tem sido relatado que deficiéncias no sistema de reparagcdo por excisdo de
nucleotideos (NER) estdo associadas ao cancer testicular e que este tipo de tumor é
parcialmente sensivel a cisplatina. O mesmo ocorre com tumores de pulmao néo-

pequenas células (non-small cell lung cancer, NSCLC) deficientes na proteina



ERCC1. ERCC1 é um dos fatores limitantes do NER, também envolvido na remocé&o
dos adutos de platina do DNA (Damia e D’Inclaci, 2007). Estudos em células de
mamiferos tém mostrado que os adutos de platina no DNA sdo processados por
componentes dos sistemas NER, HR e sintese de DNA translesédo (TLS). Defeitos
em uma destas vias resulta em aumento da sensibilidade celular a cisplatina
(revisado em Chaney et al., 2005).

Por outro lado, mutacdes em genes das vias de reparacdo de DNA também
podem promover resisténcia a determinadas drogas quimioterapicas. Deficiéncias no
sistema de malpareamento de bases (mismatch repair ou MMR) causam resisténcia
aos antimetabdlitos, agentes metilantes e compostos platinados. Estudos nostram
gue decréscimos na atividade do MMR sado capazes de aumentar a eficiéncia da
sintese translesdo através de adutos de cisplatina no DNA, induzindo mutacdes
secundarias que conferem resisténcia a droga (Chaney et al., 2005).

Entender e explorar as razdes genéticas pelas quais alguns tumores
respondem a determinados tratamentos enquanto que outros ndo, é o papel central
da pesquisa biologica e médica. Muitos dos agentes antitumorais convencionais
matam as células por causar danos ao DNA ou interferir com a divisdo celular.
Sendo que estas drogas ndo sao seletivas para as células cancerosas, 0s pacientes
geralmente apresentam uma diversidade de efeitos adversos. Neste sentido,
tentando reduzir os efeitos indesejaveis dos agentes antitumorais, esfor¢cos estdo
sendo feitos para atacar diretamente as células cancerosas tirando proveito de seus
defeitos em proteinas envolvidas nas vias de reparacdo de DNA ou usando como
alvo as proteinas envolvidas na resposta de blogueio do ciclo celular (Yarden e

Papa, 2006).



Atualmente, com o0s avancos da tecnologia moderna e 0s crescentes
entendimentos sobre a biologia celular, uma variedade de novas drogas com
diferentes mecanismos de acdo tém sido propostas. Apesar disto, ainda é
necessario compreensao mais detalhada acerca do mecanismo de acdo destas
drogas a fim de serem eficientemente administradas ao paciente e contribuir como

terapia efetiva contra o cancer.



1.2 MECANISMOS DE REPARACAO DE DNA

Os genes estdo armazenados na forma de DNA, molécula que carrega todas
as informacbes vitais para o funcionamento das células e manutencdo dos
organismos intactos. Uma alta fidelidade na transmissédo da informacdo genética &
necessaria para garantir o desenvolvimento normal dos diferentes organismos
(Hoeijmakers, 2001a; Sarasin e Monier, 2003). Contudo, o DNA esta sujeito a
diversos tipos de danos que podem ser resultantes da acdo de agentes fisicos,
quimicos e biologicos. Por exemplo, a luz ultravioleta (UV) e a radiacdo ionizante
induzem dimeros de pirimidina e promovem quebras duplas na hélice do DNA,
respectivamente. Compostos toxicos presentes nos alimentos ou na fumaca do
cigarro, bem como, agentes quimioterapéuticos, alteram a estrutura quimica do DNA
e interferem com a sua funcdo. Além disso, agentes bioldégicos como as espécies
reativas do oxigénio (ERO), produzidos pelo metabolismo normal da célula, também
sdo uma importante fonte de danos. Como consequéncia destes processos, cerca
de 10.000 lesdes ocorrem diariamente no DNA (Hoeijmakers, 2001a).

Os danos no DNA tém consequéncias imediatas e a longo prazo. Lesbes nas
fitas transcritas de genes que estdo sendo usados pela célula, levam a bloqueio dos
processos de transcricdo o que impede a geracdo de um RNA mensageiro e,
consequentemente, da proteina. Quando a molécula de DNA danificada é duplicada
existe grande probabilidade deste erro ser convertido em mutacdes que alteram a
informacé@o genética. Estas mutagBes induzem ao cancer, doengas hereditérias e
envelhecimento precoce (Hoeljmakers, 2001b).

Felizmente, a estrutura da dupla hélice do DNA é considerada um bom

substrato para a reparagao, uma vez que quando uma das fitas ndo sofreu dano, ela



pode ser usada como molde para reconstituir a fita danificada (Friedberg, 2003;
Hanawalt, 2003; Sarasin e Monier, 2003).

Diversos mecanismos protegem o DNA dos danos e previnem suas
consequéncias deletérias. As chamadas vias de reparacdo de DNA sao capazes de
reconhecer um dano e remové-lo da molécula. Além disso, as células sdo capazes
de impedir a progressao do ciclo celular através de bloqueio da replicacdo e da
segregacao dos cromossomos. Ainda, dependendo da complexidade e severidade
do dano, as células utilizam um mecanismo final de seguranca que induz a morte
celular, a apoptose (Hoeijmakers, 2001b). Um esquema dos principais danos do
DNA, seus mecanismos de reparo e as consequéncias destes processos pode ser
visto na Figura 1.

Atualmente, é conhecido que a reparacdo do DNA ndo envolve somente a
reversao direta do dano (como por exemplo a fotoreacdo enziméatica de dimeros de
timina), mas também outros dois distintos mecanismos, chamados de reparacéo por
excisdo (excisdo de nucleotideos: NER, excisdo de bases: BER e excisdo de erros
de emparelhamento de bases: MMR) e reparacédo de quebras duplas (recombinacéo
homologa: HR e reparacdo ndo-homologa: NHEJ). Além disso, as células dispdem
de um mecanismo de tolerancia de danos, a sintese translesdo (TLS) que envolve a
participacdo de DNA polimerases de baixa fdelidade capazes de replicar o DNA
passando através da leséo (Friedberg, 2003).

As vias de reparacdo de DNA nédo sao exclusivas para reparar os diferentes
tipos de danos, isto €, pode haver interacdo entre dois ou mais sistemas na remocao
de um dano. E, ainda, ndo somente as proteinas de reparo podem participar em
diferentes vias, mas outras proteinas que desempenham funcdes celulares

especificas podem se ligar ao DNA e influenciar o curso da reparacédo. Por exemplo,



RPA (replication protein A) é requerida para iniciacdo de origens de replicacédo e
funciona também no NER (revisado em Cline e Hanawalt, 2003). Assim também
ocorre com as proteinas histonas, que estdo envolvidas na sinalizacdo para a
remodelagem da cromatina facilitando o acesso dos complexos de reparacéo

(Downs et al., 2007).

A agentes que causam B consequéncias
danos

raios X luz UV raios X d licaca paradas de
radicais de oxigénio  aromaticos policiclicos  agentes antitumorais : OIMOS a6 ekl Cag ciclo celular
agentes alquilantes (cisplatina, mitomicina C)
reagbes espontaneas psoralenos
inibigéo de:
* replicagao » apoptose
* transcrigdo
* segregacao
cromossdmica
sitios abasicos dimeros de pirimidina ciclobutanos emparelhamento A-G
8-oxoguanina fotoprodutos 6-4 ligagdes cruzadas empa;:l;::;znto TG
quebras simples (SSBs) lesdes volumosas quebras duplas (DSBs) delegao
reparagéo por excisdo reparagéo por excisao  reparagao recombinacional (HR)  reparagao de erros A cancer
de bases (BER i reparagao nao-homol NHEJ = .
(BER) de nucleotideos (NER) reparag: o oga ( ) de e’gzab':g;’"e"“’ aberragoes —» envelhecimento
5 iismintot ropeiy cromossdmicas doengas hereditarias
sistemas de

Figura 1. Danos no DNA, mecanismos de reparacdo e consequéncias. A)
agentes que causam dano no DNA (parte superior); lesdes induzidas por estes
agentes (meio); principais mecanismos de reparacdo responsaveis pela remocao
das lesbes (parte inferior). B) efeitos agudos dos danos na progressdo do ciclo
celular, conduzindo a paradas nas fases G1, S, G2 ou M (parte superior) e no
metabolismo do DNA (meio). Consequéncias do danos a longo prazo (parte inferior)
incluem alteracbes permanentes na sequéncia do DNA (mutacdes pontuais que
afetam um Unico gene ou aberra¢cdes cromossdmicas que devem envolver diversos

genes) e seus efeitos bioldgicos (adaptado de Hoeljmakers, 2001b).



1.2.1 Reparacao por excisdo de bases

Nos organismos eucariéticos, a reparacdo por excisdo de bases (BER) € o
principal mecanismo para reparar lesdes promovidas por alquilacbes e danos
oxidativos no DNA. Bases danificadas podem ser formadas a partir de bases
normais como resultado de metilacdo, oxidacdo ou desaminacdo, gerando uma
variedade de lesbes (Boiteux e Guillet, 2004). As bases modificadas que mais
prevalecem no DNA sdo a 8-oxoguanina (8-oxoG), a timina glicol (Tg) e as
formamidopirimidinas (Fapy) (Wilson e Bohr, 2007). A 8-oxoG € uma base altamente
mutagénica (Fig. 2) que resulta em substituicdes do tipo G> T. Alternativamente, a
8-0xoG pode emparelhar erroneamente com uma adenina, produzindo uma
substituicdo do tipo A > T (revisado em David et al., 2007). Por outro lado, a Tg €
considerada uma base pouco mutagénica (Fig. 2; frequéncia de mutacdo de 0,3%
em células de mamiferos), causando mutagdes do tipo T - C. Contudo, a principal
alteracdo causada pela Tg é a modificacdo da estrutura do DNA, o0 que leva a um
bloqueio do processo de replicacéo. As lesdes chamadas formamidopirimidinas sao
formadas pela abertura do anel imidazol das purinas e sdo consideradas as
principais lesbes produzidas por estresse oxidativo (Kamiya, 2003). Alguns exemplos
de bases modificadas comumente encontradas na molécula de DNA, bem como, sua
frequéncia de ocorréncia estéo representadas na Figura 2.

A via BER, que atua na reparacdo destas lesdes, pode ser subdividida em
cinco passos: (i) remocéo da base danificada por agcdo de uma DNA-glicosilase, (ii)
incisdo no sitio abasico resultante (sitio apurinico-apirimidinico ou sitio AP) por uma
AP-endonuclease, (iii) processamento das extremidades terminais, (iv)

preenchimento do sitio AP e (v) reconstituicdo da fita danificada (Fortini et al., 2003).



Esta via de reparacdo inicia com a acdo das DNA-glicosilases que
reconhecem a base modificada e dao origem a uma quebra simples de DNA. A
maioria das DNA-glicosilases atuam sobre um substrato especifico, mas com
preferéncia sobre derivados de purinas ou pirimidinas. Por exemplo, em mamiferos a
NTH1 (homdlogo de endonuclease Il de E. coli) reconhece uma ampla variedade de
pirimidinas oxidadas e seus derivados, como timina glicol (Tg), 5hidroxicitosina-
diidrouracil (DHU) e pelo menos seis outros tipos de pirimidinas oxidadas, enquanto
gue a OGG1 (DNA glicosilase de 8oxoguanina) é responsavel pela reparacao de
produtos derivados de guaninas, como 8-oxoG e formamidopirimidina-guanina
(FapyG) (revisado em Hazra et al., 2007).

Quando as DNA-glicosilases sdo monofuncionais elas hidrolisam a ligacdo N-
glicosidica para gerar sitios AP (Fortini e Dogliotti, 2007). Existem DNA-glicosilases
(por exemplo, OGG1, NEL1, Ntgl, Ntg2) que possuem também acdo de
endonuclease (DNA-glicosilases/AP liases). Nesse caso, aléem da clivagem da
ligacdo entre a desoxiribose e a base ocorre também um corte no lado 3’ da lesdo
gerando uma quebra simples no DNA com uma extremidade 3’'desoxiribose fosfato
(3' dRP) e uma extremidade 5’ fosfato terminal (5’P) (Fig. 3A). O papel das DNA-
glicosilases/AP liases no reparo ocorre principalmente em células com deficiéncia na
AP-endonuclease 1 (Apnl) (Boiteux e Guillet, 2004). Nestas células, a extremidade
3’ precisa ser convertida em 3'OH para posterior polimerizagdo ou ligacdo. Essa
funcao é realizada pela acdo de uma AP-endonucleases disponivel na célula, APE1

(Wilson e Bohr, 2007) ou APE2 (Boiteux e Guillet, 2004).
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Figura 2. Frequéncia de ocorréncia e potencial mutagénico de algumas bases
danificadas no DNA (adaptado de Wilson e Bohr, 2007).

Uma quebra simples também pode ser gerada através da acdo da AP-
endonuclease (APE1 em humanos e Apnl em S. cerevisiae), principal enzima que
processa 0s sitios AP em eucariotos. As AP-endonucleases clivam o DNA no lado 5’
do sitio AP, gerando um terminal 5’desoxiribose-fosfato (5’dRP) e uma extremidade
3’-hidroxila terminal (Fig. 3A; Boiteux e Guillet, 2004). Apos, a extremidade 5’'dRP é
processada pela DNA polimerase b (Polb; BER via curta) ou pela 5'-flap
endonuclease Fenl (BER via longa) (Fig. 3B; Fortini et al., 2003).

As sub-vias do BER séo diferenciadas pelo tamanho do fragmento a ser
reconstituido e pelas enzimas envolvidas (Fig. 3B). O passo critico na decisdo pela

via curta ou pela via longa é a remocéo do 5'dRP pela Polb. A atividade de liase da
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Polb ocorre somente sobre os residuos dRP, sendo que os residuos de aldeidos

insaturados ou de fosfatos na posicdo 3' ndo sédo eliminados por esta enzima
(revisado em Christmann et al., 2003).
A via curta promove a sintese de um uUnico nucleotideo no sitio da lesédo pela

acdo da Pol b. A via longa envolve a ressintese da fita de DNA através da insercao

de um fragmento contendo de dois a sete nucleotideos pelas polimerases de
replicacdo Pol d/e com auxilio das proteinas PCNA (antigeno nuclear de proliferacéo
celular), RFC (fator de replicacdo C) e FEN1 (flap endonuclease 1). Uma DNA-ligase
completa a reparacdo do DNA através da ligacdo entre as fitas (Fig. 3B; Sweasy et
al., 2006). A substituicdo da base danificada e a religacéo das fitas de DNA envolve
a acao da poli(ADP)ribose polimerase (PARP). O papel de PARP no BER ainda nao
est4 totalmente esclarecido, contudo, acredita-se que PARP é capaz de proteger as
extremidades cortadas contra a degradacdo de outras nucleases presentes na célula
(Sharma e Dianov, 2007) e interagir com a DNA ligaselll/XRCC1, bem como, com a
DNA polimerase (Damia e D’Inclaci, 2007).

A reparacdo por excisdo de bases € uma via conservada evolutivamente,
sendo que as proteinas que realizam esta funcdo estdo presentes tanto em
eucariotos superiores como inferiores. As proteinas requeridas para o BER e as
principais diferencas deste sistema entre mamiferos e levedura estao detalhadas na

Tabelal.
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Figura X. Estrutura dos sitios AP, quebras simples de DNA com extremidades 3’ ou 5’ bloqueadas e mecanismo de reparacdo por
excisdo de bases. A) No centro: estrutura de um sitio AP no DNA. Na esquerda: SSB com extremidade 5’ bloqueada por um 5’ desoxiribose-

fosfato (5’dRP). Na direita: SSB com extremidade 3’ bloqueada contendo um 3’ aldeido insaturado (a, b-4 hidroxi pentenal; 3'dRP). Embora as

lesbes acontecam nas duas moléculas de DNA, apenas uma fita esta representada (adaptado de Boiteux e Gulllet,

2004). B) O

reconhecimento da lesdo ocorre por uma DNA-glicosilase especifica que remove a base danificada através de hidrélise da ligacdo glicosidica.
O sitio AP resultante é processado por uma AP-endonuclease. Dependendo da capacidade de clivagem da extremidade 5'dRP pela Pob, o

reparo segue pela via curta ou pela via longa do BER (adaptado de Christmann et al.,

2003).
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Tabela 1. Enzimas que atuam no BER no homem e em Saccharomyces

cerevisiae e suas funcgdes (Dianov et al., 2003; Fortini et al., 2003; Kelley et al.,
2003; Boiteux e Guillet, 2004).

Mamiferos

Levedura

(S. cerevisiae)

Funcobes

Acles / substratos

(homem)

DNA-glicosilase/

Cliva a ligacao glicosidica entre a base danificada e o
acucar podendo apresentar atividade de liase. Atua

NTH1 (NTHL1) Ntgl, Ntg2 AP-liase sobre uma variedade de lesdes, como: timina glycol, 5-
hidroxi- 6-hidroxi-diidrotimina (DHT) uracil glicol, 5-
hidroxicitosina, 5-hidroxiuracil, uréia, FapyG, FapyA.

NEIL1. NEIL2 ) DNA-glicosilase/  Mesma fung¢do de NTH1. Em adi¢do,reconhece 8-oxoG

’ AP-liase guando esta pareada com A ou G.
Cliva a ligacao glicosidica entre a base danificada e o

UNG Ung DNA-glicosilase  agucar. Remove uracil, produto resultante da
desaminacgéo de C.

Cliva a ligacao glicosidica entre a base danificada e o

DUG ) DNA-glicosilase acucar. Remove uracil quando este esta oposto a G e
etenocitosina (formada em decorréncia de peroxidagéo
lipidica).

) lienei Cliva a ligacao glicosidica entre a base danificada e o

Mag1 DNA-glicosilase aclcar. Remove N3-metil A, N7-metil G, hipoxantina.
Cliva a ligacdo glicosidica entre a base danificada e o
0GG1 Oggl DNA-glicosilase/  acucar podendo apresentar atividade de liase. Atua
AP-liase sobre lesbes como: 8-0xoG:C, 8-0x0G:G, 8-0xo0G:T,
FapyG, FapyA.
Cliva a ligacéo glicosidica entre a base danificada e o

MYH - DNA-glicosilase  agucar. Elimina adeninas incorporadas erroneamente em
oposicao a 8-0xoG.

MTH ) Fosfatase Converte 8-0x0-dGTP do pool de nucleotideos para
monofosfato prevenindo a incorporacao de 8-oxo-dGTP.
Hidroliza a ligag&o fosfodiester na extremidade 5'da

: lesdo. Atua principalmente sobre: sitios AP. Possui

APEL Apnl AP-endonuclease atividade de fosfodiesterase sobre 3’ fosfato, 3’
fosfoglicolato.

] Apresenta atividade principalmente na auséncia de

APE2 Apn2 AP-endonuclease Apnl. Atua sobre sitios AP, 3’ fosfato, 3’ fosfoglicolato.
Insere um nucleotideo durante a sintese do reparo e

Polb - DNA-polimerase  excisa a extremidade 5'dRP apds a incisdo de APE1
(BER via curta)

Insere um fragmento de nucleotideos durante a sintese

Pole/d Pol 2 (Pole) DNA-polimerase  do reparo (BER via longa em mamiferos e ambas as
subvias em levedura)

LIGI Cdc9 DNA-ligase Faz a religagéq das extremidades de I_DNA (BER via
longa em mamiferos e ambas as subvias em levedura).
Faz a religagdo das extremidades de DNA (BER via

LIGIII / XRCC1 XRCC1 DNA-ligase curta). Embora XRCC1 exista em levedura, ainda néo foi
evidenciado seu papel no BER.

PCNA PCNA Fator QUX|I|ar para Requerido para a sintese de DNA pelas Pole / d.

polimerase

FEN1 Rad27 endanliglease Remove residuos da extremidade 5’, como 5'dRP.

MUS81-MMS4 Mus81-Mms4 Flap- Processa extremidades finais 3’ bloqueadas, como

endonuclease

3'dRP.
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1.2.2 Reparacao por excisédo de nucleotideos

O NER é considerado o mais flexivel de todos os mecanismos de reparagao
devido a sua capacidade de eliminar uma variedade de lesGes que distorcem a
hélice e provocam mudanca na estrutura quimica do DNA. Os mais relevantes
substratos para o NER séo os dimeros de pirimidina ciclobutanos (CPDs) e os
fotoprodutos 6-4 (6-4PPs; Fig. 4). Ambos s&o formados entre pirimidinas adjacentes
e constituem as duas maiores classes de lesdes induzidas pela luz solar UV. Outros
substratos para o NER séo as lesdes que modificam a estrutura do DNA causadas
pelos hidrocarbonetos aromaticos policiclicos (presentes na fumaca do cigarro) e as
lesdes formadas por ligacdes cruzadas (nterstrand crosslinks, ICL) induzidas por
agentes quimioterapéuticos (revisado em de Boer e Hoeljmakers, 2000). Além disso,
o NER também atua na reparacao de lesbes de bases, como a 8-0xoG (Gallego e
Sarasin, 2003), sendo considerado nesse caso um sistema back-up para o BER (de

Boer e Hoeijmakers, 2000).

A B

H. Hj 0 0

o5,

O N" % _N._O N/k
R r\:f OJ\N Y

H3C'I X \R

Figura 4. Lesdes que distorcem a hélice do DNA: A) fotoproduto 6-4 (PP 6-4) e
B) dimero de pirimidina ciclobutano (CPD) (adaptado de Slupphaug et al., 2003).

O sistema NER envolve cerca de 20 a 30 proteinas que atuam em passos
sucessivos desde o reconhecimento do dano, modificacdo da estrutura da cromatina

com abertura da hélice e incisdo em ambos os lados da lesdo. Ap6s a excisdo do
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oligonucleotideo contendo o dano, o intervalo é preenchido através da sintese de
DNA, seguido da ligacéo entre as extremidades (revisado em Hoeijmakers, 2001b).

A via NER repara preferencialmente os genes que estdo sendo transcritos,
isto €, a reparacdo de uma lesdo que blogueia a transcricdo e inibe a producéo de
um RNA e da proteina & realizada com maior eficiéncia e mais rapidamente
comparada com outras partes do genoma que nao estdo sendo usadas pela célula.

Em vista disto, o NER é subdividido em duas vias: NER acoplado a
transcricdo (TC-NER; transcription-coupled NER) e NER do genoma global (GGR;
global genome repair). Ambos 0s processos empregam exatamente as mesmas
enzimas, exceto durante o reconhecimento inicial do dano (Fig. 5).

O complexo XPC-HR23B juntamente com XPE (DDB2) do GG-NER atuam
basicamente no reconhecimento de bases mal pareadas mas nao de outros tipos de
lesdes. Isto explicaria por que lesbes como CPDs sédo pobremente reparadas pelo
GG-NER. No caso do TC-NER, a RNA polimerase de elongacéo é responsavel pela
deteccdo do dano. Apds, a polimerase blogueada deve ser deslocada para facilitar o
acesso para as enzimas de reparacao. Este processo requer a participacédo de dois
fatores especificos, CSA e CSB.

Nas duas subvias, os estagios subsequentes envolvem a participacdo das
helicases XPB e XPD (componentes do complexo de tanscricdo TFIIH) que
promovem a abertura da hélice a cerca de 30 pares de bases ao redor do dano.
Além do fator TFIIH, diversas outras proteinas acessorias estdo envolvidas na via
NER. XPA provavelmente confirma a presenca do dano por detectar anormalidades
na estrutura da dupla hélice, enquanto que RPA (fator de replicacdo A) estabiliza a

abertura intermediaria da hélice através da ligacao na fita ndo danificada.
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As endonucleases do NER, XPG e XPF/ERCC1 clivam o DNA no lado 3’ e &’
da lesao, respectivamente, gerando um oligonucleotideo de 24 a 32 bases contendo
o dano. Duas DNA polimerases estdo implicadas na sintese do novo fragmento de
DNA, Polg e Pole. Alem disso, PCNA e RFC sé&o requeridos para completar a
sintese. Finalmente, o ultimo passo do NER é a ligacdo da extremidade 5 do DNA
ao novo fragmento sintetizado através da DNA ligase | (revisado em Costa et al.,
2003).

No total, 25 ou mais proteinas participam no NER. Estudo in vitro indicam que
a maquinaria do NER se organiza passo a passo a partir de componentes individuais
e gue apOs um unico evento de reparacdo o complexo se desorganiza novamente
(Hoeijmakers, 2001b). A ordem precisa de atuacdo dos fatores do NER é ainda
objetivo de muitas pesquisas e acredita-se que esta ordem ndo necessariamente
seja invariavel em todas as condi¢des (Cleaver, 2005).

O impacto biologico do NER esta relacionado a trés doencas genéticas
humanas raras, mas severas, que sao resultado de defeitos nesta via de reparacao:
xeroderma pigmentosum (XP), sindrome de Cockayne (CS) e tricotiodistrofia (TTD).
Pacientes XP apresentam determinadas caracteristicas clinicas como extrema
sensibilidade a luz solar, mudangas na coloragéo e perda da elasticidade da pele,
bem como, fotofobia e desenvolvimento de mdultiplos canceres de pele, incluindo
carcinomas e melanomas. Além disso, 0s pacientes apresentam anormalidades
neuroldgicas resultado de progressiva morte neuronal (revisado em Lehmann, 2003).
A deficiéncia de oito genes ja foram identificados nos pacientes XP: sete deles
envolvidos no NER (XPA a XPG) e uma variante XP (XPV; Polh) que apresenta
funcdo de polimerase translesdo. A maioria dos pacientes XP apresentam defeitos

em ambas as vias, TC-NER e GGR, onde um componente comum nas vias é
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afetado. Apenas uma forma de XP afeta somente o0 GGR, nesse caso 0s pacientes
ainda apresentam capacidade de reparacao do DNA de fitas transcritas (revisado em
Hoeijmakers, 2001a).

Os pacientes portadores da sindrome CS apresentam diversos defeitos no
desenvolvimento, incluindo severos defeitos fisicos e retardo mental. A sensibilidade
a luz solar manifesta-se através de erupcdo na pele mas sem modificacbes na
pigmentacdo e, ao contrario dos pacientes XP (que apresentam aumento de 1000
vezes no risco de desenvolvimento de cancer), os pacientes CS nao apresentam
risco aumentado para desenvolvimento de cancer (_ehmann, 2003; Kraemer et al.,
2007). Defeitos em cinco genes levam ao aparecimento da sindrome de Cockayne:
CSA, CSB, XPB, XPD e XPG (Hoeijmakers, 2001a). Para as deficiéncias nos trés
altimos genes, o fenétipo CS é também associado as manifestagbes XP (Sarasin e
Stary, 2007). Cerca de 20 pacientes no mundo todo ja foram descritos por
apresentarem ambos os sintomas de XP e CS (XP/CS). Investigacdes genéticas
nesses pacientes ndo revelaram mutacées nos genes CSA ou CSB, mas apenas
defeitos em um dos genes XP (XPB, XPD ou XPG). Isto indica que determinadas
mutacdes em genes XP conduzem a sindrome CS, sugerindo que estes pacientes
apresentavam pelo menos duas funcdes afetadas no gene XP, uma envolvendo o
NER e outra envolvendo o TC-NER (revisado em Leibeling et al., 2006).

TTD é uma sindrome que apresenta diversos sintomas em comum com CS,
porém estes pacientes apresentam cabelos e unhas muito frageis, caracteristica ndo
encontrada em pacientes XP ou CS (Hoeijmakers, 2001b; Cleaver, 2005). Pacientes
TTD apresentam mutacées nos genes XPD ou XPB, resultando em reducao da
atividade do TFIIH, causada por mutacdes que desestabilizam a estrutura deste fator

de transcricdo. Os niveis reduzidos de TFIIH s&o insuficientes para promover
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atividade de transcricdo adequada, resultando em deficiéncia de proteinas ricas em
cisteina o que torna os cabelos quebradicos (Lehamnn, 2003).

Estudos genéticos e bioquimicos do NER realizados na levedura
Saccharomyces cerevisiae tém contribuido para elucidar o0 mecanismo de incisao
dual realizado pelo sistema NER em eucariotos, bem como, esclarecido a funcao de
diversas proteinas envolvidas neste sistema. Na levedura S. cerevisiae as diversas
proteinas do NER existem in vivo como subunidades multiprotéicas chamadas de
fatores de reparacdo por excisdo de nucleotideos (NEF). Radl4 e Radl-Radl0
formam uma subunidade chamada NEF1, o complexo Rad4-Rad23 forma o
chamado NEF2, Rad2 e TFIIH constituem o NEF3, enquanto que o NEF4 é formado
pelo complexo Rad7-Rad16 (Prakash e Prakash, 2000). A Tabela 2 apresenta as
proteinas homoélogas do NER em humanos e em S. cerevisiae com suas respectivas

funcBes bioquimicas.
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genoma global fitas transcritas
XPC-hHR23B RNAPol Il

/ \ l de elongagéao

Figura 5. Modelo para o mecanismo do NER do genoma global (GG-NER) e
para o NER acoplado a transcricdo (TC-NER). O complexo XPC-HR23B
reconhece o dano durante o0 GG-NER (esquerda), enquanto que o bloqueio da RNA
polimerase Il é o passo chave no reconhecimento do dano durante o TC-NER
(direita). Os estagios seguintes sao catalizados pelas mesmas enzimas em ambas
as sub-vias (adaptado de Hoeijmakers, 2001b). Abreviacdes: G: XPG, A: XPA.
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Tabela 2. As funcbes de proteinas envolvidas no NER em Saccharomyces

cerevisiae e em humanos (de Laat et al., 1999; Prakash e Prakash, 2000).

Mamiferos Levedura ~
Funcobes

(homem) (S. cerevisiae)

Facilita o acesso para os complexos de

XPA Rad14 reparacdo através da ligagdo a fita de
DNA danificada
XPC Rad4 Sensor de danos e responsavel por
recrutar outros fatores de reparo durante
HR23B Rad23 0 GG-NER
XPE (DDB) ) Auxilia no reconhsﬁllgnento do dano no
XPB (ERCC3) Rad25 DNA helicase 3'> 5
XPD ERCC2) Rad3 DNA helicase 5> 3
P44 SSL1 Complexo que cataliza a abertura da
TFIIH P62 TFB1 cromatina em torno da leséo, facilitando
P52 TEB2 0 acesso para as proteinas de
MAT1 TFB3 reparacao
XPF (ERCC4) Rad1l Complexo Rad1-Rad10 nuclease corta o
ERCC1 Radl10 DNA no lado 5'da leséo
XPG (ERCCS) Rad? Endonuclease q,ue cort? 0 DNA no lado
3'da leséo
CSA (ERCCS8) Rad28 Facilitam o acesso das proteinas de
reparacdo através de interagdo com a
CSB (ERCC6) Rad26 RNA Pol II
- MMS19 Modula a atividade do TFIIH
- Radl16 Formam o complexo NEF4 que auxilia

no reconhecimento do dano através do

deslocamento sobre a molécula de DNA

utilizando energia derivada da hidrélise
do ATP

- Rad7

1.2.3 Reparacdo de DSBs: recombinacdo homodloga e reparacdo nao-

homologa

A maioria do conhecimento sobre o0s processos envolvidos nas vias de
reparacdo de quebras duplas resultou de estudos realizados na levedura
Saccharomyces cerevisiae. Estes mecanismos sdo altamente conservados atraves
da evolucdo fazendo com que possam ser aplicados a outros organismos
eucaridticos (Aylon e Kupiec, 2004). Uma tabela comparativa das proteinas
envolvidas na reparagéo de DSBs em humanos e em S. cerevisiae pode ser vista no

final desta secéo (Tab.3).
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As quebras duplas sdo consideradas os danos mais perigosos para o DNA
devido a serem potentes indutores de efeitos genotéxicos e morte celular. DSBs
podem ser geradas no DNA como consequéncia de exposicdo a raios X, agentes
quimicos, radicais livres ou durante a replicacdo de uma quebra simples gerada
como resultado do bloqueio da forquilha de replicacéo (Krogh e Symington, 2004).
Além disso, as DSBs sao geradas propositalmente durante a recombinacdo meiotica
(Paques e Haber, 1999).

Atualmente, as pesquisas sobre a geracao e reparacao de quebras duplas no
DNA consideram as alteracdes da cromatina, eventos que podem ocorrer com 0
objetivo de facilitar a reparacdo do DNA (Downs et al., 2007). Sabe-se que apoés a
introducdo de uma DSB no DNA ocorrem modificacdes nas histonas e alteracéo da
estrutura da cromatina (Foster e Downs, 2005). As histonas sao fortemente
modificadas por alteracbes pds-traducionais que podem modificar a sua carga e
afetar a capacidade de condensar o DNA ou, podem criar ou remover ligacdes de
outras proteinas na cromatina (Peterson e Laniel, 2004). Desde a descoberta que a
inducédo de quebras duplas no DNA é seguida de fosforilacdo da histona H2A(X), a
identificacdo da presenca desta histona modificada (chamada de gamma-H2AX em
células de mamiferos ou gamma-H2A na levedura) vem sendo extensivamente
usada como um marcador de DSBs no DNA (Bekker-Jensen et al., 2006; Rodrigue
et al., 2006; Wykes et al., 2006). Em mamiferos, as proteinas ATM (ataxia
telangiectasia mutada) e ATR (ataxia telangiectasia-related) e seus homologos Tell
e Mecl em Saccharomyces cerevisiae, Sdo 0s principais responsaveis por fosforilar
H2A(X) e retardar a progressao do ciclo celular a fim de promover a reparacédo de

DSBs (Morrison e Shen, 2005).
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Nos organismos eucaridticos existem dois sistemas principais para reparacao
DSBs: recombina¢do homéloga (HR, homologous recombination) e reparacao nao-
homadloga (NHEJ, non-homologous end-joining) que séo vias consideradas livre de
erro e indutora de erro, respectivamente. Em eucariotos simples, como a levedura S.
cerevisiae, HR é a principal via de reparacdo enquanto que em mamiferos
predomina a via NHEJ. A ativacao das vias HR ou NHEJ depende da fase do ciclo
celular em que a célula se encontra. NHEJ ocorre principalmente durante as fases
GO e G1 enquanto que HR repara DSBs durante as fases S e G2 (revisado em

Christmann et al., 2003).

Recombinacdo homadloga

Durante a via HR, uma DSB é reparada usando as informacdes contidas na
cromatide irma nao danificada como modelo. A recombinacdo homdloga em
eucariotos é realizada através de proteinas do grupo de epistasia RAD52, que foi
originalmente identificado através de analises genéticas em mutantes de
Saccharomyces cerevisiae sensiveis a radiacdo. Em células humanas, este grupo
inclui proteinas do complexo MR/N (MRE11/RAD50/NBS1), RAD51, os parélogos
de RAD51 (RAD51B, RAD51C, RAD51D, XRCC2, XRCC3), RAD54 e RAD54B. Os
produtos dos genes BRCA1 e BRCAZ2, envolvidos na suscetibilidade ao céancer de
mama, sdo também envolvidos na modula¢do da recombinacdo homologa (revisado
em Agarwal et al., 2006).

No momento em que uma DSB é detectada a resposta inicial € mediada pelo
complexo M/R/N e pela proteina ATM. O primeiro passo € a resseccdo das
extremidades finais de DNA para gerar extremidades invasivas do tipo 3’ fita simples

(single drand DNA; ssDNA) que séo substratos para a recombinacdo homoéloga
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(Fig.6A). Uma vez que as extremidades 3’ estdo disponiveis, a proteina RAD51, que
interage com RAD52 e tem auxilio dos mediadores RAD54 e RPA, liga-se a estas e
inicia a invasédo em direcdo a fita homologa (Fig.6A; Agarwal et al., 2006). Diferentes
hipéteses tém sido propostas para explicar o mecanismo de invasdo das
extremidades de DNA em direcdo a fita homdloga, sendo que os modelos mais
consistentes sdo o anelamento simples de fita gingle-strand anneling), a sintese
dependente de anelamento de fita (synthesis-dependent strand annealing ou SDSA)
e 0 reparo de quebras duplas (double strand breaks repair ou DSBR). O reparo de
quebras duplas, abordado nesta tese, é o principal evento que ocorre nas células
durante a reparacao por recombinagcao (revisado em Krogh e Symington, 2004,
Helleday et al., 2007).

Apos a invasdo das extremidades, o sistema necessita da fungdo da uma
DNA polimerase (Polh) que copia a informacéao da fita intacta (Krogh e Symington,
2004; Rattray e Strathern, 2005). Terminada a extensdo, as extremidades sé&o
novamente reunidas pela acdo da DNA polimerase |. Entretanto, antes do reparo
estar completo, endonucleases especificas vao atuar na resolugcédo das juncdes de
Holliday. Embora seja conhecido que XRCC3 e RAD51C estdo associadas nesta
atividade, a explicagdo deste mecanismo ainda ndo esta completa (Brugmans et al.,
2007).

Em humanos, duas anormalidades sédo conhecidas por defeitos na via de
recombinacdo homologa, a anemia de Fanconi e a sindrome de Bloom. A anemia de
Fanconi € uma doenca autossémica ressessiva rara caracterizada por instabilidade
cromossémica e predisposicdo ao cancer, incluindo leucemias mieldides e
carcinomas de cabeca e pescoco e do sistema ginecolégico (Wang e D’Andrea,

2004). Nos pacientes portadores da sindrome de Bloom a instabilidade
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cromossOmica gera alta propenséo a desenvolver diferentes tipos de tumores (Amor-

Guéret, 2006).

Reparacédo ndo-homoéloga

O sistema NHEJ repara o DNA através da religacdo de duas extremidades
finais de uma quebra dupla, sem necessitar da presenca de uma sequéncia
homdéloga (Fig.6B). O primeiro passo do NHEJ € a ligacgdo de um complexo
heterodimérico, consistindo das proteinas Ku70 e Ku80 (XRCC5), as extremidades
finais da DSB com o0 objetivo de proteger o DNA da digestdo por exonucleases
(Burma et al., 2006). Apos a ligacdo, o heterodimero Ku associa-se com a
subunidade catalitica da proteina DNA-PK (XRCC7 ou DNA-PKcs). Este complexo,
juntamente com as extremidades do DNA, é chamado sinapse. O complexo
sinaptico estimula a atividade de quinase da DNA-PKcs que fosforila proteinas
requeridas para a continuidade do processo (Budman et al., 2007). Em seguida,
diferentes endonucleases séo recrutadas para modificar as extremidades de DNA,
destacando-se o complexo M/R/N, a flap endonuclease 1 (FEN1) e a proteina
Artemis (Pso2p/Snmilp) (Christmann et al., 2003). As extremidades modificadas
servem como substrato para o complexo formado pelas enzimas XRCC4 e DNA
ligase IV que restauram a fita de DNA (Agarwal et al., 2006).

Ao contrario da reparacdo de DSBs de origem patolégica, o sistema NHEJ é
também essencial para o processamento de DSBs programadas em linfocitos. A
diversidade das imunoglobulinas e dos receptores das células T e B é gerada
através da formacdo de DSBs que ocorrem em sitios especificos, chamados de
sequéncias sinalizadoras de recombinacao. Estas sequéncias sao formadas por um

arranjo de genes formados por trés segmentos separados, denominados variavel
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[(V) variable], diversidade [(D) diversity] e ligacdo [(J) joining]. Cada uma das
sequéncias é ligada através do NHEJ, o que completa a recombinacdo V(D)J e
garante a producdo de imunoglobulinas funcionais e a diversidade imunolégica

(Lees-Miller e Meek, 2003; Agarwal et al., 2006).
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Figura 6. Mecanismos de reparacdo de quebras duplas. A) Recombinacdo homdloga (HR). A HR comeca com a resseccao
nucleolitica das extremidades finais da quebra dupla na direcdo 5 - 3’ pela acdo do complexo MRN formando um fragmento de DNA livre
na extremidade 3'. A proteina Rad52 liga-se a extremidade 3’ para proteger contra a digestdo nucleoloitica. Rad52 interage com Rad51 e
com as proteinas acessorias provocando a invasao em direcdo a fita homdloga ndo-danificada. Depois da sintese de DNA, a estrutura de
Holliday é resolvida completando a reparacdo. B) Reparagdo ndo-homologa (NHEJ). O reconhecimento e a ligacdo do dano ocorre
através do complexo Ku70/Ku80. Em seguida, o complexo Ku se liga a DNA-PKcs (subunidade catalitica da DNA-PK) formando a
holoenzima DNA-PK. A DNA-PK ativa XRCC4-Ligase IV que une as extremidades da quebra dupla. Antes da religacao pela XRCC4-Ligase
IV, as extremidades finais sdo processadas pelo complexo MRE11/RAD50/NBS1 envolvendo também as proteinas FEN1 e Artemis

(adaptado de Christmann et al., 2003). 57



Tabela 3. As funcdes das proteinas envolvidas na reparacao de quebras duplas

de DNA em humanos e em Saccharomyces cerevisiae (Aylon e Kupiec, 2004;

Daley et al., 2005; Burma et al., 2006).

Recombinacéo
homéloga

Reparacéo
ndo-homdloga

Mamiferos
(homem)

Levedura

(S. cerevisae)

Funcdes

RAD51 Rad51 Liga-se as extremidades ssDNA para
RAD51B - formar um nucleofilamento e
RAD51C - promover a invasao da fita em
RAD51D - direcdo a fita homdloga.
RPA RPA Fator auxiliar para RAD51.
)E()glé:éz Dmel Liga-se a RAD51 formando o
) complexo de invasio.
XRCC3 -
RAD52 Rad52 Liga-se a RAD51 e RPA.
RAD54L Rad54 Membro da familia Swi2/Snf2 de
proteinas que atuam na
RAD54B ) remod'elagem de cromatina.
Requerida para as reacdes de
invaséo das fitas.
- Rad55
- Rad57 Fatores acessorios para a agao
- Rad59 invasiva de RAD51.
- Rhc18
gggﬁ‘; i Interagem com a proteina RAD51 e
- com o complexo M/R/N(X).
(FANCB, FANCD1) P X)
Pol h ) Polimerase transleséo envolvida na
extensdo do fragmento de DNA.
MUS81 ) Envolvida na resolu_(;ao das juncdes
de Holliday.
RAD50 Rad50 Complexo (M/R/N em humanos e
MRE11A Mrell (Rad58) M/R/X na levedura) responsavel pela
~ tremi
NBS1 Xrs2 resseccao das extremidades da

guebra dupla para gerar 3'ssDNA.

Ku70 (G22P1)
Ku80 (XRCC5)

Yku70 (Hdf1)
Yku80 (Hdf2)

Primeiras proteinas a se ligar nas
extremidades finais de DNA. Recruta
DNA-PKcs.

DNA-PKcs / XRCC7

Fosforila outras proteinas, bem
como, a si prépria. Facilita a ligacéo
entre as extremidades finais.

LIG4
XRCC4

Lig4 (Dnl4)
Lifl

Complexo responsavel pela ligagédo
entre as extremidades de DNA.

Nejl

Funcéo ainda ndo esclarecida. Pode
ser responsavel por recrutar Dnl4/Lifl
para o nucleo.

Artemis

Pso2/Snm1*

Fator acessoério no processamento
das extremidades finais. Sofre
fosforilagdo pela DNA-PKcs.

* Embora seja o0 homologo de
Artemis em levedura parece estar
envolvido apenas no reparo de
crosslinks e estruturas harpins.
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1.2.4 Sintese de DNA Transleséo (TLS)

Muitos dos danos presentes no DNA né&o sao reconhecidos e ndo podem ser
acomodados no interior do sitio ativo das DNA polimerases replicativas, resultando
em um bloqueio do progresso da maquinaria de replicagao (Lehmann et al., 2007).

As células dispdem de um importante mecanismo para promover a passagem
através destes danos. Este mecanismo envolve a atividade de DNA polimerases
especializadas capazes de sintetizar o DNA através da lesdo. A maioria destas
polimerases pertencem a familia Y e, ao contrario das polimerases replicativas, elas
operam em baixa velocidade e com baixa fidelidade. Contudo, seus sitios ativos sao
mais flexiveis e capazes de adotar diferentes conformacdes quando encontram
bases alteradas no DNA. Existem duas DNA polimerases Y em Saccharomyces

cerevisiae (Polh[Rad30] e Revl) e quatro em mamiferos (Polh[Rad30], Polk, Poli e
Revl). Além disso, a DNA polimerase z (Rev3) da familia B também apresenta

importante papel no TLS de eucariotos (Lehmann, 2006).

Polh(Rad30) foi descoberta em células de mamiferos como uma proteina
deficiente numa das variantes da doenca XP. In vitro, Polh é capaz de replicar o
DNA através de lesbes CPDs, e na maioria das vezes, inserir bases corretas no
local. Esta variante XP apresenta elevada frequéncia de mutacao, indicando que nas
células normais Polh é responséavel pela manutencao de baixos niveis de mutacdes
durante a exposicao a radiacdo UV. Na sua auséncia, o TLS € acionado por uma ou
varias outras polimerases que podem agir em combinacdo. Estas polimerases sao

menos efetivas e resultam no aumento da inuducdo de mutacbes, fendtipo

observado na desordem XP (Fig.7A; Lehmann et al., 2007).
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Outros tipos de lesdes, como o fotoproduto 6-4 ndo permitem a acéo da Polh.
Estudos em levedura e em células de mamifero indicam que Polz e Revl sao
requeridas para promover a sintese transleséo (Lehmann, 2006).

Polz é um heterodimero composto pela subunidade catalitica Rev3 e pela
subunidade regulatéria Rev7. Revl, Rev3 e Rev7 foram primeiramente identificadas
em S. cerevisiae e sdo encontradas também em mamiferos. Estas proteinas estédo
implicadas na insercdo de bases erradas durante a replicacdo. Sabe-se que a
atividade catalitica de Revl ndo € requerida para a mutagénese induzida pelo UV,
portanto esta envolvida no TLS de outras lesdes. As propriedades de Revl, Rev3 e
Rev7 sdo idénticas na maioria dos casos, sugerindo que Polz e Revl agem em
conjunto (Prakash et al., 2005).

Apoés o bloqueio da forquilha de replicacdo pela presenca de um dano, as
polimerases sao recrutadas. O evento inicial para a ativagdo da sintese transleséo é
a ubiquitinacdo de PCNA na lisina 164. A mono-ubiquitinacdo de PCNA ocorre pela
acdo das enzimas Rad6 (ubiquitina conjugada E2) e Radl8 (ubiquitina ligase).
Embora o mecanismo de inducdo do TLS ainda ndo esteja totalmente explicado,
acredita-se que a mono-ubiquitinacdo canaliza o reparo através de uma via TLS
indutora de erro, enquanto que a poli-ubiquitinacdo induz uma via livre de erro. Além
disso, sabe-se que a exposicdo do DNA de mamiferos a agentes causadores de
dano e a ativacdo do TLS resultam de ambos eventos: ativacdo de proteinas que
induzem a ubiquitinacdo de PCNA (Rad6 e Radl18) e degradacéo da proteina USP1,
responsavel pela desubiquitinacdo (Lehmann, 2006).

Como pode ser observado na Figura 7B, as polimerases séo recrutadas apos

a bloqueio da forquilha de replicacdo e o0s eventos seguintes dependem da
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modificacdo de PCNA e da interacdo entre as diferentes polimerases e PCNA

ubiquitinado.
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Figura 7. O mecanismo de sintese de DNA translesdo. A) Modelo para as vias
TLS livre de erro e indutora de erro. B) A interacdo entre as diferentes proteinas
envolvidas no TLS (adaptado de Carty et al., 2003; Lehmann et al., 2007).
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1.3 A ECTEINASCIDINA 743

O desenvolvimento da ecteinascidina 743 (ET-743) vem sendo realizado pela
industria farmacéutica PharmaMar (Espanha) em parceria com a Johnson & Johnson
Pharmaceutical Research & Development (Estados Unidos) pelo nome comercial de
YondelisO e nome genérico trabectedin. Recentemente, a ET-743 recebeu a
designacao de Orphan drug pela European Comission (EC) e pela Food and Drug
Administration (FDA) para STSs e cancer de ovario (Newman e Cragg, 2004;
Simmons et al., 2005). Embora a ET-743 ainda ndo esteja no mercado mundial,
recebeu opinido positiva da European Medicines Agency (EMEA) e sua
comercializacao foi autorizada para o tratamento de sarcomas de tecidos moles (Soft

Tissue Sarcomas; STSs) na Unido Européia (PharmaMar website).

1.3.1 A descobertados extratos de Ecteinascidia turbinata

A ET-743 (Fig.8B) foi isolada de extratos de Ecteinascidia turbinata (Fig.8A),
um tunicado encontrado no mar do Caribe (Sigel et al., 1970; Rinehart e Holt, 1992,
Rinehart et al., 1990a). Acredita-se que 0s compostos ativos deste tunciado séo
metabolitos secundarios resultantes da simbiose bacteriana, como ocorre em outras
ascidias e esponjas (Piel, 2004).

Os extratos etandlicos de Ecteinascidia turbinata foram primeiramente
estudados por Sigel em 1969, que identificou sua atividade antitumoral in vitro (Sigel
et al., 1970). ApOs esse periodo, 0 mesmo grupo de pesquisa evidenciou atividades
antimitogénica e imunossupressora dos extratos em linfécitos humanos normais
(Lichter et al., 1975). Além disso, o tratamento fibroblastos humanos com o extrato

de E. Turbinata resultou na reducéo da sintese e interferéncia com a reparacdo do
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DNA. O efeito sobre a sintese foi avaliado através da inibicdo da incorporacao de
bromouridina e a a acumulagdo de quebras simples foi determinada pelo método
gue utiliza um gradiente alcalino de sacarose apés irradiacdo das células com luz
ultravioleta (Dunn et al., 1982).

Na década de 80, Sasaki e colaboradores evidenciaram a atividade
antitumoral de fracGes dos extratos aquosos de E. turbinata contra sarcomas solidos
de ratos. As taxas de inibicdo do crescimento dos sarcomas foram altas, chegando a
cerca de 60% (Sasaki et al., 1985).

Embora a atividade citotoxica dos extratos tenha sido estudada na década de
60 (Sigel et al., 1970) o isolamento das substancias ativas e a identificacdo da

estrutura ndo ocorreu até 1986 (Wright et al., 1990).

1.3.2 Estudos quimicos

Apos uma expedicao realizada em 1978 (Alpha Helix Caribbean Expedition),
realizada pelo grupo liderado por Rinehart (Rinehart et al., 1990b), diversos outros
grupos concentraram seus esfor¢cos na identificacdo das substancias ativas contidas
no extrato (Wright et al., 1990).

Em 1986, as substancias ativas foram isoladas por cromatografia de fase
reversa e as estruturas foram determinadas através de meétodos espectroscopicos
(Wright et al, 1990; Sakal et al., 1992; Sakal et al., 1996). Primeiramente, as
estruturas quimicas dos compostos foram elucidadas por métodos que combinam
NMR (huclear magnetic resonance) e FABMS (fast atom bombardment MS spectra).
Contudo, a baixa quantidade de compostos isolados limitaram os estudos quimicos
atraves destes métodos. Apos otimizacdo dos meétodos de extracdo, a cristalografia

de raios-X permitiu identificar diversas outras moléculas, como a ET-729, ET-722,
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ET-736 (Sakai et al., 1992), ET-597, ET-583, ET-594 e ET-596 (Sakal et al., 1996).
Os resultados destas andlises indicaram uma nova classe de moléculas,
denominadas de ecteinascidinas. A primeira molécula da familia a completar as
investigacdes prée-clinicas foi a ET-729 (Reid et al., 1996), mas a sua bxicidade
inaceitavel em roedores e cédes conduziram aos estudos de outros analogos (Hill et
al., 1994).

Atualmente, mais do que 12 moléculas ja foram isoladas dos extratos de E.
Turbinata, sendo que a ET-743 vem sendo amplamente estudada e tem mostrado
atividade antitumoral em modelos in vitro e in vivo (Guan et al., 1993; Izbicka et al.,
1998; Rinehart, 2000; Ryan et al., 2001). Além da E. turbinata, outro tunicado
encontrado na Tailandia também é conhecido por produzir ecteinascidinas, a
Ecteinascidia thurstoni proporcionou recentemente o isolamento das ET-770 e ET-
789 (Puthongking et al., 2006).

A ET-743 (Fig.8B) € um derivado tetraidroisoquinolinico relacionado
estruturalmente aos antibidticos produzidos por microorganismos do género
Streptomyces, como as safracinas, saframicinas e naftiridomicinas (Rao e Lown,
1992; Hill e Remers, 1991).

As trés unidades tetraidroisoquinolinicas e seus anéis aromaticos (A, B, C)
foram identificados por Holt (Holt, 1987), e, mais tarde, outros estudos realizados a
partir das formulas parciais originaram a estrutura correta da ET-743 (Rinehart et al.,
1990hb). Sakai e colaboradores mostraram que a estereoquimica das subunidades A,
B e C da ET-743 correponde a familia de antibi6ticos saframicinas (Figs.9B, 9C),
sendo que a principal diferenca entre a ET-743 e outros compostos
tetraidroisoquinolinicos que ndo possuem propriedades antitumorais, € o anel C

(Sakai et al., 1996; ZeewalFoote e Hurley, 1999).
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Figura 8. Ecteinascidia turbinata e a estrutura quimica da ET-743. A)
tunicado marinho encontrado pela primeira vez no mar do Caribe. B) a estrutura
quimica da ET-743.

Durante alguns anos, a eficacia da ET-743 como agente antitumoral foi
atribuida ao anel C, presente na ET-743 e ausente nas saframicinas (Sakai et al.,
1996). Contudo, uma molécula desta familia que ndo possui o anel C, a ET-637
(Fig.9B), mostrou citotoxicidade similar a ET-743. Além disso, a ET-637 é capaz de
induzir vias apoptéticas em células de leucemia, propriedade ndo encontrada na ET-
743 (Erba et al., 2004).

Dando sequéncia aos estudos de identificagdo da sua estrutura, a ET-743
tornou-se um grande atrativo para os estudos de sintese quimica. A primeira rota
completa para sintese da unidade tetraidroisoquinolinica da ET-743 foi desenvolvida
em 1986 por Corey e colaboradores (Corey e Gin, 1996). Em 2003, outro
intermediario da sintese da ET-743 foi proposto (Jin et al., 2003). Essas moléculas
vieram facilitar a sintese da ET-743 e de outras ecteinascidinas, bem como, de
outros compostos derivados desta estrutura que apresentem atividade biologica

(Corey e Gin, 1996; Jin e Williams, 2003).
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Figura 9. Estruturas da ET-743, saframicina A e ET-637. A) as
subunidades A, B e C estado representadas na estrutura da ET-743. B) a saframicina
A € um antibidtico da familia das saframicinas que apresenta estrutura quimica
similar a ET-743 mas néo apresenta a subunidade C, assim como a C) a ET-637,
derivado sintético da ET-743.

Dentre as moléculas sintetizadas a partir de intermediarios da sintese da ET-
743, a phthalascidina mostrou atividade antitumoral similar a ET-743 e superior a de
agentes como taxol, camptotecina, adriamicina, mitomicina C, cisplatina, bleomicina
e etoposideo, quando testada em diferentes linhagens celulares de tumores
humanos (Martinez et al., 1999).

A sintese completa da ET-743 foi proposta por diversos grupos (Corey et al.,
1996; Martinez e Corey, 2000; Endo et al., 2002; Chen et al., 2006; Fishlock e
Williams, 2006) e uma rota de semisintese a partir da cianosafracina B (antibiético
de origem bacteriana produzido através de fermentacdo pela Pseudomonas
fluorescens), foi desenvolvida na industria PharmaMar por Cuevas, Manzanares e

colaboradores (Cuevas et al., 2000).
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1.3.3 Mecanismo de acao

Em resposta aos resultados promissores que a ET-743 tem mostrado contra o
desenvolvimento de tumores em modelos in vitro e in vivo, 0 seu mecanismo de
acao vem sendo amplamente investigado (zbicka et al., 1998; Ryan et al., 2001;

Damia et al., 2001; Takebayashi et al., 2001b; Zewail-Foote et al., 2001).

Ligacdo ao DNA

Embora o mecanismo de acédo da ET-743 ainda ndo tenha sido totalmente
elucidado sabe-se que o DNA é o seu alvo primario. A interacdo da ET-743 com o
DNA tem sido proposta com base em estudos de cristalografia de raio-X e
modelagem molecular (Sakai et al., 1992; Guan et al., 1993).

O potencial padrdo de hidrogénios da molécula indica que a ET-743 é capaz
de se ligar na volta menor do DNA. Ainda, a ET-743 tem um centro carbinolamina
onde a eliminacdo do grupo carboxila adjacente resulta em uma base de Schiff,
vulneravel ao ataque nucleofilico. Este grupo carbinolamina reativo é responsavel
pela formacdo do aduto covalente da ET-743 no DNA (Guan et al., 1993). A
alquilacdo no DNA ocorre no grupo amino (posi¢ao 2) de guaninas na volta menor
da hélice (Fig.10A; Pommier et al., 1996; Moore et al., 1998).

Embora a ET-743 faca apenas uma ligacdo covalente com o DNA, estudos de
modelagem molecular sugerem que os anéis A e B mantém diversos outros pontos
de contato com a molécula, através de pontes de hidrogénio (Guan et al., 1993), que
sd80 menos estaveis e reversiveis (Zewail-Foote e Hurley, 1999). Um modelo de
ligacdo do ET-743 com a hélice dupla do DNA, baseado em NMR, mostrou que as
subunidades A e B séo responsaveis pelo reconhecimento e ligacdo da molécula no

DNA, enquanto que a subunidade C fica projetada para fora(Moore et al., 1997).
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A ligacao da ET-743 no DNA se da em sequéncias preferenciais ricas em GC
(Pommier et al., 1996) do tipo 5-PuGC-3’ ou 5’-PiGG-3’ (Moore et al., 1997). Essa
preferéncia de ligacao difere a ET-743 de outros agentes alquilantes da volta menor,
como o CC1065 e as duocarmicinas, que reagem seletivamente com sequéncias
ricas em AT (Boger e Johnson, 1995).

Outras classes de compostos também alquilam-se na posicdo N2 de
guaninas, como por exemplo, a mitomicina C (Chawla e Tomasz, 1988; Das et al.,
1999) e algumas benzodiazepinas da série pirrolo[2,1-c][1,4]benzodiazepinas:
antramicina, sibiromicina, tomamicina, neotramicinas A and B, e saframicina
(Petrusek et al.,1981; Petrusek et al., 1982; Smellie et al., 2003). Nessas moléculas
0 grupo mais importante para a atividade antitumoral € o carbinolamina, que também
é encontrado na ET-743 e em outros antibidticos como as safracinas e
naftiridomicinas (Hill e Remers, 1991; Rao e Lown, 1992).

Sabe-se ainda que a alquilacdo da ET-743 no DNA causa uma alteracdo na
dindmica da hélice do DNA. Esse efeito resultante da ligacdo covalente da ET-743
na estrutura do DNA foi estudado através de eletroforese em gel, uilizando como
referéncia oligonucleotideos contendo adeninas consecutivas (poli-A), que sao
conhecidos por induzirem torcdo no DNA em direcédo a volta menor. Os resultados
indicaram que a reacdo da ET-743 com o DNA induz uma distorcdo na hélice
(Fig.10B) ma direcao oposta a cauda poli-A. Este trabalho caracterizou a ET-743
como o primeiro exemplo de agente alquilante da volta menor capaz de induzir
torcdo em direcdo a volta maior, propriedade que diferencia este composto de outras
drogas estruturalmente similares (Zewail-Foote e Hurley, 1999).

Embora sendo o DNA o principal alvo da ET-743, analogos quimicos da ET-

743 contendo alteracdes no dominio de ligacdo no DNA, continuam apresentando
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atividade biologica. A diminuicdo, mas persisténcia da atividade biolégica em células
tumorais sugere a existéncia de um alvo diferente do DNA (David-Cordonnier et al.,

2005a).

HO OCH 32

Figura 10. A alquilagcdo da ET-743 no DNA e sua influéncia na dinamica da
hélice. A) a ET-743 alquila o DNA através de uma ligacdo covalente em uma
guanina. B) a ET-743, um agente alquilante da volta menor, € capaz de induzir uma
torcdo em direcdo a volta maior (adaptado de Takebayashi et al., 2001a, Zewalil-
Foote et al., 2001).

Interagdo com proteinas de ligacdo no DNA

A maioria dos compostos que se ligam no DNA produzem modificacdes
biolégicas que resultam da interacdo com complexos de proteinas (Zewail-Foote e
Hurley, 1999). A conformacdo do DNA apoés ligacdo da ET-743 e a projecao da
droga para o exterior da hélice resultou na primeira hipdtese sobre 0 mecanismo de
acdo deste agente alquilante. Foi sugerido que a ET-743 € capaz de produzir
crosslinks DNA-proteina devido ao alvo principal da ET-743 ser a toposiomerase |
(Takebayashi et al., 1999).

As DNA topoisomerases sd8o importantes alvos para a quimioterapia de

tumores humanos (Pommier et al.,, 1999). Inibidores de topoisomeraes do tipo |
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(Topl) e Il (Top2) sdo drogas capazes de estabilizar os complexos de clivagem
(intermediarios cataliticos para as reacfes de topoisomerisacdo), impedindo a
reconstituicdo do DNA e o prosseguimento das funcdes normais da célula (Larsen et
al., 2003; Pommier, 2006). A lista de inibidores Top2 € extensa e inclui agentes
intercalantes como as antraciclinas (doxorrubicina, daunorrubicina, idarrubicina e
epirrubicina) (Moro et al., 2004), mitoxantrona, amsacrina, e outros agentes nao-
intercalantes como o VP-16 (etoposideo) e o VM-26 (teniposideo). JA para 0s
inibidores de Topl a Unica classe aprovada para uso clinico sdo os derivados da
camptotecina (Pommier, 2006). Dois derivados da camptotecina, o irinotecan e
topotecan sao utilizados como segunda linha de tratamento para cancer coloretal e
de ovario (Legarza e Yang, 2006; Markman, 2007). Outros compostos incluindo 9-
aminocamptotecina, 9-nitrocamptotecina, OSI|-211 (lurtotecan) (Mackenzie et al.,
2004), DX-8951f (exatecan) (Reichardt et al., 2007) e BN 80915 (diflomotecan)
(Larsen et al., 2001) tém sido clinicamente avaliados ou estdo em fase de
desenvolvimento pré-clinico.

A topoisomerase | foi identificada como um alvo da ET-743 através do
método DPC (DNA-protein crosslinks) que detectou inicialmente a formacédo de
crosslinks envolvendo uma proteina de 100KDa, posteriormente purificada e
identificada como Topl (Takebayashi et al., 1999). Os complexos clivaveis gerados
pela ligacdo ET-743-DNA-Topl foram mais persistentes do que aqueles induzidos
por camptotecina (Takebayashi et al., 2001a). Contudo, a formacéo deste complexo
nao é o principal mecanismo de citotoxidade da ET-743. Enquanto que a dele¢éo do
gene da topoisomerase | em linhagens de Saccharomyces cerevisiae confere
resisténcia a camptotecina, o nivel de sensibilidade ndo muda quando as células séo

tratadas com ET-743 (Damia et al., 2001).
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Ainda com o objetivo de investigar a interacdo da ET-743 com proteinas que
se ligam no DNA, D’Incalci e colaboradores analisaram a capacidade da ET-743 de
inibir fatores de transcricdo. Foram estudados trés grupos de fatores: a) produtos
oncogénicos, como MYC, C-MYB e Maf, b) ativadores de transcricdo regulados
durante o ciclo celular como E2F e SRF, c) fatores gerais de transcricdo como Spl,
TBP e NF-Y. A maioria dos fatores testados nao foi inibido ou mostrou inibicéo
somente em altas concentracdes (cerca de 300 puM). Um dos fatores que foi
preferencialmente inibido pela ET-743 foi o NF-Y, em concentragcdes que variaram
de 10 a 30 uM (Bonfanti et al., 1999; D’'Incalci et al., 2002, Friedman et al., 2002). A
pré-incubacédo de ET-743 com NF-Y resultou em inibicdo da ligacdo da ET-743 no
DNA, sugerindo que a proteina € alvo para ligacdo do agente alquilante (Minuzzo et
al., 2000). Ainda, sabendo-se que duas subunidades de NF-Y tém similaridade com
histonas H2B e H4, foi sugerido que a ET-743 pode influenciar na reconstituicao do
nucleossoma e na remodelagem da cromatina (Minuzzo et al., 2000; Minuzzo et al.,
2005).

Estudos também mostraram que a ET-743 inibe a ativac&do da transcricdo do
gene MDR1 (multidrug resistence 1; Jin et al.,, 2000). Synold e colaboradores
relataram que a ET-743 suprime a transcricdo de MDR1 como resultado da inibicéo
de SXR (steroid and xenobiotic receptor; Synold et al., 2001; Kanzaki et al., 2002). A
proteina SXR ativa a expressdo de MDR1 em hepatdcitos e em células intestinais
gue codifica para a P-glicoproteina (P-gp), envolvida na via de excrecéo de diversos
compostos quimioterapicos do organismo (Jin et al., 2000; Synold et al., 2001) e
associada ao desenvolvimento de resisténcia as drogas (Scotto e Johnson., 2001). A
atividade da ET-743 foi caracterizada em linhagens celulares que superexpressam a

P-gp e foi encontrado que concentragbes subtoxicas de ET-743 revertem a
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resisténcia a doxorrubicina e vincristina nessas células. Estes estudos sugeriram a
utilizacdo da ET-743 em combinacdo com outros agentes que promovem a
superexpressao da P-gp (Kanzaki et al., 2002).

Esses dados propdem a interferéncia da ET-743 com proteinas de ligacédo no
DNA. Entretanto, as concentracdes necessarias para interacdo com proteinas sao
muito mais altas do que as concentracdes citotoxicas, estabelecidas na faixa de 10
pM até 10 nM (D’Incalci et al., 2002). Além disso, doses quatro vezes maiores do
gue o IC50 nao foram suficientes para detectar cross-links DNA-proteina através do
método de eluicdo alcalina em células de adenocarcinoma de colon Erba et al.,

2001).

Interferéncia com mecanismos de reparagéo de DNA

Em vista da alquilacdo que a ET-743 promove no DNA, foi considerada a
possibilidade de diferentes sistemas de reparacédo de DNA estarem envolvidos com
0S mecanismos de tolerancia e/ou eliminagédo das lesbes geradas pela ET-743. A
partir disso, alguns grupos passaram a estudar a acao deste agente alquilante frente
as vias de reparacao de les6es no DNA.

Um estudo realizado em 2001 pelo grupo de Takebayashi sugeriu a interacéo
da ET-743 com a maquinaria de reparacdo de DNA por excisdo de nucleotideos
acoplado a transcricdo (TC-NER; Takebayashi et al., 2001a). Células de Xeroderma
pigmentosum (XP) deficientes nos genes do NER XPG, XPA, XPD ou XPF
mostraram resisténcia a ET-743. Nesse caso, a sensibilidade foi reestabelecida ap6s
complementacdo com os genes do tipo selvagem. Ainda, o perfil de sensibilidade
das células deficientes em XPC (sensiveis da mesma forma que a linhagem

parental) ou nos genes implicados na sindrome de Cockayne (CSA e CSB:
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resistentes) indicam que a citotoxicidade da ET-743 é especificamente dependente
da via TC-NER (Takebayashi et al., 2001a). A maioria das outras drogas que
causam alquilacdo no DNA, bem como a radiacdo UV, sdo conhecidas por agirem
no sentido oposto, ou seja, aumentando a sensibilidade de células deficientes em
NER (Damia et al., 1996; Damia et al., 2001; De Silva et al., 2002; D’Incalci et al.,
2002).

A resisténcia de células deficientes em genes das vias de reparacdo de DNA
a agentes antitumorais ja foi descrita anteriormente. A perda do mecanismo de
reparacdo de erros de emparelhamento de bases (mismatch repair ou MMR) é
associada com resisténcia parcial a diversas drogas, incluindo cisplatina,
carboplatina e etoposideo (Aebi et al., 1997; Fink et al., 1998). Em contrapartida,
uma deficiéncia na via MMR néo tem influéncia na sensibilidade da ET-743 (Damia
et al., 2001; Poindessous et al., 2003).

Considerando o envolvimento da via NER na atividade bioldgica da ET-743,
Zewail-Foote e colaboradores estudaram o reconhecimento e a incisao dos adutos
ET-743-DNA pelo complexo UvrABC nuclease de Escherichia coli. O complexo
UvrABC nuclease media a via NER em procariotos e tem analogia funcional com o
TC-NER de eucariotos (Zewalil-Foote et al., 2001). Este estudo mostrou que nem
todos os adutos ET-743-DNA sé&o igualmente incisados pelo complexo UvrABC
nuclease, e que os adutos de sequéncias néo-preferenciais sao eliminados com
maior eficiéncia comparado com os adutos formados em sequéncias preferenciais.
Os autores propdem que os adutos, quando nado eficientemente reparados, formam
complexos citotoxicos com as proteinas da via NER, resultando em morte celular.

Além disso, na auséncia do complexo UvrABC nuclease intacto, a lesdo toxica &
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incapaz de se formar e os adutos mesmo nao sendo reparados pelo NER sdo menos
toxicos para as células (Zewail-Foote et al., 2001).

Atualmente, acredita-se que a citotoxicidade da ET-743 esteja relacionada
com a sua interferéncia com a maquinaria do NER, mas os niveis moderados de
resisténcia (2 a 8 vezes) de células deficientes em NER (Takebayashi et al., 2001a;
Damia et al., 2001; Erba et al., 2001; Soares et al. dados nao publicados) sugerem
que este ndo é o Unico mecanismo de acao da droga.

Além da via NER, o sistema de reparacdo de quebras duplas foi também
investigado. Através da utilizacdo de linhagens de glioblastoma (MO59K e M0O59J),
proficientes e deficientes na proteina quinase dependente de DNA (DNA-PK) foi
mostrado que nas células onde a DNA-PK esta ausente a ET-743 € mais citotéxica.
Ainda, o pré-tratamento de células de carcinoma de célon (HCT-116) com
wortmannina, um potente inibidor de DNA-PK, sensibiliza as células a ET-743
(Damia et al., 2001).

A ET-743 também influencia na atividade de helicase da enzima RecBCD de
Escherichia coli. Comparada a outros dois agentes alquilantes monofuncionais
(hedamicina e adozelesina), a ET-743 é o mais potente inibidor da enzima
(Dziegielewska et al., 2006).

Embora a interferéncia da ET-743 com os sistemas de reparacdo de DNA nao
tenha sido totalmente elucidada, os estudos realizados nesta dire¢gao permitiram
concluir que a ET-743 apresenta um mecanismo de acdo peculiar, dferente de
outros agentes alquilantes, passando a ser considerada protétipo de uma nova

classe de agentes antitumorais (Damia et al., 2001; D’Incalci et al., 2002).
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Interferéncia no ciclo celular e apoptose

Assim como muitas outras drogas que interagem com o DNA, a ET-743 causa
perturbacao no ciclo celular. Apos tratamento com ET-743 em baixas concentracdes
(cerca de 10nM), as células apresentam progressao mais lenta durante a passagem
das fases G1 até G2, com inibicdo da sintese de DNA e bloqueio em G2/M (Erba et
al., 2001; Li et al., 2001; Martinez et al., 2001; Takebayashi et al., 2001a; Gajate et
al., 2002). Esses efeitos ndo parecem ser dependentes de p53, ja que foram
observados em ambas as células, que expressam ou ndo o gene p53 funcional
(Erba et al., 2001). Contudo, um estudo mais recente mostrou que a extrema
sensibilidade de linhagens tumorais de diferentes tipos de sarcomas tratadas com
ET-743 correlaciona com mutagcdes em p53 (Moneo et al., 2007).

Os efeitos da ET-743 em células sincronizadas nas fases G1, S e G2/M do
ciclo celular foram estudados em linhagens de cancer de célon SW620. Através da
técnica de centrifugacdo e eluicdo é possivel identificar fracbes de células que
sedimentam de acordo com os seus diferentes tamanhos e, consequentemente,
caracterizam a sua posicdo no ciclo celular. Apos tratamento com diferentes
concentracdes de ET-743 (na faixa de nM), a viabilidade celular € medida pelo do
teste clonogénico (Erba et al., 2001). Os resultados destes estudos mostraram que
células sincronizadas em G1 apresentam alta sensibilidade a ET-743, sendo a
menor sensibilidade observada quando as células encontram-se na fase G2/M (Erba
et al., 2001; D’Incalci et al., 2002).

Dando sequéncia a estes estudos, a ET-743 foi caracterizada como um
agente alquilante que produz efeitos apoptoéticos dose-dependentes (Gajate et al.,
2002). Estudos da morfologia celular através de microscopia de fluorescéncia

mostraram que a combinagdo de ET-743 com doxorrubicina (DOX) aumenta a
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resposta apoptotica em linhagens celulares de fibrosarcoma (HT-1080; 100 pM de
ET-743 + 10 nM de DOX por 48 horas) e liposarcoma (HS-18; 400 pm de ET-743 +
40 nM de DOX por 48 horas). A condensacdo e/ou fragmentacdo do ndcleo,
indicativo de apoptose, ndo foi observada no tratamento com ET-743 como unico
agente (Takahashi et al., 2001).

Contrério aos resultados encontrados por Takahashi et al. (2001), o grupo de
Gajate e colaboradores através de andlises em citbmetro de fluxo e utilizando
linhagens celulares de leucemia (HL-60), adenocarcinoma cervical (HeLa) e cancer
de mama (MCF-7) mostrou que apos inibir a proliferacdo celular em doses de 1-10
ng/mL, a ET-743 causa bloqueio das células em G2/M e subsequente apoptose. Em
concentracdes superiores a 10 ng/mL observa-se apoptose sem prévio bloqueio do
ciclo celular. Estes efeitos resultam da ativacdo de duas vias diferentes de
sinalizacdo, uma via dependente de transcricdo que leva ao bloqueio do ciclo celular
e uma via independente de transcricdo que conduz a rapida apoptose e envolve o
citocromo ¢ mitocondrial, JNK (c-Jun NH; terminal kinase) e caspase-3 (Gajate et al.,
2002).

O impacto da funcdo da telomerase na sensibilidade celular a ET-743 também
foi investigado (Biroccio et al., 2003). A atividade de telomerase tem sido encontrada
em quase todos os tumores, mas ndo em células adjacentes normais (Hsu e Lin,
2005). A principal hipétese para explicar esse fato é que a estabilidade dos
telébmeros é requerida para a proliferacdo de células tumorais (Biroccio et al., 2003).
Usando como modelo uma linhagem de melanoma humano com atividade reduzida
de telomerase human telomerase reverse transcriptase, hTERT), foi demonstrado
gue a reconstituicdo da atividade de telomerase restaura a funcdo dos telémeros e

diminui a sensibilidade a ET-743. Enretanto, nas células sem reconstituicdo da
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telomerase (—hTERT) tratadas com ET-743 ou cisplatina a permanéncia na fase
G2/M leva a um bloqueio irreversivel e a ativagdo de um programa de apoptose. A
apoptose foi observada somente em células —hTERT usando o teste TUNEL
(deoxynucleotidyl transferase dUTPnick-end labeling (TUNEL)-based apoptosis
detection Kit) e parametros de citometria de fluxo. Com base nestes resultados, 0s
autores sugerem a utilizacdo de inibidores da telomerase anteriormente ao
tratamento com ET-743 (Biroccio et al., 2003).

Em pararelo com os estudos de ciclo celular, analises de microarray
mostraram que de 12.625 genes, 89 estavam alterados (0,71%) (20 down-regulated
e 69 up-regulated), quando as células foram tratadas com ET-743 em condi¢des que
induzem parada de ciclo celular (1 ng/mL por 48 horas). A ET-743 regula a
expressdao de cinco genes que podem explicar os efeitos dependentes de
transcricao relacionados ao ciclo celular, sao eles: ciclina G2, GADD45A e p21 (up-
regulation) e histones, MCM5 (down -regulation) (Gajate et al., 2002). Alteracdes
nesses genes tém sido relacionadas a bloqueio de células na fase G2/M em
diferentes sistemas (Ando et al., 2001; Gajate et al., 2002).

Ainda com o objetivo de investigar a expressdo de genes envolvidos no
controle do ciclo celular e na inducéo de apoptose, Martinez et al. (2005) analisaram
6.700 genes em linhagens de STS extraidos de pacientes que apresentavam
diferentes padroes de sensibilidade a ET-743. O perfil de expressao dos genes
revelou up-regulation de 86 genes e down-regulation de 244 genes em resposta a
ET-743 na maioria das linhagens analisadas. Diversos genes (por exemplo CS-1,
ATF3, SAT, JUNB, GADDA45 e ID2) conhecidos por terem um papel comum como
reguladores de transcricdo levando a paradas do ciclo celular, bloqueio em G2/M e

apoptose (Martinez et al., 2005), foram induzidos apés tratamento com ET-743. A
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expressao aumentada de genes indutores de apoptose, como PAR4 e CASP8AP2, e
alguns alvos conhecidos de p53 como TP53DINP1 e CDKN1A também foi
encontrada (Martinez et al., 2005). Interessantemente, apos 72 horas de tratamento,
linhagens celulares de STS sensiveis a ET-743 mostram ativacdo de genes
sensores de danos no DNA, como RAD17 e BRCAl (Martinez et al.,, 2005). A
expressao de BRCAL ja foi relatada como um determinante molecular na resposta

apoptotica apés tratamento com diferentes agentes antitumorais (Quinn et al., 2003).

Combinacdo com outros agentes

Considerando as diferencas observadas entre a ET-743 e os outros farmacos
antitumorais utilizados frequentemente na clinica, a ET-743 foi avaliada em
combinacao com outras drogas.

Dados pré-clinicos indicam sinergismo entre a ET-743 e as antraciclinas,
taxanos, cisplatina e irinotecan (Held-Warmkessel, 2003; Meco et al., 2003; Riccardi
et al., 2005). E interessante destacar que a ET-743 potencializa a atividade
antitumoral da cisplatina em concentracbes (cerca de 0,25 nM) que produzem
moderado ou nenhum efeito quando utilizada como Unico agente Estes efeitos foram
evidenciados tanto em linhagens celulares de tumores humanos (in vitro) como em
modelos animais (in vivo) (D’Incalci et al., 2002; D’Incalci et al., 2003).

Sinergismo dependente da sequéncia de administracéo foi observado quando
a ET-743 é combinada com doxorrubicina ou paclitaxel em células de STSs HT-
1080 e HS-18) e de cancer de mama (MX-1 e MCF7) (Takahashi et al., 2001;
Takahashi et al., 2002). Nas linhagens de STSs, os melhores efeitos foram obtidos
quando as ceélulas foram tratadas inicialmente com ET-743 seguidas de

doxorrubicina e, por exposicdo das células ao paclitaxel seguidas de ET-743
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(Takahashi et al., 2001). A importancia da sequéncia de administracdo pode ser
ilustrada pela combinacdo de ET-743 e paclitaxel nas linhagens de céncer de mama.
Nesse caso, quando a ET-743 é administrada antes ou concomitantemente com o
paclitaxel observa-se forte antagonismo na citotoxicidade (Takahashi et al., 2002).

Recentemente, além da combinacdo de agentes antitumorais, tratamentos
combinando quimioterapia e radioterapia tem sido extensivamente investigados em
estudos clinicos. Neste sentido, resultados promissores ja foram obtidos para uma
variedade de tumores como cabeca e pesco¢o, NSCLC e cérvix. A interacdo da ET-
743 com radiacdo foi investigada em estudos in vitro através da utilizacdo de
diferentes linhagens de tumores humanos [ECV304 (bexiga), H292 e A549 (pulm&o)
e CAL-27 (lingua)]. As células foram tratadas com ET-743 (1-2nM) durante 24 horas
e receberam a radiacdo antes ou apds este tratamento. A avaliacdo da
radiosensibilidade foi realizada através do método SRB (sulforhodamine B). Os
resultados mostraram que o tratamento com ET-743 apods a radiacdo néo resulta em
radiosensibilizagdo. Entretanto, o0s autores acreditam que a moderada
radiosensibilizacdo encontrada no tratamento onde a ET-743 foi administrada antes
da radiacdo é decorrente do bloqueio do ciclo celular em G2/M (Simoens et al.,
2003).

Ainda, outros farmacos que ndo 0s agentes antitumorais podem ser
associados a um tratamento anticancer. A administracdo de determinados
medicamentos pré-quimioterapicos tem a finalidade de diminuir a incidéncia de
efeitos colaterais do agente antitumoral em questdo. Evidéncias em modelos pré-
clinicos animais sugerem que o pré-tratamento com altas doses de dexametasona
seguido de ET-743 reduz significativamente os efeitos hepatotoxicos do agente

alquilante (Qonald et a., 2003). Outros moduladores do metabolismo hepético de
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drogas também foram estudados. O monitoramento dos niveis plasmaticos de
bilirrubina, fosfatase alcalina, aspartato aminotransferase e a histopatologia
indicaram que pré-tratamentos com b-naphthoflavone e fenobarbitona, mas ndo com
N-acetilcisteina, protegem a hepatotoxicidade causada pela ET-743 in vivo (Donald
et a., 2003; Donald et al., 2004). Os resultados sugerem que esta protecado possa
ser resultado da indug&o de enzimas do citocromo P450 (Donald et al., 2004).

Os resultados promissores obtidos em modelos animais conduziram o grupo
de Grosso e colaboradores a desenvolver um estudo com 54 patientes portadores
de sarcomas em fase avancada. Nos pacientes que receberam a pré-medicacéo
dexametasona, os parametros analisados ndo mostraram variagdes significativas.
No grupo de pacientes que ndo recebeu a pré-medicacdo ocorreu elevacdo das
transaminases (34%), neutropenia (24%) e trombocitopenia (25%). Acredita-se que 0
efeito protetor da dexametasona contra a hepatotoxicidade e mielossupressao néo
deva ser simplesmente relacionado ao aumento da eliminacdo da ET-743, mas a
uma complexa interferéncia com os processos de metabolizagdo (Grosso et al.,

2006).

Metabolismo e toxicidade

Os dados sobre o metabolismo da ET-743 sédo limitados. Sabe-se que a ET-
743 é convertida em um grande nimero de compostos e que estes sdo excretados
nas fezes e na urina. A urina e as fezes de pacientes que receberam a ET-743
marcada com C [(**C)trabectedin] analisadas por cromatografia liquida e
espectrometria de massa (HPLC/MS) revelaram a presenca de diversos metabolitos
como ET-745, ET-759A, ETM-259, ETM-217, ETM-204 e ET-731 (Beumer et al.,

2007).
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A eficacia de muitos agentes farmacoldgicos é limitada pela sua ativacao
metabdlica e excrecao. Diversos agentes incluindo paclitaxel, verapamil, ibuprofeno,
benzodiazepinas, entre outros, estao sujeitos a inativacdo metabdlica pelas enzimas
do citocromo P450 (CYPs; Reid et al., 2002). Estudos realizados em preparados de
células microssomais humanas e em ratos, importantes modelos pré-clinicos
utilizados para predizer a toxicidade de drogas em humanos, mostraram que as
enzimas da familia CYP3A predominam na metabolizacdo da ET-743 (Reid et al.,
2002; Brandon et al., 2006). O metabolismo da ET-743 foi ativado apés tratamento
com indutores de CYP3A (dexametasona e fenobarbital), enquanto que inibicdo do
metabolismo foi observada apdés emprego de inibidores destas enzimas (a-
naftoflavone e quercetina). Analises de immunoblotting mostraram que o aumento do
metabolismo foi associado com aumento da expressao das isoenzimas CYP3A1l e
CYP3A2, mas nédo de CYP2B1 (Reid et al., 2002).

A ET-729 (ET-743 desmetilada) foi identificada como principal metabdlito da
ET-743 nas células microssomais através de HPLC/MS e NMR. Outros metabdlitos
oxidativos, bem como, um conjugado glicurbnico e a ET-743 desacetilada foram
encontrados em pequenas concentracfes (Scotto 2001; Hill et al., 1994; Reid et al.,
2002). Segundo os autores, a presenca da ET-729 como metabdlito da ET-743
sugere que este composto seja o responsavel pela hepatotoxicidade observada nos
ensaios clinicos (Sparidans et al., 2001; Reid et al., 2002; Beumer et al., 2005).

Diversos estudos de fase Il mostraram que a hepatotoxicidade é o principal
efeito adverso relatado para a ET-743, resultando em aumento das transaminases
(revisado em Beumer et al., 2005 e Fayette et al., 2006). Outros efeitos indesejaveis

sdo alteracbes hematologicas (neutropenia), flebite no local da infusdo, nauseas,
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vomitos (Twelves et al., 2003) e rabdomiolisis (Skorupa et al., 2007). Em

contrapartida, ndo foram observadas, alopécia e diarréia (Twelves et al., 2003).

1.3.4 Atividade antitumoral e ensaios clinicos

Inicialmente, a ET-743 foi avaliada através de estudos pré-clinicos realizados
no NCI (National Cancer Institute) onde foi utilizado um painel de linhagens tumorais
humanas para identificar a atividade citotoxica, estabelecida na faixa de nanomolar
(Rinehart et al., 1995; Eckhardt et al., 1996). Nas células humanas a ET-743 foi
principalmente ativa contra tumores de mama, pulméo, cérebro, ovéario, melanoma e
carcinoma de colon (Hendriks et al., 1999), bem como, em diferentes tipos de
linhagens de STSs (Scotlandi et al., 2002). Paralelamente foram realizados estudos
usando modelos xendgrafos de animais infectados com diferentes tumores humanos
(Valotti et al., 1998), onde foram observados baixo nivel, ou ndo aparecimento de
resisténcia cruzada com outros agentes quimioterapicos considerados padrdes
(Izbicka et al., 1998; Li et al., 2001; Amador et al., 2003).

Levando em consideracéo o perfil de resposta obsevado durante a fase | dos
ensaios clinicos, foi possivel estabelecer um regime de infusdo continua da ET-743
durante 24 horas (Delaloge et al., 2001), uma vez a cada 3 semanas na dose
méxima de 1800 ngy/m?, sendo a dose recomendada 1500 ng/m? (Taamma et al.,
2001; Yovine et al., 2001; George et al., 2002). Tumores de ovario, mama e tumores
mesenquimais previamente tratados com compostos platinados e taxanos,
responderam positivamente a ET-743 nos ensaios clinicos de fase | (Amador et al.,

2003).
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Durante a fase Il, a eficacia e a toxicidade da ET-743 foram testadas em
diferentes grupos de pacientes portadores de cancer coloretal (Paz-Ares et al., 2007)
e cancer de mama (Zelek et al., 2006). Contudo, a ET-743 foi principalmente efetiva
em tumores avancados do tipo sarcomas, tanto em pacientes previamente tratados
com outras drogas (Yovine et al., 2004; Garcia-Carbonero et al., 2004; Huygh et al.,
2006; Tewari et al., 2006; Hartmann, 2007; Grosso et al.,, 2007) como quando
utilizada como terapia de primeira linha (Garcia-Carbonero et al., 2005).

STSs sdo um grupo heterogéneo de tumores de origem mesenquimal, raros,
perfazendo menos de 1% dos tumores malignos. Apresentam comportamento
biolégico agressivo e de dificil prognéstico, sendo que 40 a 50% dos pacientes
desenvolvem metastases e morrem como consequéncia da disseminacdo da doenca
(Kotilingam et al.,, 2006). STSs avancados e metastaticos sdo frequentemente
tratados com quimioterapia, contudo poucos agentes citotoxicos fornecem bons
resultados. A doxorrubicina como agentes unico é referéncia como primeira linha de
tratamento (Verwelj et al., 2000), seguida da ifosfamida e dacarbazina (Clark et al.,
2005).

A fase Il e Ill dos ensaios clinicos continuam na Europa e nos Estados Unidos
para STSs, cancer de ovario, endométrio, prostata e pulméao, revelando notavel
sucesso nas terapias onde utiliza-se combinacdo de drogas (Newman e Cragg,

2004).

1.3.5 Outras propriedades farmacol6gicas
Em paralelo com os estudos das propriedades antitumorais da ET-743, alguns
grupos de pesquisa voltaram suas atencbes para investigar outras acdes

farmacoldgicas deste agente.
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A ET-743 inibe a diferenciacdo de mondécitos em macrofagos in vitro, incluindo
macréfagos associados a tumores fumor-associated macrophages, TAMs). Nestas
células, em concentracfes sub-citotoxicas, a ET-743 reduz significativamente a
producdo de duas citocinas pro-inflamatérias, IL-6 e CCL2 (Allavena et al., 2005),
conhecidas pelo seu papel na progressao de tumores através da regulacdo de
diversos processos bioldgicos, incluindo a divisdo celular, diferenciacdo e
sobrevivéncia (Nishimoto et al., 2004). Segundo os autores, o efeito inibitério da ET-
743 sobre a viabilidade de macréfagos, diferenciacéo e producdo de citocinas deve
contribuir como agente antiinflamatério em tumores humanos associados a

inflamacao (Allavena et al., 2005).
Apés intenso estudo de screening entre compostos contidos em seu

laboratério, o grupo de Takahashi encontrou intermediarios da sintese da ET-743
como sendo inibidores de gsecretase, enzima envolvida na sintese do peptideo
amiléide-b (Ab). Depdsitos de Ab no cértex cerebral juntamente com perda neuronal
caracterizam os principais sintomas da doenca de Alzheimer (Takahashi et al.,

2006).
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Il. OBJETIVOS



2.1 OBJETIVO GERAL

Determinar os mecanismos moleculares implicados no reconhecimento das
lesbes de DNA induzidas pela ET-743 a partir da utilizacdo de linhagens de levedura
e de linhagens celulares de mamiferos proficientes e deficientes nos mecanismos de

reparacao de DNA.

2.2 OBJETIVOS ESPECIFICOS

- Estabelecer a relagao existente entre as vias de reparacdo de DNA (NER,
BER, HR e TLS) e a citotoxicidade induzida pela ET-743;

- Avaliar os efeitos mutagénicos e recombinogénicos da ET-743 em modelos
de levedura;

- Medir a formacdo de quebras de DNA induzidas pela ET-743 em células
tumorais humanas;

- Determinar a influéncia da sintese macromolecular na citotoxicidade
induzida pela ET-743;

- Analisar a progresséao do ciclo celular de linhagens proficientes e deficientes
no sistema de recombinacdo homéloga apos tratamento com ET-743;

- Avaliar a eficiéncia da reparacdo do DNA nas células proficientes e
deficientes em recombinacdo homéloga tratadas com ET-743;

- Observar a capacidade da ET-743 de induzir danos cromossdmicos em
linhagens deficientes na via de reparacéo por recombinacdo homdloga;

- Evidenciar marcadores moleculares potenciais com o objetivo de prever uma

provavel resposta dos pacientes tratados com ET-743.
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ll. CAPITULO 1

LOW CYTOTOXICITY OF ECTEINASCIDIN 743 IN YEAST LACKING
THE MAJOR ENDONUCLEOLYTIC ENZYMES OF BASE AND
NUCLEOTIDE EXCISION REPAIR PATHWAYS

Biochem Pharmacol 70 : 59-69, 2005
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APRESENTACAO

O interesse em estudar o mecanismo de acdo do agente alquilante
ecteinascidina-743 decorreu de informacgdes publicadas no ano de 2001 sobre a
interferéncia da ET-743 com o mecanismo de reparacdo de DNA por excisao de
nucleotideos. Um estudo realizado por Takebayashi e colaboradores mostrou que
linhagens celulares tumorais selecionadas pela sua resisténcia a ET-743
apresentavam alterac6es cromossémicas na regido que incluia um gene implicado
na doenca hereditaria xeroderma pigmentoso. A partir disto, foi sugerido que o NER
acoplado a transcricdo (TC-NER) estava envolvido nos mecanismos de
sensibilizacao celular apds tratamento com ET-743.

Tendo a ET-743 um mecanismo de acdo peculiar, isto é, diferente de outros
agentes alquilantes antitumorais, como por exemplo cisplatina, esta droga se revelou
um novo alvo de estudos para o tratamento do cancer. Em vista disto, a colecéo de
linhagens de levedura mutantes em diferentes vias de reparacdo de DNA disponivel
em nossos laboratérios nos conduziu a investigar a sensibilidade destes mutantes
frente a ET-743.

Historicamente, a levedura, particularmente a Saccharomyces cerevisiae, tem
sido usada como modelo para avaliar a eficacia e a seletividade de diversos
farmacos, bem como, para identificar novos alvos de drogas antitumorais. A
utilizacdo deste sistema apresenta diversas vantagens. A levedura é um organismo
eucaridtico simples que possui 0 seu genoma sequenciado e pode ser facilmente
manipulada para a obtencdo de mutantes em vias bioquimicas especificas. Além
disso, sabe-se que as proteinas de reparacdo de DNA s&o conservadas entre 0s

organismos eucarioéticos. Ainda que os modelos de levedura ndo possam substituir
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completamente as células tumorais humanas para estudos farmacologicos, elas sao
um sistema experimental indispensavel para o screening’ de novas moléculas e
identificacdo de novos alvos de atuacao.

Neste estudo, além da sensibilidade dos diferentes mutantes a ET-743, foram
realizados também ensaios de avaliagdo do potencial mutagénico e
recombinogénico deste agente. Estes ensaios tiveram o objetivo de verificar a
funcionalidade dos sistemas de reparacdo dos danos gerados pela ET-743 nas
células da levedura.

Os resultados obtidos com este estudo nos permitiram propor um modelo
para explicar o mecanismo de citotoxicidade da ET-743 em células eucaritticas.
Este modelo mostra a interelacdo entre diferentes sistemas de reparacdo de DNA
implicados na citotoxicidade, reparacdo e tolerancia dos danos causados pelo
agente alquilante.

Além do mecanismo molecular proposto, este trabalho proporcionou uma
possivel explicacdo para a especificidade da ET-743 em tumores do tipo sarcomas.
Recentemente, a ET-743 tem se mostrado um agente muito eficaz contra este tipo

de tumor, que embora seja uma doenca rara, € conhecida por nao responder

eficazmente a outros agentes antitumorais disponiveis na clinica.
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Abstract

Ecteinascidin 743 (ET-743) is a promising antitumoral drug for the treatment of soft tissues sarcomas, becoming a good candidate for
clinical trials. However, the molecular mechanism of how ET-743 induces cells death is poorly understood. The chemical structure of ET-
743 suggests that it can form cytotoxic cross-links with proteins and DNA. Experiments with Escherichia coli and mammalian cells
indicate that the nucleotide excision repair (NER) pathway promotes ET-743 cytotoxicity. We therefore analyzed cytotoxicity and
tolerance to ET-743 in the yeast Saccharomyces cerevisiae, defective for NER and/or base excision repair (BER), either in single mutants
or in combination with mutant alleles of genes encoding proteins involved in DNA translesion synthesis (TLS) and homologous
recombination (HR). Treatment of haploid and diploid S. cerevisiae strains with ET-743 led to induced mutagenesis, mitotic gene
conversion, and crossing-over. The results indicated that yeast strains lacking endonucleases of the NER and BER pathways are especially
resistant for ET-743. The mutagenesis data points to a weak mutagenic activity of ET-743 in both WT and strains lacking BER/NER
endonuclease, and that a mutant blocked in both BER and TLS totally lacks induced mutagenesis. The diploid strain shows an increase in
the frequencies of crossing-over and mitotic recombination. These data lead us to propose a model for ET-743 action in eukaryotic cells,
where the presence of BER and NER endonucleases results in cell death. However, ET-743 damage can be tolerated in BER and/or NER
mutants by TLS (error-prone) or in combination with HR (error-free).
© 2005 Elsevier Inc. All rights reserved.

Keywords: ET-743; Base excision repair; Nucleotide excision repair; Saccharomyces cerevisiae; Apnlp; Radlp

1. Introduction

The ecteinascidins (ETs) are extremely potent antitumor
agents isolated from marine tunicade Caribbean sea Ectei-
nascidia turbinate [1,2], with a good activity in different in
vitro and in vivo pre-clinical models [3-6]. Of the numer-
ous ETs that have been isolated, ET-743 is the most

Abbreviations: BER, base excision repair; ET-743, ecteinascidin 743;
LOG, exponential phase; HR, homologous recombination; NER, nucleotide
excision repair; SSBs, single-strand breaks; STSs, soft tissue sarcomas; SC,
synthetic complete medium; TC-NER, transcription-coupled NER; TLS,
translesion synthesis; WT, wild type

* Corresponding author. Tel.: +55 51 316 7602; fax: +55 51 316 6084.

E-mail address: pegas@cbiot.ufrgs.br (J.A.P. Henriques).

0006-2952/$ — see front matter © 2005 Elsevier Inc. All rights reserved.
doi:10.1016/j.bcp.2005.04.013

promising compound, based on its cytotoxicity and its
abundance in the tunicate [2]. ET-743 is an alkaloid
composed of three fused tetrahydroisoquinoline rings
and is structurally related to the DNA-reactive saframycins
[7,8]. The main structural difference between ET-743 and
the antibiotic saframycin, which does not posses antitu-
moral properties, is an extra ring (C subunit). While the A
and B subunits of ET-743 provide the scaffold for DNA
recognition and binding, the C subunit protrudes out of the
minor groove, making only limited contacts with the DNA
[9] (Fig. 1A-C).

The precise mechanism of action of ET-743 has yet to be
fully understood, but DNA appears to be the primary target
[10]. The compound forms a covalent adduct at the N2
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Fig. 1. Stereoisomer view (A and B) and chemical structure of ET-743 (C) alkylated to N2 position of guanine in the DNA minor groove. In (A) and (B) the
alkylation produces a bend toward the DNA major groove. The A-C subunits are shown in (C).

position of guanine in the minor groove of duplex DNA and
thus bends DNA toward the major groove [3,11-13]
(Fig. 1A and B). The sequence specificity of the interaction
between ET-743 and DNA occurs at guanines located
either in the sequence 5'-PuGC-3’ or 5'-PyGG-3’ [3,14].
The first proposed target to explain the mechanism of
action was topoisomerase I, which forms protein-DNA
cross-links in the presence of ET-743 [15,16]. The cyto-
toxic activity of ET-743 was equally on WT and yeast
strains deleted for fop 1 indicating that DNA-topoisomerase
Iis not the primary target for this drug [17]. Recent reports
have demonstrated a very unique response in mammalian
NER-deficient cells. Tumor cells lacking the full comple-
ment of NER enzymes XPG and XPF-ERCCl, involved in
TC-NER, were found to be significantly less sensitive to
ET-743 as compared with NER-proficient cells lines. One
possible mechanism to explain the TC-NER mediated
cytotoxicity is the formation of DNA SSBs in NER-profi-
cient cells and their relative absence in XPA- and XPD-
deficient fibroblasts cells [18], indicating that ET-743
lethality is induced by TC-NER mediated SSBs in tran-
scribed genes. However, not all ET-743-DNA adducts are
equally incised by UvrABC proteins [14]. ET-743 adducts

at the nonpreferred sequences were incised with the highest
efficiency, whereas adducts at the preferred sequences (5'-
AGC and 5'-TGC) were incised to a lesser extent. Appar-
ently adducts that are not efficiently removed trap DNA-
NER proteins, thus forming cytotoxic complexes. Since is
not clear how this alkaloid influences DNA and its repair,
we chose the unicellular eukaryotic organism Saccharo-
myces cerevisiae in order to better understand the mole-
cular mechanism of action of this drug. The choice of this
organism was based on the fact that biochemical pathways
in yeast and mammalian cells are highly conserved. More-
over, yeast cells can be easily genetically manipulated and
mutants for specific biochemical pathways can be gener-
ated rapidly [19]. In this contribution we will present the
ET-743 sensitivity of single, double, triple, and quadruple
mutants that are blocked in different mechanisms of DNA
repair pathways. Induced mutagenesis was assayed in
haploid S. cerevisiae strain XV185-14C, where two types
of mutations (locus-specific, reversion of the lys/-1 ochre
or hisl-7 missense allele) and frameshift (hom3-10) can be
detected. Possible recombinogenic effects of ET-743 were
investigated in the diploid yeast strain XS2316, which
allows the detection of two forms of mitotic recombination
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(crossing-over and gene conversion). In addition, we have
studied the induction of canavanine forward mutations
in WT and different repair mutants after treatment with
ET-743.

2. Materials and methods
2.1. Drug, yeast strains, and culture media

ET-743 (PharmaMar S.A.) aqueous stock solution
(0.05 mg mL™") was stored at —20 °C. The relevant gen-
otypes of S. cerevisiae strains used in this work are listed in
Table 1. Complete liquid medium (YPD) containing 1%
(w/v) yeast extract, 2% (w/v) bacto-peptone and 2% (w/v)
glucose was used for routine growth. For plates, the
medium was solidified with 2% (w/v) bacto-agar. The
chemicals were from Merck & Co. and Sigma Co. The
minimal medium (MM) contained 0.67% (w/v) yeast
nitrogen base without amino acids, 2% (w/v) glucose
and 2% (w/v) bacto-agar. The synthetic complete medium
(SC) was MM supplemented with 2 mg adenine, 2 mg
arginine, 5 mg lysine, 1 mg histidine, 2 mg leucine, 2 mg
methionine, 2 mg uracil, 2 mg tryptophan, and 24 mg
threonine per 100 mL MM. For mutagenesis, the omission
media, lacking lysine (SC-lys), histidine (SC-his), or
homoserine (SC-hom) were sub-supplemented with
0.1 mg lysine, 0.1 mg histidine, or 0.1 mg methionine
per 100 mL MM, respectively. In this case, the use of a
MM containing the relevant nutritional requirements in a
limiting concentration allows: (i) to restrict the cells
growth at a titer below the plate’s saturation level and
(i) to study the number of yeast revertant colonies from a

determined amino acid auxotrophy to its respective pro-
totrophy, which arose due to a mutagenic treatment [20].
The SC-lysine medium contained only 0.5 mg adenine. For
canavanine resistance, medium SC-Arg was supplemented
with 60 pg mL ™' canavanine. For recombinogenesis, leu-
cine was omitted from the synthetic medium (SC-leu), or
supplemented with 0.2% (w/v) cycloheximide (SC + cyh).
A saline solution [0.9% (w/v) NaCl] was employed for
dilution of cell suspensions. Phosphate-buffered saline
(PBS; Na,HPO, and NaH,PO,; 20 mM; pH 5.8) was used
for cell’s incubation with ET-743.

2.2. Yeast growth conditions

Exponential phase (LOG) cultures were obtained by
inoculation of 5 x 10° cellsmL™"' of YPD culture in
stationary phase (STAT) into 5 mL of fresh YPD med-
ium. After 14 h incubation, at 28 °C, with aeration by
shaking, the cultures contained (1-2) X 107 cells mL ™!
with 20-30% budding cells. Cells were harvested and
washed twice with saline solution. The number of cells
with and without buds was determined by counting in
Neubauer chamber.

2.3. Survival assays

To determine sensitivity to ET-743, cell suspensions
were prepared containing 2 x 10° LOG cells mL™~" with
and without ET-743, and incubated in PBS at 28 °C for 5 h
with agitation. After incubation, samples were diluted in
saline solution, plated onto YEPD agar, and survival was
assayed after 48 h at 28 °C. Assays were repeated at least
three times and plating was in triplicate for each dose.

Table 1

Saccharomyces cerevisiae strains used in this study

Strains Relevant genotypes Reference
BY4742 (WT) MATa; his3A1; leu2A0; lys2A0; ura3A0 [50]
radlA BY4742; with radl::kanMX4 [50]
rad2A BY4742; with rad2::kanMX4 [50]
radl0A BY4742; with radl0::kanMX4 [50]
radl4A BY4742; with radl4::kanMX4 [50]
rad4A BY4742; with rad4::kanMX4 [50]
rad52A BY4742; with rad52::kanMX4 [50]
rev3A BY4742; with rev3::kanMX4 [50]
o0gglA BY4742; with oggl::kanMX4 [50]
maglA BY4742; with magl::kanMX4 [50]
apnlA BY4742; with apnl::kanMX4 [50]
apn2A BY4742; with apn2::kanMX4 [50]
SJR751 (WT) MATa; ade2-101,.; his3A200; ura3ANco; lys2ABgl; leu2-R [24]
ntglA SIR0751; with ntgl::LEU2 [44]
ntg2A SJRO751; with ntg2::hisG [24]
ntglAntg2A SJRO751; with ntgl::LEU2 ntg2::hisG [24]
ntglAntg2AapnlA SIR0751; with ntgl::LEU2 ntg2::hisG apnlAl::HIS3 [24]
ntglAntg2AapnlArad52A SJRO751; with ntgl::LEU2 ntg2::hisG apnlAl::HIS3 rad52::URA3 [24]
ntglAntg2AapniAradlA SIR0751; with ntgl::LEU2 ntg2::hisG radl::hisG apnlAl::HIS3 [51]
ntglAntg2AapnlArev3A SJRO0751; with ntgl::LEU2 ntg2::hisG radl::hisG apnlAl::HIS3 rev3::kanMX4 [51]
XV185-14C MATo; ade2-2; arg4-17; hisl-7; lysi-1; trp5-48; hom3-10 [20]
XS2316 MATa/o; +lade6; leul-12/leul-12; trp5-48/+; +/cyh2; +/metl3; +/lys5-1; hisl-1/hisl-1 [52]
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2.4. Measurements of ET-743 induced canavanine
resistance

Forward mutation to canavanine resistance was deter-
mined in strains proficient and deficient in DNA repair
pathways [SIR751 (WT), ntgl Antg2A, ntgl Antg2AapniIA,
ntglAntg2AapniAradlA, ntglAntg2AapnlArev3A  and
ntgl Antg2AapnlArad52A]. A suspension of 2 x 10°
LOG cells mL ™" was incubated for 6 h at 28 °C with dif-
ferent concentrations of ET-743. Survival was determined
on SC and mutation induction on SC-Arg supplemented
with 60 g mL ™' canavanine. Assays were repeated at least
three times and plating was in triplicate for each dose.

2.5. Detection of ET-743-induced reverse and
frameshift mutation

The haploid strain XV185-14C (Table 1) was used for
assaying mutagenicity. A suspension of 2 x 10® LOG
cells mL~" was incubated for 6 h at 28 °C with different
concentrations of ET-743. The survival was determined
on SC and mutation induction (LYS*, HIS* or HOM"
revertants) on appropriate omission media. Whereas
hisI-7 is a non-suppressible missense allele and rever-
sions result from mutations at the locus itself [21], lys-1
is a suppressible ochre nonsense mutant allele [22],
which can be reverted either by locus-specific or by a
forward mutation in a suppressor gene [20,22]. Distinc-
tion between true reversions and forward (suppressor)
mutations at the lys/-1 locus was according to Schuller
and Von Borstel [23], where the reduced adenine content
of the medium SC-lys shows locus reversions as red and
suppressor mutations as white colonies. It is believed that
hom3-10 contains a frameshift mutation due to its
response to a range of diagnostic mutagens [20]. Assays
were repeated at least three times and plating was in
triplicate for each dose.
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2.6. Detection of induced mitotic recombination

A cell suspension (2 x 10° LOG cells mL~') was incu-
bated in PBS for 6 h at 28 °C with different concentrations
of ET-743. After treatment, the cells were diluted in saline,
plated on SC, SC-leu, and SC + cyh, followed by incuba-
tion at 28 °C. Colonies grown on SC medium yielded data
of cell survival and colonies grown on SC-leu and
SC + cyh were scored for intragenic recombination (gene
conversion) and intergenic recombination (crossing-over),
respectively. Assays were repeated at least three times and
plates were done in triplicate for each dose.

3. Results

3.1. Sensitivity of DNA repair-deficient yeast strains
for ET-743

The S. cerevisiae BY4742 repair-proficient (WT) strain,
was sensitive for ET-743 in a dose-dependent manner
(Fig. 2A and B). On the other hand, as previously observed
for E. coli and mammalian cells [14,18], the yeast radlA
and rad2A strains, which lack the 5'- and 3’endonucleases
of NER, showed an elevated resistance as compared to the
isogenic WT strain (BY4742) with 60% of survival at the
highest ET-743 dose against ~1.5% of survival of the WT
(Fig. 2A). The radl0OA (deficient in the 5'-endonuclease
NER complex) and rev3A (which have a partially func-
tional TLS pathway) mutants displayed both an intermedi-
ate sensitivity to high doses of ET-743 (20% and 22%,
respectively; Fig. 2A). Mutants rad4A and radl4A had the
same ET-743 sensitivity as the WT (Fig. 2A). Interestingly,
the single mutant rad52A (HR pathway) also showed an
elevated resistance (67%) as compared to the isogenic WT
(Fig. 2A).

The single BER mutants had a remarkable resistance to
ET-743 when compared to the WT (Fig. 2B). The BER
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Fig. 2. Survival of Saccharomyces cerevisiae strains deficient in (A) NER, HR and TLS, and (B) BER after treatment with different doses of ET-743 (0-8 pM).
Error bars represent the standard deviations for three separately treated cultures.
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endonuclease-deficient apnlA strain was the most resistant
at all ET-743 doses tested, while the single mutants for
DNA N-glycosylases/AP lyases (ogglA and maglA) and
for BER endonuclease apn2A showed an intermediate
sensitivity at the highest ET-743 dose (Fig. 2B).

To examine the overlapping functions of different DNA
repair pathways, we tested yeast mutants lacking DNA
repair proteins from NER, BER, recombination and/
or TLS pathways. The ET-743 sensitivity of single
(ntglA and ntg2A), double (ntglAntg2A), triple
(ntglAntg2AapniA) and quadruple (ntglAntg2Aapnl-
AradlA, ntglAntg2AapnlArev3A, and ntgl Antg2Aapnl-
Arad52A) mutants was tested using strains isogenic to the
WT (SJR751). Although the SJIR751 WT was more resis-
tant to ET-743 than the BY4742 WT (22% against 1.5% of
survival at 8 uM of ET-743, Fig. 4), the resistance pattern
of all BER mutants was similar, as all had an elevated
resistance to ET-743 (Fig. 3A and B).

Both single- (ntglA and ntg2A) and double
(ntglAntg2A) mutants displayed a similar WT-like sensi-
tivity at highest doses of ET-743 (Fig. 3A), while the triple
mutant ntglAntg2AapnlA had the same resistance of
apnlA at 6 pM ET-743 (Fig. 4). At 8 uM of ET-743, both
single- and triple mutants survived at 71% and 91%,
respectively (Figs. 3A and 4). Interestingly, the quadruple
mutants were more resistant than the SJR751 WT. Mutant
strains ntglAntg2AapnlArad52A and ntglAntg2Aapnl-
Arev3A showed an intermediate resistance, while the strain
ntglAntg2AapnlAradlA was significantly more ET-743
resistant (Fig. 3B).

3.2. Detection of ET-743 canavanine forward mutation

We investigated how ET-743 affected the induction of
canavanine (CAN) forward mutations in the SJR751 (WT),
double-, triple-, and quadruple mutants in comparison to
the standard mutagen UVC (Table 2). With exception of
the quadruple mutant ntgl Antg2AapniAradlA, all strains
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Fig. 4. Survival of S. cerevisiae single-, double-, and triple mutants of BER
and NER pathways after treatment with different doses of ET-743 (0—
8 wM). Error bars represent the standard deviations for three separately
treated cultures.

tested showed a similar WT-like survival. As expected, the
ntglAntg2AapnlAradlA strain has a strong UVC-induc-
tion of canavanine forward mutation. In this case, the
elimination of two error-free DNA repair pathways
(BER and NER) of the quadruple mutant may lead to
an increase in either mutation or recombination rate after
exposure to a mutagenic agent [24].

The SJR751 WT and ntg1Antg2A strains showed similar
sensitivity to 8 wuM of ET-743, with both strains having a
two- to five-fold elevated forward mutation induced
by ET-743 (Table 2). The ntglAntg2AapnlA and
ntglAntg2AapnlAradl A mutants, which are resistant to
ET-743 treatment (Table 2), also showed a significantly
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Fig. 3. Survival of S. cerevisiae (A) single-, double-, and triple-mutant BER strains and (B) quadruple mutants combining deficiencies in NER, BER, TLS, and
HR after treatment with different doses of ET-743 (0-8 wM). Error bars represent the standard deviations for three separately treated cultures.

64


Dani Grazz
64


64 D.G. Soares et al./Biochemical Pharmacology 70 (2005) 59-69

Table 2

Induction of canavanine resistance (canl®) in WT and repair mutants of S. cerevisiae after ET-743 treatment

UvC (J/m?)? Survival (%) Can*/10” survivors ET-743 (LM) Survival (%) Can*/10” survivors
SJR751 (WT)
0 100.00 (704)° 2.67 +0.70° (281)° 0 100.00 (704)° 2.67 +0.70° (281)°
37 67.47 (475) 18.79 +2.60"" (891) 2 58.24 (410) 2.89 + 0.8 (200)
56 39.20 (276) 43.43 +£4.677 (1199) 4 30.68 (216) 271 + 1.49 (88)
8 19.46 (137) 4.85 + 1.83" (99)
ntglAntg2A
0 100.00 (459) 472 +0.38 (217) 0 100.00 (459) 472 £0.38 (217)
19 76.68 (352) 9.54 +2.03" (335) 2 100.00 (517) 4.92 +0.63 (254)
37 60.13 (276) 16.34 £ 2.73" (451) 4 73.85 (339) 5.28 + 1.50 (179)
56 38.34 (176) 32.02 +2.73" (563) 8 18.74 (86) 2459 +£2.977 (211)
ntglAntg2AapnlA
0 100.00 (292) 50.56 + 8.79 (443) 0 100.00 (536) 50.56 + 8.79° (443)
37 73.62 (215) 186.52 +39.51"" (1202) 2 100.00 (562) 52.51 + 7.26 (1328)
56 53.43 (156) 259.39 + 16.53"" (1214) 4 100.00 (651) 48.34 + 10.35 (1414)
8 92.16 (494) 111.29 +£9.05™ (2474)
ntglAntg2AapnlAradlA
0 100.00 (574) 46.94 + 5.76 (269) 0 100.00 (505) 56.14 + 16.89 (283)
6 17.59 (101) 163.69 &+ 49.17" (165) 2 100.00 (522) 19.73 £ 3.36 (103)
19 4.00 (23) 1,231.85 +7.197 (284) 4 100.00 (532) 54.80 + 12.07 (291)
8 91.08(460) 119.38 & 10.98" (548)
ntglAntg2AapniArev3A
0 100.00 (872) 7.89 + 2.13 (206) 0 100.00 (872) 7.89 + 2.13 (206)
19 78.55 (685) 25.00 + 8.84" (513) 2 95.06 (829) 7.60 £ 2.61 (189)
37 66.05 (576) 55.34 + 6.65" (956) 4 58.94 (514) 8.05 + 1.30 (124)
8 37.38 (326) 8.13 + 1.98 (79)
ntglAntg2AapnlArad52A
0 100.00 (339) 140.40 + 8.90 (476) 0 100.00 (339) 140.40 + 8.90 (476)
19 100.00(354) 230.22 + 9.44"" (815) 2 100.00 (362) 75.00 £ 11.21 (270)
37 67.55 (229) 440.35 + 66.88" (1004) 4 75.22 (255) 179.60 =+ 38.38 (458)
8 68.73 (233) 235.38 + 15.74"" (548)

* Positive control.

c

Standard deviation.

Numbers in parenthesis are the actual numbers of colonies scored in three plates for each dose.

* Significance level obtained in relation to the negative control with P < 0.05 measured by Student’s #-test.
™ Significance level obtained in relation to the negative control with P < 0.01 measured by Student’s #-test.

increased (>two-fold) mutation induction at all ET-743
doses tested. The quadruple mutants, containing the
rad52A and rev3A mutations, responded differently in
the CAN assay after treatment with ET-743, despite their

comparable survival at all doses used (Table 2). The ET-
743 treatment in the ntg 1 Antg2AapnlArad52 A mutant was
mutagenic while it was not in the ntglAntg2AapnlArev3A
mutant.

Table 3
Induction of point mutation (hisl-7) ochre allele (lys/-1) and frameshift (hom3-10) mutations in haploid XV 185-14C strain of S. cerevisiae after ET-743
treatment
Agent Dose (J/m?) Concentration (uWM) Survival (%) Lys1/ 107 survivors® His1/107 survivors® Hom3/10” survivors®
uvcee 0 100.0 (915)¢ 0.11 £ 0.00f‘ 3)* 2.29 + 0.44° (63)¢ 1.34 £ 0.27° (37)¢
37 38.79 (355) 8.33 £2.61" (89) 12.11 + 6.66" (129) 6.56 £ 2.07" (70)

ET-743 0 100.0 (600) 0.16 £ 0.00 (3) 2.83 + 1.67_(51) 0.80 £ 0.00 (15)

1 73.33 (440) 045+ 0.00% (6) 435+ 1.49% (57) 0.76 £+ 0.26 (10)

2 44.33 (266) 0.59 & 0.44™ (5) 10.50 + 1.98f (84) 3.00 +1.29 (24)

4 32.33 (194) 1.33 £0.517(9) 10.80 + 4.72" (63) 5.46 +£2.88" (33)

* Locus non-specific revertants (forward mutations).
® Locus-specific revertants.
¢ Positive control.

=%

¢ Standard deviation.

Numbers in parenthesis are the actual numbers of colonies scored in three plates for each dose.

* Significance level obtained in relation to the negative control with P < 0.05 measured by Student’s #-test.
™ Significance level obtained in relation to the negative control with P < 0.01 measured by Student’s #-test.
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Table 4

ET-743-induced crossing-over (+/cyh) and gene conversion (leul-1/leul-12) in diploid strain S. cerevisiae XS2316 after ET-743 treatment

Agent Dose (J/mz) Concentration(pnM) Survival (%) Crossing-over/ 10° survivors Gene conversion/10° survivors
uve? 0 100.00 (329)° 14.70 + 2.06° (481)° 1.95 £ 0.45° (64)°
37 83.39 (276) 18.73 + 1.19" (517) 11.74 £ 1.36™" (324)
56 27.05 (86) 60.35 = 4.32" (507) 46.89 + 8.55"" (394)
ET-743 0 100.00 (295) 16.36 4 2.293 (481) 2.17 4+ 0.50 (64)
1 100.00 (366) 10.35 +2.94" (379) 7.13 +0.53" (261)
2 21.69 (64) 85.44 + 10.03" (546) 51.48 +5.67 (329)
4 11.80 (35) 112.34 4+ 22.58" (728) 64.90 + 471" (331)

Positive control.

Standard deviation.

Numbers in parenthesis are the actual numbers of colonies scored in three plates for each dose.

Significance level obtained in relation to the negative control with P < 0.05 measured by Student’s r-test.

Significance level obtained in relation to the negative control with P < 0.01 measured by Student’s r-test.

3.3. Detection of ET-743-induced reverse mutation

The capacity of ET-743 to induce point or frameshift
mutations was analyzed in S. cerevisiae strain XV185-14C
(Table 3). Interestingly, ET-743 increased the frequencies
of both point (HISI*, LYSI") and frameshift (HOM3™)
mutations in LOG cells of XV185-14C. The frequency of
point mutation for the his/ locus increased 4 times com-
pared to the control at 4 uM of ET-743. Frameshift muta-
tions, as scored for the hom3-10 locus, increased seven
times after drug treatment. For lys/-I only suppressors
(forward mutations) could be scored and induction was
about eight-fold over the spontaneous level.

3.4. Detection of induced mitotic recombination

The recombinogenic effect of ET-743 was investigated
in LOG cells of diploid XS2316 under non-growth (PBS)
conditions (Table 4). ET-743 induced statistically signifi-
cant (Student’s r-test) recombinogenic events. The fre-
quency of crossing-over (+/cyh) and mitotic gene
conversion (leul-1/leul-12) increased 29 and 13 times
after ET-743 treatment, respectively.

4. Discussion

ET-743 has an unique mechanism of action when com-
pared to the classical antitumoral drugs currently used in
therapy. [18,25]. The cytotoxic activities of ET-743 have
been largely investigated in all tumor models, especially in
adult soft tissue sarcomas (STSs), where it shows a
remarkable efficiency. STSs belong to a rare, heteroge-
neous family of malignancies that can arise from mesench-
ymal lineages anywhere in the body. Currently, despite
adequate control of the primary tumor, more than half of all
patients die within 5 years of the primary diagnosis, as a
result of widespread metastatic disease [5]. Inoperable or
metastatic sarcomas of osseous origin, such as osteogenic
and Ewing’s sarcomas, are generally fatal, typically show-
ing low responsiveness to chemo- or radio-therapy [5,26—

28]. The resistance of STSs to chemotherapy agents is due
to the overexpression of several genes related to cell cycle
control, cell maintenance, and DNA repair, like XRCCI
[29-32]. The action of ET-743 on mammalian cells has
been studied by several authors in more or less detail. One
proposed mechanism of action involved ET-743 interaction
with the transcription-coupled (TC) NER machinery [18].
TC-NER acts on the removal of lesions that distort the
DNA double helix, interfere in base pairing, and block
DNA duplication and transcription. Incision of damaged
DNA in both yeast and humans utilizes the function of two
endonucleases—Rad1p-Rad10p and Rad2p in yeast, and
XPF-ERCCI1 and XPG in humans. Radlp and Rad10p
form a tight complex [33,34], and genetic and biochemical
studies with a radl mutant allele, whose encoded protein
failed to interact with Rad10p, provided strong evidence
that complex formation was essential for the biological
function of these proteins [33]. The Radlp-Rad10p com-
plex exhibits single-strand DNA endonuclease activity
[35,36] that acts in a structure-specific manner and cleaves
5'-ended single stranded DNA at its junction with the
duplex DNA. Yeast Rad2p and its human counterpart
XPG also show a single-strand DNA endonuclease activity
that cleaves the 3’-end at its junction with the duplex DNA
[37]. These activities of Radlp-Rad10p (XPF-ERCC1),
and Rad2p (XPG) nucleases would also correctly incise
ET-743 treated DNA on the 5" and 3’ side of the damage,
respectively [38]. Besides providing the endonucleolytic
activities for dual incision, Rad1p-Rad10p and Rad2p are
also involved in the proper assembly of the NER machin-
ery at the damage site [39]. Our results indicate that the
radlA, rad2A and radlOA yeast mutants show increased
resistance in comparison to the BY4742 (WT), rad4A, and
radl4A strains after ET-743 treatment (Fig. 2A). Interest-
ingly, it has been described that the presence of ET-743
adducts in transcribed genes blocks the TC-NER system by
stalling the cleavage intermediates and producing lethal
SSBs [18]. However, cells possess DNA repair mechan-
isms other than NER acting on lesions induced by physico-
chemical agents. Base excision repair (BER) is one
mechanism that, together with NER, removes modified
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bases from DNA [40]. BER primarily involves the repair of
small, helix non-distorting base lesions and abasic sites
[41] and oxidative DNA damage is believed to be primarily
repaired by this pathway [42]. There is considerable over-
lap between the BER and NER with respect to damage
processing. For example, similar to BER, NER has been
shown to be capable of processing oxidative lesions such as
thymine glycol and 8-oxoguanine [40,43]. Also both BER
and NER repair abasic sites [24] interact synergistically in
repair of endogenous and exogenous oxidative DNA
damage [44]. Our data indicate that BER enzymes,
together with Radlp-Rad10p and Rad2p, also recognize
the DNA damage induced by ET-743. The ET-743 resis-
tance of single mutant apnlA when compared to the WT
cell demonstrates that this BER endonuclease probably
participates in the cytotoxic potential of the drug (Fig. 2B).
Apnlp is an enzyme endowed with multiple enzymatic
activities that protect nuclear and mitochondrial DNA from
the deleterious action of endogenous oxidative and alkyla-
tion DNA damage [40]. According to the classic model of
BER in yeast, as in the most organisms, a damaged base is
removed by a specific N-glycosylase and the resulting
apurinic/apyrimidinic (AP) site is cleaved by an AP endo-
nuclease [40]. Apnlp cleaves DNA at 5'-side of a regular or
reduced AP site [45,46], while Apn2p is a back-up enzyme
that accounts for only 10% of cellular AP endonuclease
activity [47]. On the other hand, the strains defective for
Apn2p, Ogglp and Maglp also show an elevated resistance
when compared to the BY4742 (WT) strain for ET-743
doses of 2 and 4 uM (Fig. 2B), while the single and double
ntglA and ntg2A strains have similar SJR751 (WT)-sen-
sitivity to the same ET-743 treatment (Fig. 3A). Ntglp,
Ntg2p, and Ogglp are three DNA N-glycosylases endowed
with an AP lyase activity [40]. Ntglp and Ogglp are both
nuclear and mitochondrial proteins, whereas Ntg2p is
exclusively nuclear [42]. Ntglp and Ntg2p excise a variety
of oxidized pyrimidines and formamido pyrimidines
(FapyA and FapyG) [40], whereas Ogglp excises §-0xoG
and FapyG [40]. Maglp initiates BER of DNA alkylation
damage by removing 3-MeA and other alkylated purines
[40]. We think that Ntglp and Ntg2p do not recognize the
substrate generated by the intercalation of ET-743 into
DNA. However, the partial resistance of Ogglp and Maglp
indicates that these two DNA glycosylases can process ET-
743 induced DNA lesions.

The resistance of triple mutant (nrglAntg2AapniA,
Fig. 3A) to ET-743, which is a consequence of the Apnlp
absence, does not occur in the double mutant nzglAntg2A
(Fig. 3A). On the other hand, the quadruple mutants for
BER/NER, BER/TLS and BER/REC show different sen-
sitivities for ET-743 (Fig. 3B), with the strain deficient in
both BER and NER having the highest resistance of all
strains tested to ET-743. This could indicate that both DNA
repair pathways are recruited for repair of ET-743-induced
DNA lesions. It should be noted that in all mutants
deficient for the major endonucleases of BER and NER

an epistatic interaction could be observed after ET-743
treatment (Fig. 4).

The increase of the frequency of forward mutation
induced by ET-743 in the quadruple mutant blocked in
both BER and NER (ntglAntg2AapniAradlA) indicates
that an error-prone pathway repairs (some of) the DNA
lesions. This was confirmed when the quadruple mutant for
BER and TLS, after ET-743 treatment, did not show
induction of forward mutations. The REV3 gene encodes
the enzymatically active protein of DNA polymerase { (Pol
zeta), a translesion enzyme that can bypass thymine dimers
during replication in an error-prone manner by introducing
any nucleotide in the sister strand [48]. Thus, the results of
mutagenesis, also supported by the intermediate sensitivity
of the single mutant rev3A (Fig. 2A) and the quadruple
mutant for BER and TLS (Fig. 3B), show that other
translesion enzymes, like Rad30p [DNA polymerase m
(Pol eta)] contribute to the cell’s ET-743 tolerance. The
increase in the frequency of crossing-over show that the
HR pathway (RADS5?2 epistasis group) is necessary to keep
the cell’s viability after ET-743 treatment in the absence of
a functional NER or BER pathways. But it should be noted
that the single mutant rad52A showed a high degree of
survival after treatment with different doses of ET-743
(Fig. 2A), corroborating the idea that an error-prone path-
way, e.g. TLS, could be responsible for ET-743 tolerance.
Moreover, the intermediate sensitivity of the quadruple
mutant for BER and HR (ntglAntg2AapniArad52A,
Fig. 3B), as well as the increase in the frequency of forward
mutation suggest an interaction of different DNA repair
pathways related to tolerance of ET-743 damage (Table 2).

Our results and those in the literature allow us to propose
a most probable model of ET-743 action, which also
explains its weakly mutagenic activity (Fig. 5). In S.
cerevisiae WT cells the NER/BER repair systems recog-
nize the DNA damage after treatment with ET-743, indu-
cing the recruitment of specific endonucleases (e.g. Apnlp,
Radlp-Rad10p, and Rad2p). These complexes are trapped
by the C subunit of ET-743, and thus form a covalently
attached complex with DNA, stalling the DNA polymer-
ase. The complexes are very cytotoxic and can induce cell
death [16,18]. However, when cells lack the endonucleo-
lytic components of BER and NER repair processing of the
ET-743 damage is channeled to TLS (Fig. 5). In this case
ET-743 induced damage is tolerated by TLS repair that
generates insertion of any base or an abasic site directly
opposite to the ET-743-induced DNA lesion. This damage
could be then direct for two pathways, depending on the
presence of proteins of homologous recombination (HR)
system and/or TLS components: (1) HR associated to TLS
(error-free) or (2) a second TLS, leading to mutant and WT
phenotypes (error-prone). It has been described recently
that the Mphlp acts in a post-replicative repair pathway in
an error-free fashion, characterizing a branch of homo-
logous recombination associated with TLS [49]. In the
absence of Rev3p, the ET-743 damage could be tolerated
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Fig. 5. Model proposed for ET-743 cytotoxicity in WT and mutant cells for DNA repair pathways. In WT, which has all NER and BER functional DNA
endonucleases, the ET-743 binds covalently to the endonuclease proteins by means of tetrahydroisoquinoline ring (C subunit), while the A- and B-subunits of
ET-743 provide the scaffold for DNA recognition and bonding. This complex represents a permanently bound structure that stalls the DNA polymerase
complex, thus inducing cell cycle arrest or even cell death. On the other hand, in the BER and NER endonuclease-lacking mutant strains ET-743 damage can be
tolerated by DNA polymerase { (Rev3p) and m (Rad30p)-mediated translesion synthesis. In this case, mispairing or abasic sites originating from DNA
replication opposite of the ET-743 adduct can be channeled to (1) homologous recombination associated to translesion synthesis (error-free pathway) in the
absence of Rev3p or (2) DNA translesion synthesis (error-prone pathway), when Rad52p is not present. Otherwise, in the yeast strains defectives for HR or TLS
but proficient for NER/BER pathways, an ET-743-stalled DNA replication fork could be tentatively repaired by (3) TLS in the absence of HR (Rad52p),
resulting in cell survival, or (4) by HR when a TLS pathway (Rev3p) is not fully functional. In this last case, the recombinational products resulting from the
action of NER/BER endonucleases plus HR proteins together with ET-743 are extremely genotoxic for the cell. Abbreviations: ssDNA binding proteins (single

strand DNA binding proteins).

by a mechanism that combines HR with TLS catalyzed by
Rad30p and Rad52p. This error-free pathway could act as a
back-up repair system in absence of a fully functional TLS
or when the cell is submitted to treatment with high doses
of ET-743. On the other hand, the presence of an ET-743
adduct in DNA could induce the replication fork to stall,
generating a signal that recruits proteins of HR or TLS
pathways (Fig. 5). Many authors agree that a stalled
replication fork in eukaryotes can be repaired by HR or
by TLS [53-55], but the choose of which pathway will be
used for restoring the replication fork is not fully under-
stood [56]. The use of HR to repair stalled replication forks
implies that endonucleases (e.g. Rad1p-Rad10p complex
or Mus81p) are needed to resolve the intermediate DNA
structures that arise during the recombinational process,
like Holliday junctions [56,57]. Interestingly, it has been
observed an interplay between HR and NER proteins
during the repair of stalled replication forks induced by
cisplatin in mammalian cells [58], which reinforces the
idea that both pathways act together to deal with recom-

binational structures. Thus, our model proposes that the
repair of a stalled replication fork by NER/BER and HR
proteins, in the presence of an ET-743 adduct, probably
results in toxic recombinational products that lead to cell
death when an error-prone TLS pathway is not functional
(Fig. 5). The partial resistance of single mutant rev3A
could be also explained considering the action of error-free
TLS polymerases, e.g. Rad30p. Moreover, the absence of a
HR protein (e.g. Rad52p) channels the repair of stalled
replication forks to a TLS pathway, resulting in cell
survival and ET-743 tolerance (Fig. 5).

We are conducing more experiments in order to eluci-
date the role of BER in the repair of ET-743 induced DNA
damage, especially in mammalian cells.
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APRESENTACAO

Os interessantes resultados obtidos em células de levedura impulsionaram o0s
estudos sobre o mecanismo de acdo da ET-743 em células de mamiferos.
Inicialmente, os dados sobre o envolvimento de diferentes vias de reparacdo de DNA
na promocao da citotoxicidade e na tentativa de reparacdo dos danos gerados pela
droga, conduziram-nos a estudar o processamento dos adutos de ET-743 no DNA.

Através da utilizacao de linhagens tumorais humanas e de linhagens celulares
de mamiferos com deficiéncias em proteinas especificas, bem como, utilizando
técnicas bioguimicas e moleculares disponiveis, foi possivel propor um mecanismo
para explicar como a lesdo gerada pela ET-743 € processada.

Os resultados apresentados neste capitulo indicam que a ET-743 é capaz de
gerar adutos que sdo fracamente reparados e s&do capazes de induzir lesdes
secundérias mesmo diversas horas apds a exposi¢cao inicial a droga. As lesdes
secundarias geradas necessitam do sistema de recombinacdo homologa para o
reparo, e a perda deste sistema gera anomalias cromossdmicas resultantes da
extrema sensibilidade a droga.

Este estudo € suportado por um estudo clinico preliminar realizado com 92
pacientes portadores de sarcomas, onde 0O grupo que mostrou maior tempo de
sobrevivéncia livre de progressdo apresentava baixos niveis de expressao das

proteinas de recombinacdo BRCA1/BRCAZ.
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Adducts induced by the antitumor alkylator ecteinascidin 743
(ET-743, Yondelis, trabectedin) represent a unique challenge to the
DNA repair machinery because no pathway examined to date is
able to remove the ET adducts, whereas cells deficient in nucleotide
excision repair show increased resistance. We here describe the
processing of the initial ET adducts into cytotoxic lesions and
characterize the influence of cellular repair pathways on this
process. Our findings show that exposure of proliferating mam-
malian cells to pharmacologically relevant concentrations of ET-743
is accompanied by rapid formation of DNA double-strand breaks
(DSBs), as shown by the neutral comet assay and induction of
focalized phosphorylated H2AX. The ET adducts are stable and can
be converted into DSBs hours after the drug has been removed.
Loss of homologous recombination repair has no influence on the
initial levels of DSBs but is associated with the persistence of
unrepaired DSBs after ET-743 is removed, resulting in extensive
chromosomal abnormalities and pronounced sensitivity to the
drug. In comparison, loss of nonhomologous end-joining had only
modest effect on the sensitivity. The identification of DSB forma-
tion as a key step in the processing of ET-743 lesions represents a
novel mechanism of action for the drug that is in agreement with
its unusual potency. Because loss of repair proteins is common in
human tumors, expression levels of selected repair factors may be
useful in identifying patients particularly likely to benefit, or not,
from treatment with ET-743.

cancer therapy | natural products | lesion processing | DNA repair |
response prediction

ompounds forming covalent DNA adducts (hereafter named

DNA alkylators) are currently included in virtually all clinical
drug regiments for the treatment of both leukemias and solid
tumors. Lately, this group of compounds has attracted renewed
interest because of the introduction of a novel class of antitumor
agents with potent/unusual clinical activities, comprised of mono-
functional DNA alkylators derived from natural sources. This group
includes ecteinascidin-743 (ET-743, Yondelis, trabectedin), iroful-
ven, hedamycin, and the acronycine derivative $23906. Mechanistic
studies have revealed several differences in the way these com-
pounds react with DNA-metabolizing enzymes as well as with the
repair machinery (1-11), which could, at least in part, explain their
different activity spectra. A better understanding of the factors
controlling the induction and removal of DNA damage induced by
these compounds should not only facilitate their clinical applica-
tion, but may also contribute to our general understanding of the
structural and biological features governing adduct processing in
mammalian cells.

ET-743 has been subject to particular scrutiny linked to its source,
clinical activity, and molecular mechanisms. ET-743 is a tetrahy-
droisoquinoline alkaloid isolated from the Caribbean sea squirt
Ecteinascidia turbinata (12), pointing to marine products as a

13062-13067 | PNAS | August7,2007 | vol.104 | no.32

potential new source of molecules with original chemical structures
and activities. ET-743 shows a broad activity spectrum toward
tumor cell lines at pM and low nM concentrations (6, 13) and has
clinical activity toward ovarian cancer as well as soft tissue and bone
sarcomas in heavily pretreated patients (14-16). In particular,
ET-743 treatment is associated with a striking, long-term response
in a subset of patients with otherwise chemoresistant soft tissue
sarcomas (reviewed in ref. 17).

ET-743 binds to the minor groove of DNA with preference for
GC-rich triplets and subsequently forms covalent adducts with the
N2-position of guanine through its carbinolamine moiety (18). As
a result, the minor groove is opened up and bended toward the
major groove (19). The direction of bending is a novel feature
among DNA minor groove-interactive agents, making ET-743
unique.

A particularly interesting aspect of the ET adducts is their
interaction with cellular DNA repair pathways. ET lesions are not
recognized by the global genome protein XPC but are recognized
by transcription-coupled nucleotide excision repair (NER) as well
as by proteins involved in the common NER pathway (1-3).
Mammalian cells deficient in NER proteins such as the XPD and
XPB helicases, and the XPG and ERCCI1/XPF endonucleases
showed 2- to 8-fold increased resistance to ET-743 in comparison
with repair-proficient WT cells (1-3). Increased resistance to
ET-743 was also reported for yeast mutants lacking the APN1
endonuclease, which particularly is involved in base excision repair
(20). The unusual effect of these repair proteins on the cytotoxicity
of ET-743 has been explained by the stabilization of repair com-
plexes by the ET adducts (1-4, 21). Mismatch repair status had no
detectable influence on the sensitivity to ET-743 (2, 6) whereas loss
of the DNA-dependent kinase (DNA-PK) was reported to sensitize
cells to ET-743 (2). Conflicting data have been reported for
proteins involved in homologous recombination (HR) repair, be-
cause loss of repair function was associated with increased resis-
tance to ET-743 in Saccharomyces cerevisiae (20) but increased
sensitivity in Schizosaccharomyces pombe (21).

Although it is widely believed that the cytotoxic activity of
ET-743 is based on its interaction with the NER machinery
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Fig. 1. Influence of ET-743 on DNA synthesis, cellular survival, and DSB

formation. (A) HeLa cells were incubated with the indicated concentrations of
ET-743 for 1 h, and the influence on DNA synthesis was measured by incor-
poration of radiolabeled thymidine. (B) HeLa cells were exposed to ET-743 for
1 h followed by postincubation in drug-free media for four doubling times and
the MTT viability assay. (C) Hela cells were incubated with the indicated
concentrations of ET-743 for 1 h, and the formation of DSBs was determined
by the neutral comet assay. The points indicate the average amounts of DNA
in the comet tail. Error bars represent standard errors and are indicated when
they exceed the symbol size. (D) Cells were incubated with the indicated
concentrations of ET-743 for 1 h, and the formation of y-H2AX foci was
revealed by immunostaining. Total fluorescent intensities were determined
by MetaMorph image analysis. Each point represents the y-H2AX staining in
an individual cell. Bars represent the average fluorescence intensities. (E)
Confocal fluorescence microscopy of nuclear DNA (a) and y-H2AX (b and ¢).
Cells were incubated with 10 nM ET-743 for 1 h, fixed, and labeled with a
y-H2AX-directed antibody. DNA was counterstained with Topro-3. Arrows
indicate cells with no detectable y-H2AX signal.

(reviewed in ref. 17), the high residual activity of the drug toward
NER-deficient cells as well as the rather modest resistance levels (2-
to 8-fold) suggest that this cannot be the only mechanism of action
of ET-743. We speculated that the ET adducts would be unusually
stable because of the absence of DNA repair and thus able to
interfere with the replication machinery whenever the treated cells
entered S phase, possibly triggering the formation of secondary
DNA lesions with increased toxicity.

We here report that exposure to pharmacologically relevant
concentrations of ET-743 is associated with the induction of
replication-dependent double-strand breaks (DSBs). Cells deficient
for HR repair showed pronounced sensitivity to the drug due to the
continued presence of unrepaired DSBs that gave rise to chromo-
somal abnormalities. Our findings characterize the processing of the
monofunctional ET adducts into cytotoxic lesions and identify
replication and HR repair as key modulators of the cellular activity
of this unique compound.

Results

ET-743 Exposure Is Associated with Potent Inhibition of DNA Synthesis.
To establish whether unrepaired ET adducts affect DNA synthesis,
the influence of ET-743 on the incorporation of radiolabeled
thymidine was determined. The results indicate that DNA synthesis
is reduced by 50% after 1-h exposure to 30 nM ET-743 (Fig. 14).
Next, cells were exposed to ET-743 for 1 h followed by postincu-
bation in drug-free media for four cell doubling times, and the
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cellular viability was determined by the MTT assay (Fig. 1B). The
results show that the cellular viability is reduced by 50% after
exposure to 20 nM ET-743. Therefore, inhibition of DNA synthesis
and loss of cellular viability take place within the same dose range.

ET-743 Exposure Is Associated with a Dose-Dependent Formation of
DNA DSBs. Single-cell electrophoresis under neutral conditions (the
neutral comet assay), which almost uniquely detects DSBs (22, 23),
was used to determine whether ET-743 exposure is accompanied by
formation of DNA strand breaks. The results (Fig. 1C) show that
1-h exposure of HeLa cells to ET-743 was associated with a
dose-dependent increase in DSBs, which could be detected at doses
as low as 2 nM. The rapid formation of DSBs indicates that they are
a direct result of drug action and not due to apoptotic DNA
fragmentation. In agreement, exposure to 10 nM ET-743 for up to
24 h was not accompanied by any detectable increase in the fraction
of apoptotic cells as determined by annexin V labeling (data not
shown).

ET-743 Exposure Is Accompanied by y-H2AX Formation. The forma-
tion of phosphorylated histone H2AX (y-H2AX) is considered as
a sensitive surrogate marker for the formation of DSBs. Cells were
exposed to ET-743 for 1 h followed by immunostaining with a
y-H2AX-directed antibody. The results show that ET-743 exposure
is accompanied by a dose-dependent increase in y-H2AX forma-
tion [Fig. 1D and supporting information (SI) Fig. 5]. Interestingly,
focalized y-H2AX staining was observed only in a subset of the cell
population, indicating a possible role of the cell cycle (Fig. 1E,
compare a and b; arrows indicate cells without y-H2AX staining).
ET-associated induction of y-H2AX was observed in all cell lines
examined, including HeLa cells, Chinese hamster cells, and CEM
human leukemia cells (data not shown).

Influence of DNA and RNA Synthesis. To determine whether the
ET-induced DSBs were linked to macromolecular synthesis, HeLa
cells were first incubated with different doses of ET-743 in the
absence or presence of aphidicolin, a DNA synthesis inhibitor. The
results show that aphidicolin substantially reduced the induction of
DSBs even at doses as high as 50 nM ET-743 (Fig. 24). In contrast,
5,6-dichloro-1-B-D-ribofuranosylbenzimi-dazole, a selective inhibi-
tor of RNA polymerase II, had no detectable influence on the
formation of DSBs (data not shown).

To further characterize the role of DNA synthesis, HeLa cells
were incubated with ET-743 in the presence of aphidicolin for 1 h
followed by postincubation in drug-free media for 4 h (Fig. 2B). The
results show that reinitiation of DNA synthesis during the postin-
cubation period, as determined by incorporation of radiolabeled
thymidine (data not shown), was accompanied by a gradual for-
mation of DSBs. By 4 h after incubation, the DNA synthesis had
recovered totally and the levels of DSBs had reached approximately
the same levels as observed after 1 h in the presence of ET-743
alone. These results clearly indicate that the formation of ET-
induced DSBs strongly, if not entirely, depends on active DNA
synthesis. The results also suggest that even brief exposure to
ET-743 results in the formation of long-lasting ET adducts, which
are difficult to repair and can be converted into DSBs later.

ET-743-Mediated DNA Damage in Synchronized Cells. To further
confirm the role of DNA synthesis in the formation of DSBs,
nonproliferating lymphocytes (that are in the Gy phase of the cell
cycle) were isolated from the peripheral venous blood of healthy
donors and exposed to ET-743. The results showed no formation of
DNA strand breaks, even at doses as high as 100 nM ET-743 as
determined by the highly sensitive alkaline comet assay, in marked
contrast to what was observed for cycling CEM lymphoblastic
leukemia cells (SI Fig. 6).

Next, the influence of ET-743 toward unsynchronized, Gj-
synchronized, or S-synchronized HeLa cells was compared. The
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Fig.2. The formation of secondary DNA damage after ET-743 exposure. (A)
Hela cells were incubated with the indicated concentrations of ET-743 in the
absence (filled bars) or presence (hatched bars) of aphidicolin (5 uM). The
valuesindicate the average amounts of DNA in the comet tail from at least two
experiments. Error bars represent standard errors. (B) Hela cells were incu-
bated with 10 nM ET-743 for 1 h in the absence or presence of aphidicolin
followed by postincubation in drug-free media for the indicated times. Each
point represents the amount of tail DNA in an individual cell from a typical
experiment. (C) Gi-synchronized, unsynchronized (US), or S-synchronized
HelLa cells were exposed to the indicated concentrations of ET-743 followed by
comet analysis. Each point represents the amount of tail DNA in an individual
cell from a typical experiment.

average levels of DNA damage in ET-exposed Gj cells were
comparable to those of untreated control cells (Fig. 2C). In clear
contrast, ET exposure of cells synchronized in the S phase of the cell
cycle was accompanied by significantly higher levels of DNA
damage compared with unsynchronized cells (P = 0.05 as deter-
mined by Student’s ¢ test).

Cytotoxicity of ET-743 Toward Cells Deficient in Recombination Re-
pair. DSBs can be repaired by two major pathways, HR, which is
active during S and G», and nonhomologous end joining, which is
preferentially active during the Go/G; phase of the cell cycle. To
determine the importance of the two repair pathways, the cytotox-
icity of ET-743 toward cell lines deficient for HR (RADS5IC,
XRCC2, XRCC3, and BRCA2) or nonhomologous end-joining
(Ku80 and DNA-PK) and their respective repair-proficient paren-
tal cell lines was established. The results show that cells deficient for
XRCC3, BRCA2, RADS51C, and XRCC2 were 23-, 18-, 8-, and
8-fold more sensitive to ET-743, respectively, compared with the
corresponding repair-proficient parental cell lines (Fig. 3 A-D). In
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Fig. 3. Cytotoxic effects of ET-743 toward recombination-deficient cells.
Recombination-proficient and -deficient cells were exposed to ET-743 for 1 h
followed by postincubation in drug-free media for four generation times, and
the viability was determined by the MTT assay. (A) Filled circles, AA8 parental
cells; open circles, irs1SF (XRCC3™). (B) Filled circles, V79 parental cells; open
circles, V-C8 (BRCA2/XRCC11/FANCD17). (C) Filled circles, V79B parental cells;
open circles, CL-V4B (RAD51C"). (D) Filled circles, V79 parental cells; open
circles, irs1 (XRCC2"). (E) Filled circles, V79B parental cells; open circles, XR-
V15B (Ku80/XRCC5™). (F) Filled circles, M059J Fus1 (DNA-PK-proficient); open
circles, M059J Fus9 (DNA-PK-deficient). Each point represents the average of
at least two independent experiments, each done in duplicate. Error bars
represent standard errors and are indicated when they exceed the symbol size.

contrast, deficiencies in Ku80 and DNA-PK had minor influence on
the sensitivity to ET-743 (Fig. 3 E and F).

Cell Cycle Progression in XRCC3-Proficient and -Deficient Cells. To
characterize the influence of ET-743 on HR-deficient cells, WT
AAS8 and XRCC3-deficient irs1SF cells were treated with different
doses of ET-743 for 1 h followed by postincubation in drug-free
media for the indicated times (Fig. 44). The results show that
exposure of irs1SF cells to 6 nM ET-743 (corresponding to the ICs
dose determined in Fig. 34) was accompanied by a dramatic
enrichment of cells in the S phase of the cell cycle, which increased
from 36% in untreated controls to 65% 6 h after incubation,
suggesting rapid activation of the inter-S phase checkpoint. By 24 h
after incubation, the most notable feature was a strong accumula-
tion of cells in Go/M representing 35% of the cells compared with
13% for the untreated control cells. In contrast, exposure of
parental AAS cells to the same dose of ET-743 was not associated
with any detectable effect on S-phase progression during the first
6 h (Fig. 44 and data not shown) whereas the fraction of cells in the
Go/M phase of the cell cycle was enriched by 6 h and, to a lesser
degree, by 24 h. Interestingly, exposure of AAS cells to 140 nM
ET-743 (corresponding to the ICs) dose) was associated with
notable changes in both S phase and G, phase progression, which
closely resembled the changes observed at isotoxic doses for irs1SF.
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Fig.4. Influence of ET-743 on HR-proficient and -deficient cells. (A) Cell cycle
distribution in AA8 (WT) and irs1SF (XRCC3~) cells exposed to the indicated
concentrations of ET-743 for 1 h followed by postincubation in drug-free
media for the indicated times. The ICsq value for irs1SF was 6 nM, and the
isotoxic dose was 140 nM for AA8. (B) Repair of ET-induced DSBs in WT and
XRCC3-deficient cells. Parental AA8 and XRCC3-deficient irs1SF cells were
exposed to 100 nM ET-743 for 1 h followed by postincubation in drug-free
media for the indicated times and determination of DNA strand breaks by the
neutral comet assay. Each point represents the amount of tail DNA in an
individual cell from a typical experiment. (C) Karyotypes of V79 cells. (a) Typical
metaphase in untreated V79 cells. (b and ¢) V79 cells treated with 100 nM
ET-743 for 1 h followed by 24 h of postincubation in drug-free media. The
arrows indicate chromatid gaps (G), breaks (B), or radials (R).

These results show that, although ET-743 induced comparable cell
cycle effects in HR-proficient and -deficient cells at isotoxic con-
centrations, induction of a marked S-phase arrest at low drug
concentrations was restricted to the XRCC-3-deficient cells.

Formation and Removal of DSBs in XRCC3-Proficient and -Deficient
Cells. Next, WT and XRCC3-deficient cells were exposed to 100 nM
ET-743 for 1 h followed by postincubation in drug-free media and

comet analysis. The results (Fig. 4B) show that 1 h of exposure to
ET-743 was accompanied by the induction of comparable levels of
DNA strand breaks in parental and XRCC3-deficient cells, with the
average levels of DNA in the comet tail being 20% for the WT cells

6 nM ET-743 compared with 19% for the XRCC3-deficient cells. However,
striking differences between the two cell lines were revealed during
the postincubation period. The DSBs were effectively repaired in
the parental cells, where the average levels of DNA in the comet
were reduced from 20% to 11% after 1 h and to 8% 6 h after

140 nM ET-743

incubation. In comparison, no repair was observed for the XRCC3-
deficient cells, where the average levels of DNA in the comet
remained ~17% even 6 h after incubation. Therefore, the pro-
nounced sensitivity of XRCC3-deficient cells to ET-743 (Fig. 34)
was associated with the persistence of unrepaired DSBs.

Induction of Chromosome Damage in BRCA2-Deficient Cells. Unre-
paired DSBs may lead to chromosomal abnormalities. To deter-
mine the influence of HR repair on the karyotype of ET-treated
cells, BRCA2-proficient and -deficient cells were exposed to dif-
ferent doses of ET-743 for 1 h followed by postincubation in
drug-free media for 24 h and karyotype analysis (Table 1). BRCA2-
deficient cells were preferred for these studies because they, in
contrast to their XRCC3-deficient counterparts, are readily amend-
able to karyotype analysis. ET exposure of BRCA?2-deficient cells
was accompanied by a dose-dependent increase in the number of
cells showing chromosome aberrations with the most common
aberrations being chromatid breaks, gaps, and fragments. At 10 nM
ET-743, all metaphases examined showed at least three chromo-
some aberrations (Table 1).

In contrast to the BRCA2-deficient cells, exposure of repair-
proficient parental cells to 10 nM ET-743 was associated with
chromosome abnormalities in only 1% of the cells (Table 1), in
agreement with the ability of HR-proficient cells to repair the
ET-induced DSBs (Fig. 4B). At higher doses, ~50% of the ob-
served metaphases showed chromosome aberrations (Fig. 4C) of
the same type as observed for the BRCA2-deficient cells. However,
even at elevated doses, only some metaphases showed chromosome
aberrations, in striking contrast to the highly damaged chromo-
somes observed for BRCA2-deficient cells at equitoxic doses
(Table 1).

Discussion

In this article we establish a mechanistic link between the initial ET
adducts and the subsequent downstream events leading to cell
death and identify replication and HR as important modulators of
ET action.

ET-743 forms monofunctional adducts with the exocyclic amino
group of guanine in the minor groove of DNA (18). The results
presented here indicate that the ET adducts are poorly repaired and
are able to induce secondary DNA damage even a long time after

Table 1. Analysis of chromosome aberrations in repair-proficient V79 parental cells and BRCA2-deficient V-C8
cells after 1 h of exposure to ET-743 followed by 24 h of postincubation in drug-free media

WT BRCA2~
End-to-end End-to-end
Undamaged Damaged association Undamaged Damaged association
ET-743, nM chromosomes chromosomes or radials chromosomes chromosomes or radials
0 100 0 0 97 3 0
1 86 14 1
2 58 42 1
5 10 90 2
10 99 1 0 0 100 3
50 50 50 27
100 43 57 24

One hundred metaphases per treatment condition were evaluated.
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the initial drug exposure. Unrepaired adducts led to formation of
DSBs as determined by single-cell electrophoresis under neutral
conditions and by y-H2AX induction. Interestingly, y-H2AX stain-
ing was completely absent in some cells, suggesting a role for the cell
cycle in the formation of the ET-induced DSBs. In agreement, no
DNA strand breaks were observed in resting lymphocytes or in cells
synchronized in G, whereas cells synchronized in S showed in-
creased levels of DSBs. These findings suggest a strict requirement
for DNA synthesis in the formation of the ET-induced DSBs.

The formation of secondary DNA lesions in term of DSBs is not
restricted to ET-743 but has previously been described for a number
of other DNA-interacting agents including the DNA cross-linking
agent mitomycin C (24) and the monofunctional DNA alkylator
$23906 (11) and in NER-deficient cells after UV radiation (25) and
is believed to occur when the advancing DNA replication fork runs
into the DNA adducts. ET-induced DSBs were accompanied by the
formation of focalized y-H2AX, which is believed to promote the
assembly of HR repair complexes around the DSB (26, 27).
Mammalian cells deficient in HR showed pronounced sensitivity to
ET-743 whereas nonhomologous end joining repair had minor
influence on the sensitivity to ET-743. Although the relation
between DNA synthesis and HR is well established (for recent
review, see ref. 28), their respective links to DSB formation is more
ambiguous, and several possibilities have been suggested. First, we
might have a sequential model where the DSBs are created by the
replication fork (or its collapse) thereby triggering HR. In this case
we would expect little, if any, differences in the initial levels of DSBs
between HR-proficient or -deficient cells. Second, HR might be
needed to prevent replication fork collapse and to promote repli-
cation restart. In this case we would expect more initial levels of
DSBs in HR-deficient cells. Third, the DSBs may be reaction
intermediates formed during the recombination process that had
become activated by the stalled replication forks. In this case we
would expect more initial levels of DSBs in HR-proficient cells. Our
experimental results provide clear evidence in favor of the first
model. Strikingly, although HR status had little, if any, influence on
the initial levels of DSBs after short exposure to ET-743, marked
differences were revealed during the postincubation period, where
no detectable repair was observed in the HR-deficient cells. The
prolonged presence of unrepaired DSBs was followed by the
appearance of mitotic chromosomes with chromatid aberrations in
terms of gaps and breaks, in agreement with the S-phase-dependent
induction of DSBs.

Previous studies showed that the ET adducts were recognized by
transcription-coupled NER, a process that is triggered by arrest of
the elongating RNA polymerase II by the DNA adducts. Surpris-
ingly, 5,6-dichloro-1-B-D-ribofuranosylbenzimi-dazole, a selective
RNA polymerase II inhibitor, showed no detectable influence
on the formation of ET-induced DSBs, suggesting that RNA
synthesis does not contribute to DSB formation. Intriguingly,
similar findings have previously been reported for mitomycin C,
another DNA minor groove binder (29) associated with the for-
mation of replication-dependent DSBs (24).

HR appears to be at least as important as NER in terms of
modulating the response to ET, positively or negatively. Findings
with mammalian repair mutants indicate that loss of NER function
was associated with 2- to 8-fold increased resistance (1-3), whereas
loss of proteins needed for HR repair was accompanied by 8- to
23-fold increased sensitivity (this study). The substantial residual
activity of ET-743 toward NER-deficient cells suggests that the
effects of NER and HR repair are, at least in part, independent
events. In agreement, we observed a dose-dependent formation of
DSBs in XPG-CS-deficient cells, which are deficient in both
transcription-coupled NER and the common NER pathway (SI Fig.
7). In comparison, the levels of ET-induced DSBs were only slightly
higher in repair-proficient WT and XPC cells, indicating that the
putative DNA/ET/NER complexes are unlikely to be a major
contributor to the formation of DSBs.

13066 | www.pnas.org/cgi/doi/10.1073/pnas.0609877104

The conversion of the ET adducts into DSBs may, at least in part,
be explained by the influence of the adducts on the properties of the
local duplex DNA. Biochemical evidence as well as molecular
modeling studies suggest that the ET adducts strongly stabilize the
helical structure of duplex DNA, which is likely to slow down DNA
separation during macromolecular synthesis (30, 31). In agreement,
ET adducts were shown to strongly hamper DNA unwinding by the
RecBCD helicase (9). These findings suggest that ET-743 may have
functional similarities to cross-linking agents like mitomycin C, an
established inducer of replication-dependent DSBs (24).

The important influence of different DNA repair pathways on
the cytotoxic activity of ET-743 indicates that DNA repair func-
tionality may be useful to assist in selection of the patients most
likely to benefit from treatment with ET-743. This notion is
supported by a preliminary clinical study with 92 sarcoma patients.|
This study reports that ET-treated patients could be divided
into three subgroups: one group responding with long-lasting
progression-free survival, one group with an intermediate response,
and one group of patients who did not benefit from the treatment.
Importantly, long-term progression-free survival was associated
with high expression of mRNA coding for the NER protein ERCC1
and low expression levels of the recombination proteins BRCA1
and BRCA2. In marked contrast, high expression of BRCA1/
BRCAZ2 and low expression of ERCC1 were associated with lack of
clinical response to ET-743 in every one of the 14 patients in this
group.

Taken together, we have identified the formation of replication-
dependent DSBs as a crucial component of the cytotoxic activity of
ET-743 and provided a model explaining the involvement of
replication and HR repair in the processing of ET-induced DNA
lesions. Our data provide a rational to use expression levels of
selected repair factors for clinical response prediction and underline
the interplay between macromolecular synthesis and repair path-
ways in DNA lesion processing.

Experimental Procedures

Chemicals and Cells. ET-743 was generously provided by the
National Cancer Institute (Frederick, MD), and thymidine,
aphidicolin, and nocodazole were purchased from Sigma
(Saint-Quentin Fallavier, France). 5,6-Dichloro-1-3-D-
ribofuranosylbenzimi-dazole was obtained from Calbiochem (La
Jolla, CA).

HeLa cervical carcinoma cells and CEM lymphoblastic leukemia
cells have been described previously (6). Recombination-deficient
cells lines and their corresponding repair-proficient parental cells
were generously provided by Malgorzata Zdzienicka (Leiden Uni-
versity Medical Center, Leiden, The Netherlands). The cells include
irs1, defective in XRCC2 (32); irs1SF, defective in XRCC3 (33, 34);
CL-V4B, defective in RAD51C (35); V-C8, defective in BRCA2/
XRCC11/FANCD1 (36); and XR-V 15B, defective in Ku80/
XRCCS (37, 38).

DNA-PK-deficient Fus9 human M059J glioblastoma cells and
DNA-PK-proficient Fusl cells (39) were kindly provided by Ber-
nard Salles (Centre National de la Recherche Scientifique/
University Paul Sabatier, Toulouse, France). All cell lines were
tested regularly for Mycoplasma contamination by PCR analysis.

Cell Synchronization. To synchronize HeLa cells in Gy, cells were
treated with nocodazole (75 ng/ml) for 18 h followed by mitotic
shake-off (70-90% mitotic cells) and postincubation in drug-free
media for 3 h. A double thymidine block was used to synchronize
cells at the G/S border. Cells were incubated with 2 mM thymidine
for 16 h followed by 8 h of recovery and a second 16-h thymidine

Ischoffski, P., Casali, P. G., Taron, M., Van Oosterom, A. T., Judson, I. R., Grosso, F., Blay, J.-Y.,
Maki, R. G., Tercero, J. C., Jimeno, J. M., Rosell, R. (2006) 42nd Annual Meeting of the
American Society of Clinical Oncology, June 2-6, 2006, Atlanta, GA, abstr. 9522.
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exposure followed by 3 h postincubation in drug-free media to
permit the cells to enter S (>80% S-phase cells).

For “biological” synchronization, nonproliferating lymphocytes
(that are in the Gy phase of the cell cycle) were isolated from the
peripheral venous blood of healthy donors by Ficoll centrifugation
according to standard procedures (40).

Cell Cycle Analysis and Inhibition of DNA Synthesis. Cell cycle analysis
was determined by flow cytometry analysis, and inhibition of DNA
synthesis was determined by incorporation of radioactive thymidine
as described previously (7, 41). Values are given as the mean of at
least two independent experiments, each done in duplicate.

Viability Assays. The cytotoxic activity of ET-743 was measured by
using the MTT colorimetric assay as previously described (6). All
values are averages of at least three independent experiments, each
done in duplicate.

For annexin V labeling, ET-treated cells were rinsed and stained
with annexin V-FITC (Molecular Probes Invitrogen, Cergy-
Pontoise, France) for 15 min at room temperature in the dark
followed immediately by flow cytometry on an Epics XIL/MCL flow
cytometer (Beckman Coulter, Roissy, France).

Single-Cell Electrophoresis. Cells for comet analysis were exposed to
the indicated drug concentrations at 37°C in the dark and analyzed
immediately according to previously published procedures (21, 23,
42). Image analysis was performed by using Komet 5.5 software
(Kinetic Imaging, Nottingham, U.K.). At least 100 cells were
analyzed per sample. Values represent the average of at least two
independent experiments.

Immunofluorescence and Microscopy. HelLa, AAS, or Irs1SF cells
were plated onto coverslips and grown overnight before treatment
with ET-743. CEM cells were treated with ET-743 and fixed onto
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DNA gamma-H2AX Overlayed

Sl Figure 5

Fig. 5. Confocal fluorescence microscopy of AA8 cells incubated with increasing
concentrations of ET-743. Cells were incubated with either O (a-c), 10 (d-f), or 20 nM
(g-1) ET-743 for 1 h, fixed, and labeled with a g-H2AX-directed antibody. DNA was
counterstained with Topro-3.
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Sl Figure 6

Fig. 6. Formation of DSBs in leukemia cells and in quiescent lymphocytes. CEM
human lymphocytic leukemia cells and resting lymphocytes (R.L.), isolated from the
peripheral blood of healthy donors, were exposed to the indicated concentrations of
ET-743 for 1 h followed by the alkaline comet assay. Each point represents the
amount of DNA in the comet tail of an individual cell from a typical experiment.
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Fig. 7. Formation of DSBs in NER-proficient and -deficient cells. WT MRC5 cells,
GGR-deficient XPC cells, and TCR-deficient XPG-CS cells were exposed to the
indicated concentrations of ET-743 for 1 h followed by the neutral comet assay. (A)
Each point represents the amounts of DNA in the comet tail of an individual cell from
a typical experiment. (B) Average levels of DNA damage from at least three
independent experiments. Open circles, MRC5 cells; open diamonds, XPC cells;
black triangles, XPG-CS. Error bars represent standard errors.
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V. DISCUSSAO



A interferéncia do BER na citotoxicidade da ET-743

Os experimentos realizados neste trabalho revelaram que o mecanismo de
citotoxicidade da ET-743 na levedura Saccharomyces cerevisiae envolve a
participacdo de proteinas de vias de reparacdo de DNA. Assim como 0s resultados
descritos anteriormente para células de mamiferos (Takebayashi et al., 2001b;
Zewall-Foote et al., 2001), a auséncia das endonucleases do NER (Radl/Rad10,
Rad2) em levedura, torna as células resistentes a ET-743. Do mesmo modo,
considerando valores de sobrevivéncia em torno de 20% (dose 4nM; Fig.2A
Capitulo 1), a auséncia do GG-NER (Rad4) ndo modifica a sensibilidade das células
tratadas com o agente alquilante ET-743.

Sendo a levedura um bom modelo biolégico para estudar o mecanismo de
acao de diferentes agentes que interferem com o DNA e considerando que existe
interacdo entre os sistemas de reparagdo na tentativa de remocao dos danos
gerados por agentes antitumorais (Beljanski et al.,, 2004), nés avaliamos a
participacao de outros sistemas de reparacéo na toxicidade da ET-743.

Inicialmente, considerando a presenca de outras endonucleases na célula, a
proteina Apnl (APE1l) do BER foi avaliada. A resisténcia de linhagens celulares de
levedura deficientes na proteina Apnl (Fig.2B, Capitulo 1), apresentada neste
estudo, contribui para explicar o mecanismo de ac¢ao do agente alquilante.

APE1 é o homélogo da proteina Xth (exonuclease IlIl) de E. coli, foi
primeiramente purificada de células humanas na década de 80 (Kane e Linn, 1981)
e teve o seu DNA identificado dez anos mais tarde (Demple et al., 1991). APELl é
uma proteina nuclear de 35,5 KDa que possui papel central em ambas as vias (curta
e longa) do BER. E a principal endonuclease tanto em células de mamiferos quanto

em levedura, responsavel por aproximadamente 95% da atividade de endonuclease
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nas células (Boiteux e Guillet, 2004). Possui forte atividade de endonuclease
dependente de Mg?* e é responsavel por hidrolizar a regido 5’ de sitios abasicos no
DNA, gerando uma extremidade 3' OH e 5 dRP (Boiteux e Guillet, 2004). Além de
atuar na reparacdo, APE1 é conhecida por agir como um fator efetor de oxidacao-
reducéo, recebendo por isso, o nome alternativo de Ref-1 (Evans et al., 2000),

Nives elevados de APE1/Ref-1 tém sido encontrados em diversos tipos de
canceres, como gliomas (Bobola et al., 2001), cancer de prostata (Kelley et al., 2001)
e sarcomas (Wang et al., 2004). Acredita-se que 0 aumento da expressao da enzima
‘chave’ do BER esteja relacionado com a maior eficiéncia do reparo de danos
induzidos pela quimioterapia tornando as células resistentes aos agentes
terapéuticos (Robertson et al., 2001).

Interessantemente, a ET-743 tem mostrado potente atividade contra
sarcomas (soft tissue sarcomas; STS), tumores que apresentam niveis elevados de
APEL. Aléem dos sarcomas, a ET-743 tem mostrado atividade contra uma variedade
tumores e encontra-se na fase Il e Ill dos ensaios clinicos para o tratamento de
cancer de mama, ovario e préstata (O'Hanlon, 2006).

O emprego da ET-743 em sarcomas vem sendo extensivamente estudado,
principalmente devido a sua potente atividade como droga de segunda escolha apés
o desenvolvimento de resisténcia a outras drogas (Schoffski et al., 2007). STS séo
um grupo de tumores heterogéneos, raros, que constituem aproximadamente 1%
dos tumores solidos malignos em adultos. Compreendem mais do que 50 tipos
histol6gicos que apresentam comportamento biologico distinto. Ao contrario da vasta
maioria dos carcinomas comuns, de origem epitelial, os sarcomas sao derivados do

tecido mesenquimal e podem envolver tecidos conectivos, visceras e qualquer outra
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parte do corpo humano, porém, aproximadamente dois tercos dos sarcomas
ocorrem nas extremidades (Kotilingam et al., 2006).

O interesse na busca de drogas que possam ser utilzadas no tratamento
deste tipo de tumor estd baseado na gravidade da doenca. Apds a deteccao do
tumor, 50% dos pacientes apresentam tempo médio de sobrevida de apenas 5 anos.
Alguns sarcomas de origem 0ssea, como 0 sarcoma de Ewing’s, sdo geralmente
fatais e mostram baixa resposta aos tratamentos quimioterapicos e radioterapicos
(Cormier e Pollock, 2004; Kotilingam et al., 2006). Além deste fator, € importante
ressaltar que os STS nao respondem a maioria das drogas disponiveis, sendo a
doxorrubicina e a ifosfamida as mais ativas (Fayette e Blay, 2005).

Em um interessante estudo realizado por Wang et al. (2004), niveis elevados
da proteina APE1 foram identificados em 72% dos casos de osteosarcoma
estudados, mostrando elevada correlacdo entre os altos niveis de expressdo de
APE1 e o reduzido tempo de sobrevivencia dos pacientes. Além disso, os autores
mostram que a reducdo da expressao de APE1 através do silenciamento da proteina
por RNA de interferéncia (SiRNA), sensibiliza as células a agentes alquilantes como
metilmetano sulfonato (MMS), agentes oxidativos como o peréxido de hidrogénio
(H202), quimioterapéuticos como o etoposideo e frente a radiacdo ionizante (\Wang
et al., 2004).

Os resultados obtidos nesta tese confirmam a caracterizacdo da ET-743 como
sendo uma droga que possui mecanismo de acdo peculiar, isto é, diferente dos
agentes antitumorais utilizados comumente na clinica. Neste estudo, células de
Saccharomyces cerevisiae deficientes na proteina Apnl mostraram-se resistentes a

acao da ET-743. Em contrapartida, a sensibilidade do mutante simples Apnl ja foi
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descrita para agentes alquilantes como MMS, t-butilhidroperéxido (t-BOOH) e H202
(Ramotar et al., 1991).

Embora o papel da proteina Apnl na citotoxicidade da ET-743 ainda deva ser
melhor explorado, os resultados obtidos neste trabalho permitem sugerir uma
possivel explicacdo para a sensibilidade dos sarcomas ao tratamento com ET-743.
Considerando que a resisténcia dos tumores STS a maioria das drogas classicas
seja devido a superexpressao de APE1, entre outros fatores (para revisdo ver
Fayette e Blay, 2005), e que a auséncia de Apnl torna as células eucaridticas
resistentes a ET-743, estes dados contribuem para explicar por que STS, tumores
que superexpressam esta proteina, sdo sensiveis ao tratamento com ET-743.

Ainda, o emprego de linhagens de levedura contendo combinacfes de
mutacdes mostrou que a resisténcia das células a ET-743 depende da
funcionalidade de pelo menos uma das vias de reparcdo por excisdao. Como pode
ser observado na Figura 4 (Capitulo 1), uma interacdo epistatica entre as
endonucleases do BER e NER ocorre, evidenciando que as duas vias de reparagao
estdo envolvidas na promocao de citotoxicidade pela ET-743. A presenca de pelo
menos uma endonuclease funcional de cada via (Apnl, Radl ou Rad2) é necesséria
para a atividade citotéxica da ET-743.

Considerando estas observacOes, seria esperado que um mutante viavel
deficiente nas principais endonucleases do BER e NER (apnlradlrad2) fosse
resistente em resposta aos danos gerados pela ET-743. Embora esse mutante ainda
nao tenha sido descrito na literatura, a sensibilidade apresentada pelas linhagens
deficientes nas glicosilases do BER (mutantes ntgl, ntg2, ntglntg2, Fig.3A Capitulo

1) corrobora o modelo proposto.
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Todavia possa ser concluido que as DNA-glicosilases/AP-liases Ntgl e Ntg2
nao estdo envolvidas com o processamento dos adutos gerados pela ET-743, o
papel das glicosilases Oggl e Magl ainda deve ser esclarecido em vista da
resisténcia apresentada por estes mutantes (Fig. 2B, Capitulo 1).

A proposta para o mecanismo de ac¢do para a ET-743 em células de levedura
foi desenvolvida a partir de observacdes prévias que que mostraram que a ET-743 é
capaz de formar adutos covalentes na volta menor DNA (Pommier et al., 1996;
Moore et al., 1997) e que a subunidade C permanece projetada para o exterior da
hélice (Zewail-Foote e Hurley, 1999). Assim, considerando a hipétese de formacgéao
de um complexo téxico ET-DNA-proteinas que foi proposta primeiramente por
Zewail-Foote e colaboradores em 2001 (Zewail-Foote et al., 2001), um modelo para
a citotoxicidade da ET-743 foi criado pelo nosso grupo. Neste modelo, as
endonucleases do NER ou do BER formam um complexo com a ET-743 e,
consequentemente, com o DNA, o que impede a continuidade da cascata de
reparacdo. Esse complexo é capaz de induzir morte celular e, portanto, promover a
citotoxicidade de células tumorais que possuem expressdao aumentada das

endonucleases envolvidas neste complexo (Fig.5, coluna da esquerda, Capitulo 1).

A tolerancia dos danos gerados pela ET-743 e ainducao de mutacdes

A avaliacdo da sensibilidade dos mutantes deficientes em duas vias de
reparacao de DNA somado aos experimentos de mutagénese foram realizados com
0 objetivo de esclarecer a interelacdo entre os sistemas de reparacdo e o

mecanismo de acdo da ET-743 em levedura.
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Os diferentes niveis de sensibilidade dos quadruplos mutantes deficientes no
BER em combinacdo com o NER (ntglntg2apnlradl), com a recombinagao
homodloga (ntglntg2apnlrad52) e com a sintese translesdo (ntglntg2apnlrev3)
(Fig.3B, Capitulo 1) mostram que a resisténcia decorrente da auséncia de uma das
endonucleases ‘chave’ das vias BER e/ou NER ocorre como resultado da promocao
de efeitos mutagénicos e recombinogénicos. A sensibilidade intermediaria dos
mutantes BER/HR (ntglntg2apnlrad52) e BER/TLS (ntglntg2apnlrev3) confirma a
atuacdo das duas vias na tolerancia dos danos gerados pela ET-743. No primeiro
caso (mutante BER/HR), a sobrevivénica é decorrente da inducdo de mutacdes
controladas pela acdo da polimerase transleséo z (Pol zeta; Rev3) (via indutora
erro; error-prone), enquanto que no segundo caso (mutante BER/TLS), a
sobrevivéncia € resultado da inducdo de uma via livre de erro (error-free), a
recombinacdo homoéloga.

Muitas das lesBes que blogueiam a replicacdo sdo usualmente reparadas pelo
NER ou BER. Se estas vias estdo saturadas ou inativas (como no caso dos
mutantes utilizados neste estudo), a morte celular pode ser induzida. Para prevenir a
morte celular nestas circunstancias, as células dispéem de mecanismos de
seguranca, as chamadas vias de tolerancia de danos (revisado em Broomfield et al.,
2001). Neste sistema, a DNA- polimerase replicativa, bloqueada pela presenca do
dano, é substituida por uma (u varias) polimerases de baixa fidelidade, como por

exemplo Polz[zeta](Rev3), Polh[eta](Rad30), Polk[kappa], Polifiota] ou Revl
(Kannouche e Stary, 2003; Prakash et al., 2005). Embora seja conhecido que
Polh[eta](Rad30) esteja envolvida na sintese transleséo livre de erro (Carty et al.,
2003), o mutante quadruplo deficiente na proteina Rev3 folz) submetido ao UV

(Tab.2 coluna da esquerda, Capitulo 1) apresentou aumento na taxa de mutacéo
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guando comparado a linhagem selvagem. Contudo, quando se observa a auséncia
de mutacdes induzidas pela ET-743 neste mutante (Tab.2 coluna da direita, Capitulo
1), conclui-se que mutagénese induzida pelo complexo toxico ET-DNA-
endonucleases é dependente principalmente de Rev3.

Em vista dos dados obtidos através dos ensaios de mutagénese,
recombinogénese e toxicidade geradas pela ET-743, o modelo proposto (Fig.5
coluna central, Capitulo 1) mostra que na auséncia das endonucleases do BER/NER
o complexo toxico ET-DNA-proteinas ndo € capaz de se formar e uma DNA-
polimerase (provavelmente Rev3) consegue sintetizar o DNA através do dano.
Apesar disso, de acordo com a resisténcia apresentada pelo mutante simples rev3,
conlcui-se que a ativacdo do TLS pode ocorrer também nos mutantes que possuem
as endonucleases funcionais, neste caso, por acao de outra DNA-polimerase
translesdo (Rad30) (Fig.5 coluna da direita, Capitulo 1).

Outros agentes antitumorais também se comportam da mesma maneira que a
ET-743. A mutagénese induzida pela cisplatina € menor em linhagens celulares que
apresentam deficiéncia na expressédo de Rev3, sugerindo que a Polz esta envolvida
na sintese de DNA indutora de erro através dos adutos de platina no DNA (\Wu et al.,
2004).

Apesar disto, a ET-743 ndo pode ser comparada a cisplatina, ja que estudos
tém mostrado que niveis reduzidos de diversas proteinas envolvidas no TLS,

incluindo Rad18, Revl e a subunidade catalitica da Polz, reduzem enormemente a

resposta mutagénica sem alterar significativamente a citotoxicidade da cisplatina

(Wu et al., 2004; Watson et al., 2006) o que nao ocorre no caso da ET-743.
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A geracdo de DSBS e o papel da recombinacdo homéloga na reparacdo dos
danos causados pela ET-743

De acordo com os resultados obtidos nesta tese, o sistema de reparagcao por
recombinacdo homologa € tdo (ou mais) importante que o NER na modulacdo da
reposta a ET-743 em células de mamifero. A sensibilidade a ET-743 das células de
mamiferos deficientes em HR (XRCC3, XRCC2, BRCA2 e RAD51C) € de 8 a 23
vezes maior (Fig. 3, Capitulo 2) do que a linhagem parental, enquanto que a perda
do NER esta associada com aumento de 2 a 8 vezes na resisténcia (Damia et al.,
2001; Erba et al., 2001; Takebayashi et al.,, 2001b; Soares et al., dados nao
publicados).

Conforme observado em células de S. cerevisiae (Capitulo 1) e também em
células de mamifero (Soares et al., dados néao publicados), sabe-se que os adutos
ET-DNA séo reconhecidos pelo BER e pelo TC-NER. O TC-NER € um processo que
inicia-se a partir do bloqueio da RNA polimerase Il no momento que esta encontra a
lesdo mas, goesar disto, o tratamento prévio das células com DRB, um inibidor
seletivo da RNA polimerase I, ndo exerce influéncia sobre a geracdo de quebras
duplas induzidas pela ET-743 (Soares et al., dados nao mostrados), sugerindo que a
sintese de RNA ndo contribui para a formacdo de DSBs. Interessantemente,
resultados similares foram previamente descritos para a mitomicina C (Sastry et al.,
1995), outro agente que se liga na volta menor do DNA e esta associado com a
formacao de quebras duplas dependentes de replicacao (Niedernhofer et al., 2004).

Embora a mitomicina C seja um indutor de ICLs, evidéncias bioquimicas e
modelos moleculares indicam que a ET-743 apresenta algumas propriedades
similares a este tipo de agente. Em vista disto, a conversao dos adutos de ET em

DSBs deve, pelo menos em parte, ser explicada pela influéncia da leséo sobre a
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dindmica da hélice do DNA. Experimentos usando oligonucleotideos mostram que os
niveis de retardacdo dos fragmentos de DNA em gel ocorrem devido a uma
desestabilizacdo da hélice e ao aparecimento de uma banda correspondente a
ssDNA alquilados. Resultados positivos neste ensaio sao descritos para agentes
alquilantes que reagem com a posicao N2 de guaninas ra volta menor do DNA,
como os derivados de benzoacronicina S23906-1 e S29385-1, mas nao para a ET-
743 (David-Cordonnier et al., 2005b). Além disso, a ET-743, assim como a
doxorrubicina, promove aumento na temperatura necessaria para promover a
desnaturacdo térmica do DNA (David-Cordonnier et al., 2005b) e impede a
separacao das fitas de DNA pela helicase RecBCD (Dziegielewska et al., 2006). O
conjunto destes estudos sugere que a ET-743 estabiliza a estrutura do duplex e,
assim como o agente indutor de crosslinks mitomicina C, induz quebras duplas de
DNA gue sdo dependentes de replicacéo.

A inducédo de quebras duplas induzidas pela ET-743 ocorre de maneira dose-
dependente (Fig.1C, Capitulo 2), assim como a inibicdo da sintese de DNA (Fig.1A,
Capitulo 2) e a citotoxicidade (Fig.1B, Capitulo 2), que também podem ser
obervadas na mesma faixa de dosagem.

A inducdo de DSBs no DNA foi mostrada através do ensaio cometa e
confirmada através da deteccdo da formacdo de gamma-H2AX medida por
microscopia confocal de fluorescéncia (Fig. 1D e 1E, Capitulo 2).

O ensaio cometa, também chamado de eletroforese em gel de célula Unica
(single cell gel eletrophoresis, SCGE) € um teste rpido, visual e quantitativo para
medir danos ao DNA de células eucaridticas individuais (Burlinson et al., 2007). A

versdao neutra do ensaio cometa mede a formacdo de quebras duplas como
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resultado da utilizacdo de condicbes que ndo promovem desnaturacdo do DNA
(Olive e Banath, 2006).

Assim como 0 ensaio cometa, a determinacdo de gamma-H2A(X) tem sido
extensivamente utilizada como marcador de quebras duplas no DNA (Rodrigue et
al., 2006; Wykes et al., 2006 ; Bekker-Jensen et al., 2006). De acordo com Modesti e
Kanaar (2001), a fosforilacdo da histona H2AX ocorre apds poucos minutos da
exposicao de células a radiacdo ionizante, e a formacdo de focos detectados por
imunocitoquimica é um indicativo sensivel da existéncia de uma DSB no DNA. Os
focos de gamma-H2AX podem ser observados como consequéncia da
reestruturagdo da cromatina que ocorre com a finalidade de reter e conservar 0s
fatores de sinalizacédo/reparo no local da lesdo, auxiliando na manutencdo das
extremidades finais de DNA préximas uma da outra (Fernandez-Capetillo et al.,
2004). Neste estudo, a andlise da formacdo de H2AX fosforilada impulsionou as
conclusdes sobre a geracéo de quebras duplas no DNA dependentes de replicacao.
A auséncia completa de gamma-H2AX em algumas células sugere a influéncia do
ciclo celular nas DSBs induzidas pela ET-743 (Fig.1E, Capitulo 2).

Dando continuidade a estes estudos, a aphidicolina, um inibidor reversivel
da sintese de DNA, foi empregada com o objetivo de confirmar a influéncia do ciclo
celular nas quebras induzidas pela ET-743. ApOs um pré-tratamento das células com

aphidicolina observa-se diminuigcdo na formacéo de quebras duplas induzidas pela

ET-743 (Fig.2A, Capitulo 2). As DSBs sao reestabelecidas apdés a retirada do
inibidor do meio de cultura Fig.2B, Capitulo 2), revelando que a reiniciacdo da
sintese de DNA é critica para a geracao de quebras induzidas pela ET-743.

Estes experimentos, adicionados dos resultados obtidos no ensaio cometa

apos sincronizacao das células nas fases G1 e S confirmam que a ET-743 é um

92



agente alquilante que induz DSBs no DNA que sdo dependentes de replicacao.
Células sincronizadas em fase G1 apresentam menor indice de DSBs quando
comparadas as células sinronizadas em fase S e néo sincronizadas (Fig.2C,
Capitulo 2).

A inducdo de lesdes secundérias (DSBs) nédo é restrita para a ET-743 e ja tem
sido demonstrada para outros agentes que interagem com o DNA, como para o
indutor de crosslinks mitomicina C (Niedernhofer et al., 2004) e o alquilante
monofuncional S23906 (Leonce et al., 2006). Acredita-se que as lesdes secundarias
sdo geradas no momento em que a forquilha de replicacdo encontra os adutos
(lesdo priméria) no DNA.

Assim como observado inicialmente em células de Saccharomyces cerevisiae,
o sistema HR é responsavel pela reparacdo dos danos induzidos pela ET-743 nas
células de mamiferos. A extrema sensibilidade das linhagens deficientes nas
proteinas da via HR, assim como as aberragcdes cromossdmicas induzidas nestas
células, confirmam esta hipétese. As DSBs ndo reparadas na linhagem BRCAZ2
(Fig.4B, Capitulo 2) induzem aumento no numero de células contendo aberracdes
cromossomicas de maneira dose-dependente, sendo que na dose de 10 nM todas
as metafases observadas mostram pelo menos trés aberracdes. Em contrapartida,
somente 1% das células parentais apresenta anormalidades cromossémicas nesta
dose (Tab.1, Capitulo 2).

A influéncia da HR na modulacédo da citotoxicidade da ET-743 indica que a
funcionalidade das vias de reparacdo de DNA é uma ferramenta Util na selecdo de
pacientes que mais podem se beneficiar do tratamento. Em vista disto, este trabalho
tem como suporte um estudo clinico preliminar com 92 pacientes portadores de

sarcomas (Schoffski et al., 2006). Neste estudo 0 grupo que mostrou maior tempo de
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sobrevivéncia livre de progressdo apresentava baixos niveis de expressdo das
proteinas de recombinacdo BRCA1/BRCA2 e niveis elevados de mRNA para a
proteina ERCC1 do NER. Em contrapartida, alta expressdo de BRCA1/BRCA2 e
baixa de ERCC1 foi associado com a perda da resposta clinica a ET-743 (Schoffski

et al., 2006).

Modelo para o mecanismo de acdo da ET-743 em células eucaribticas
sensiveis e resistentes ao tratamento

A presenca das proteinas do sistema de reparacdo por recombinagao
homologa é critica para a determinacdo da sensibilidade ou resisténcia das células
ao tratamento com ET-743. Apesar das endonucleases do NER e BER exercerem
influéncia no mecanismo de acao da ET-743, a recombinacdo homéloga parece ser
mais importante nha modulacdo da resposta celular. A extrema sensibilidade das
células deficientes em HR combinado a resisténcia moderada apresentada pelas
linhagens deficientes em NER corroboram esta hipétese. Além disso, as quebras
duplas possiveis de reparacdo detectadas nas células deficientes em XPG,
confirmam o papel da recombinacdo homdloga na reparacdo dos danos gerados
pela ET-743.

As Figuras 11 e 12 apresentam o modelo proposto para a geracao de
quebras duplas de DNA induzidas pela ET-743 e a reparacdo destas lesdes através

do sistema de recombinacdo homologa.
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Os adutos ET-DNA séo estaveis durante a fase G1 do
ciclo celular. Nesta fase ndo sdo geradas quebras duplas
de DNA.
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Figura 11. Modelo para a inducédo de quebras duplas dependentes de replicacdo em
células sensiveis a ET-743. Defeitos em proteinas da via de reparacédo por recombinagéo
homologa e/ou presenca das endonucleases do BER e do NER tornam as células
sensiveis ao tratamento com ET-743.
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VI. CONCLUSOES



6.1 CONCLUSAO GERAL

Evidéncias biologicas e bioquimicas mostram que a ecteinascidina 743
apresenta um mecanismo de acao particular, envolvendo enzimas da maquinaria de
reparacdo de DNA. Este mecanismo é distinto de outros descritos anteriormente
para outras drogas. Os ensaios em modelos biologicos eucaridticos revelaram que
0s sistemas de reparagcdo por excisdo de DNA estdo envolvidos na promocgao da
citotoxicidade induzida pela ET-743. Além disso, os testes de eletroforese e
microscopia permitiram identificar que a ET-743, um agente alquilante
monofuncional, € capaz de gerar quebras duplas de fita de DNA, que se nédo
reparadas induzem a aberracfes cromossOmicas. Adicionalmente, os resultados
apresentados nesta tese permitiram mostrar pela primeira vez que 0 processo de
conversdo dos adutos primarios da ET no DNA em uma lesdo secundaria é
dependente dos eventos de replicacéao.

Os dados apresentados nesta tese contribuem para explicar o mecanismo
molecular de acdo da ET-743, que até anteriormente permanecia incompreendido.
Ainda, este trabalho permite a identificacdo de marcadores moleculares que
contribuem na selecéo de pacientes que podem vir melhor responder ao tratamento

com este antitumoral.

6.2 CONCLUSOES ESPECIFICAS

- As endonucleases do sistema de reparacdo por excisdo de nucleotideos,

Radl/Rad10 (XPG/ERCC1) e Rad2 (XPF) estdo envolvidas com o mecanismo de

citotoxicidade da ET-743 tanto em células de mamiferos quanto em levedura. A
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auséncia destas enzimas torna as células resistentes (em diferentes graus) a ET-
743;

- A via de reparacdo por excisao de bases de levedura também influencia no
mecanismo de acdo da ET-743. A presenca da proteina Apnl, principal
endonuclease da célula, contribui na promocao da citotoxicidade apos tratamento
com ET-743 em células de levedura;

- A sensibilidade celular a ET-743 depende de eventos de epistasia entre 0os
sistemas BER e NER. Através da utilizacdo de mutantes de levedura com defeitos
em uma ou duas vias de reparacdo de DNA foi possivel observar que é necessario
haver a presenca de pelo menos uma endonuclease de cada uma das vias (Apnl,
Radl/Rad10 ou Rad?2) para a promocéao de citotoxicidade;

- O sistema TLS € responsavel por tolerar os danos gerados pela ET-743,
sendo a polimerase translesdo Rev3 una das responsaveis pela sintese de DNA
translesdo e a inducao de mutacdes na leveduraS. cerevisiae;

- A via de recombinacdo homodloga € importante na reparacdo dos danos
gerados pela ET-743 em células de levedura. Apesar da resisténcia apresentada
pelo simples mutantes rad52 nas condigbes testadas, a utilizagdo de mutantes
deficientes em duas vias de reparacdo mostrou-se Util para evidenciar a interelacéo
entre os sistemas de reparo na tolerancia e reparacao destes danos;

- A exposicdo de células de mamiferos a ET-743 est4 associada com potente
inibicdo da sintese de DNA. A inibicdo da sintese € observada na mesma faixa de
concentracao capaz de induzir morte celular (IC50 cerca de 20nM);

- O tratamento com ET-743 induz a formacao de quebras duplas de DNA.

Através da realizacdo do ensaio cometa neutro, que detecta exclusivamente DSBs, e
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da deteccdo da formacdo de H2AX fosforialda foi possivel quantificar as DSBs
geradas;

- O tratamento das células com aphidicolina, um inibidor reversivel da sintese
de DNA é capaz de reduzir as DSBs induzidas pela ET-743. Além disso, o
tratamento de linfécitos e de células sincronizadas em fase G1 confirmam que a
formacéo de DSBs induzidas pela ET-743 sdo dependentes da sintese de DNA;

- Apesar da influéncia das endonucleases do TC-NER (sistema que envolve 0
blogueio da RNA Pol 1) no mecanismo de acédo da ET-743, foi possivel observar que
a sintese de RNA né&o tem influéncia neste mecanismo. O tratamento de células com
DRB, um inibidor da sintese da RNA Pol Il ndo aumenta a forma¢do de DSBs em
comparagdo com o controle;

- Linhagens celulares deficientes em proteinas envolvidas no sistema de
recombinacdo homodloga (XRCC3, BRCA2, XRCC2, RAD51) sdo extremamente
sensiveis a acao da ET-743, confirmando o papel desta via na reparacao dos danos
gerados por este agente alquilante;

- O tratamento com ET-743 durante 1 hora influencia a progresséo do ciclo
celular em linhagens deficientes em HR. Seis horas apds tratamento com
concentracdes farmacologicamente relevantes de ET-743 (IC50 6nM), a maior parte
das células deficientes em XRCC3 encontram-se na fase S do ciclo celular. Para a
linhagem parental, este mesmo efeito s6 é observado quando a concentragdo é
aumentada para 140nM de ET-743;

- A ET-743 induz aberracdes cromossémicas nas células deficientes em HR.
A exposicdo de linhagens deficientes em BRCA2 a 10nM de ET-743 esta associada
a danos cromossOmicos. Em contrapartida, somente 1% das células parentais

apresentam anormalidades cromossdmicas nesta concentracao;
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- O ensaio cometa e a analise do cariotipo permitiram concluir que as células
proficientes em recombinacdo homologa sdo capazes de reparar (parcialmente) os
danos gerados pela ET-743;

- Células deficientes em recombinacdo homologa, bem como, células
proficientes nas endonucleases do NER/BER s&o mais sensiveis ao tratamento com

ET-743 quando comparadas as linhagens parentais.

101



VIl. PERSPECTIVAS



As conclusbes sobre a interferéncia da ET-743 com 0s mecanismos de
reparacdo de DNA obtidas nesta tese, sugerem diversos outros estudo que
poderiam ser realizados para melhor explorar 0 seu mecanismo de acao e, desta
forma, continuar a contribuir para o seu desenvolvimento clinico. Entre estes estudos

destaca-se:

estudar a cinética das modificagbes da histona gamma-H2AX
(fosforilacdo e desaparecimento) apos tratamento com ET-743 com o
objetivo de esclarecer quais sdo 0s eventos necessarios para a
eficiéncia da reparacao do DNA;

estudar o comportamento de mutantes de levedura deficientes em
diferentes histonas a fim de caracterizar o envolvimento das histonas
(e suas modificacdes) no reparo dos danos gerados pela ET-743;
investigar se os diferentes fatores de reparacdo dos sistemas NHEJ e
HR sao recrutados para o local do dano ap6s geracao de quebras
duplas induzidas pela ET-743;

explorar a influéncia da sintese de RNA na citotoxicidade promovida
pela ET-743 e o papel da RNA polimerase Il no reconhecimento dos
adutos de ET-DNA,;

investigar os niveis de expressao da proteina APE1 apGs tratamento
de células tumorais humanas com ET-743 e determinar se esta
proteina esta presente no nucleo indicando a formacéo do complexo

ET-DNA-APE1L;
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estudar a influéncia da utilizacdo da combinacdo de diferentes
agentes antitumorais na citotoxicidade da ET-743 em células de
levedura com o objetivo de identificar novos possiveis protocolos a
serem avaliados em células de mamiferos;

estudar a atividade da ET-743 em tumores especificos através da

utilizacdo de modelos xenogréaficos animais;
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Nature’s Lessons to Design an Effective, Rational and Selective Drug for
Soft Tissue Sarcoma Treatment: The Ecteinascidins
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Abstract: Soft tissue sarcomas (STSs) belong to a rare, heterogeneous family of malignancies of mesenchymal origin.
Inoperable or metastatic sarcomas typically show low responsiveness to conventional chemotherapy probably due to
overexpression of several genes related to cell cycle control, cell maintenance, and DNA repair. The ecteinascidins (ETS)
are potent and selective antitumor agents isolated from marine tunicades from the Caribbean, Ecteinascidia turbinate. Of
the numerous ETs that have been isolated, ET-743 (YondelisO, Trabectedin®) is the most promising compound for
treatment of STSs. ET-743 is an alkaloid composed of three fused tetrahydroisoquinoline rings (A, B and C subunits) and
is structurally related to the DNA-reactive saframycins. While the A and B subunits of ET-743 provide the scaffold for
DNA recognition and binding, the C subunit makes only limited contacts with DNA. It has been proposed that ET-743
can also bind to the major endonucleases involved in base (BER) and nucleotide (NER) excision DNA repair, resulting in
cytotoxic DNA-ET-743-protein ternary complexes. Interestingly, absence of the C subunit in the ET molecule results in
distinct pharmacological activities when compared to ET-743 and could lead to the design of more potent and selective

ET-derived drugs for STSs treatment.

Keywords: Ecteinascidins, ET-743, chemical structure, soft tissue sarcomas, NER and BER.

1. INTRODUCTION

Soft tissue sarcomas (STSs) are rare tumors that account
for approximately 5% and 1% of malignancies in children
and adults, respectively [1]. They comprise a wide variety of
histological subtypes, clearly separated in both age groups:
rhabdomyosarcomas represent half in childhood, whereas
malignant fibrohistiocytomas, liposarcomas and leiomyosar-
comas are predominant in adults [1]. The rareness, along
with the considerable heterogeneity, explains the difficulty in
drawing clear guidelines relative to the optimal management
of STSs [1]. Currently, despite adequate control of the
primary tumor, more than half of all patients die within 5
years of the primary diagnosis, as a result of widespread
metastatic disease [2]. Inoperable or metastatic sarcomas of
osseous origin, such as osteogenic and Ewing’s sarcomas,
are generally fatal, typically showing low responsiveness to
chemo- or radiotherapy [2-6]. The resistance of STSs to
chemotherapy is due to the overexpression of several genes
related to cell cycle control, cell maintenance, and DNA
repair [3-6]. In this sense, the search for new anticancer
agents that are able to circumvent the above mentioned
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drug resistance mechanisms are a priority in the
experimental treatment of STSs.

Anticancer agents may be derived either from the
isolation of an active lead compound occurring
spontaneously in nature or by chemical synthesis in the
laboratory [7]. Until recently, the tradition in natural
product-derived anticancer drug development was to rely
almost exclusively on the screening of terrestrial sources
(plant extracts and fermentation products) for their cytotoxic
properties [7]. There are many examples of successful drugs
being derived from natural sources, which have had a
profound impact on the natural history of various types of
cancer [8-10]. Traditionally, higher plants and terrestrial
microrganisms have proven to be the richest sources of
natural drugs that are indispensable for treatment of fatal
diseases such as cancer. Well-known examples of plant-
derived anticancer drugs include paclitaxel (taxol), from
Taxus brevifolia; etoposide (vepesid), derived by partial
synthesis from the lignan podophyllotoxin isolated from
Podophyllum peltatum; and irinotecan, that was obtained by
optimizing the structure of the alkaloid camptothecin from
Camptotheca acuminata. Examples from bacterial sources
include doxorubicin and bleomycin from various
Streptomyces strains [8]. The treatment of lymphomas and
acute leukemias with the use of combination chemotherapy,
including anthracyclines and vinca alkaloids, are examples

© 2005 Bentham Science Publishers Ltd.
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of the contribution of nature [7]. Recently, in search for
anticancer agents with novel and original mechanisms of
action, natural products from marine organisms have also be
included as a potential source for drug development. An
increasing number of substances originating from marine
organisms are currently being developed towards clinical
trials [10-12].

Serious attempts to tap the vast potential of marine
organisms as sources of bioactive metabolites that may be
used directly or serve as lead structures for drug
development started in the late 1960s. The discovery of
sizeable quantities of prostaglandins, which had just been
discovered as important mediators involved in inflammatory
diseases, fever and pain, in the gorgonian Plexaura
homomalla by Weinheimer and Spraggins [13], is usually
considered as the ‘take-off point’ of any serious search for
‘drugs from the sea’ [13]. Interestingly, unusual nucleosides
were isolated from marine sponge Cryptotethya cryta already
in the 1950s and served as lead structures for the
development of commercially important anti-viral drugs
such as Ara-A (acyclovir) and the anticancer drug for
leukemia, Ara-C (cytosar-U, cytarabine) [8, 14]. Also one
marine anti-inflammatory compound is marketed as an
additive in high-end cosmetics (pseudopterosin C from the
Caribbean soft coral Pseudopterogorgia elisabethae) [14].

It is interesting to note that the majority of marine natural
products currently in use in clinical trials or under pre-
clinical evaluation are produced by sponges, tunicates,
molluscs or bryozoans [8]. The wealth of bioactive
metabolites isolated from soft-bodied, sessile or slow
moving marine metazoans that usually lack morphological
defense structures such as spines or a protective shell is not
merely a coincidence but reflects the ecological importance
of these constituents for the respective metazoans [8]. It has
been repeatedly shown that chemical defense through
accumulation of toxic or distasteful natural products is an
effective strategy to fight off potential predators (e.g. fishes)
or to force back neighbors competing for space [8]. Taking
the described ecological importance of marine natural
products into consideration, it is hardly a surprise that the
majority of drug candidates from the sea has so far been
isolated from metazoans that thrive in tropical or subtropical
seas where the grazing pressure by predators is higher than
in any other ecosystem of the world. Under such severe
selective pressures, only will survive those organisms that
can rely on effective means of chemical defense.
Interestingly, microrganisms associated with their metazoan
hosts have also been identified as a source for bioactive
metabolites [15-18]. Most (if not all) marine organisms
harbor microrganisms that include bacteria, cyanobacteria
and fungi within their tissues where they reside in the extra-
and intracellular space [19]. In some cases, these associated
microrganisms may constitute up to 40% of the biomass of
sponges [20, 21]. In this regard, several strains of Vibrio
associated with the sponge Dysidea sp. were studied, and it
was found that these bacteria are able to synthesize cytotoxic
as well as antibacterial tetrabromodiphenyl ethers [22].
Certain amino acid diketopiperazines have also been isolated
from the sponge-associated bacterium Micrococcus sp. [23].
Surfactin-like depsipeptides were originally isolated from
Bacillus pumilus-associated marine sponges [24] as well as
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ubiquinone-8, isolated from the culture broth of Alteromonas
sp. that is associated with the sponge Halichondria okadai
[25].

Concerning the bacteriological aspects and the richness
of their natural product chemistry, ascidians can be
compared to sponges [8, 26-28]. Both organisms are filter
feeders, harbor symbiotic bacteria and have been the source
of numerous biologically active compounds that frequently
resemble bacterial metabolites [29]. Ascidians are also
conspicuous members of marine fouling and benthic
communities. Their soft-bodied morphology provides
ascidians with little obvious structural defense from
predation [30-33]. Therefore, chemistry has been implicated
in defending ascidians from predators. Ascidians have been a
rich source of marine natural products [34], and the
ecological roles of these metabolites have been investigated
in a few studies [35-37]. Some ascidian larvae also possess
anti-predatory chemical defenses [38-41]. Similarities have
been noted in the chemistry of adults and larvae [33],
particularly in tropical compound ascidians.

One ascidian’s species, Ecteinascidia turbinata, has been
studied widely by its secondary metabolites, which have
potent cytotoxic properties [42]. Characteristically, E.
turbinata is a colonial tunicate from the family Perophoridae
found in the Caribbean and Mediterranean Seas [43]. As an
important component of the benthic ecology of the
Caribbean mangroves, E. turbinata has been the subject of
various studies examining settlement, species succession and
larval behavior [44-46]. The colony-forming individuals, or
zooids, are approximately 30 mm in length and are linked by
a basal vessel termed the stolon. This creeping structure
allows (i) blood flow throughout the colony, (ii) buds to
form new zooids during asexual reproduction and (iii) acts as
a storage organ during colony regression. Embryos are
brooded in the zooid and released as larvae when fully
developed. By its biological characteristics, E. turbinata has
became a model for ecological chemistry studies, specially
those regarding secondary metabolites production.

2. THE DISCOVERY AND CHEMICAL ANALYSES
OF ECTEINASCIDINS

2.1. E. Turbinata Extracts

The crude aqueous ethanol extracts of E. turbinata were
first reported to possess in vivo antitumor activity by Sigel et
al. [47]. In addition, the effect of this extract resulted in a
44% reduction on DNA excision repair in human skin
fibroblast cultures and accumulation of single-strand DNA
breaks (SSBs) [48]. The effect on DNA excision repair in
ultraviolet light-irradiated fibroblasts was measured by the
bromodeoxyuridine photolysis assay, thymine dimmer
chromatography, and DNA SSBs analysis on alkaline
sucrose gradients [49]. Aqueous extract also revealed
relatively high inhibition ratios (over 60%) against
transplanted sarcoma in mice [49], as well as
immunomodulatory effects [50-52]. Followed by these
pioneer studies, a number of research groups worked on the
isolation of the active constituents of the extract [53]. In
1986, it was suggested that the active compounds contained
three tetrahydroisoquinoline rings [53, 54]. The analyses was
then extended and the results indicated that the compounds
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are related to the safracin class of antitumor antibiotics [53].
A butanol partition of a crude methanol-toluene (3:1) extract
of E. turbinata was found to prolong the life span of mice
with murine leukemia by 45% [53].

2.2. Purification and Chemical Studies of E. Turbinata
Extract Constituents

The purification and identification of active components
from E. turbinata extracts was not completed until 1990 [53,
55, 56]. The delay in the isolation of active compounds from
E. turbinata extracts could be explained by the small
amounts of active substances found in the ascidian tissues
[0.01 to 1 part per million (ppm) range on a wet-weight] and
the improvement of chemical analytical technology
occurring at the end of the 20%" century, which allowed the
study of very few quantities of material. The chemical
structures of the active substance from E. turbinata extracts
were assigned primarily by fast atom bombardment mass
spectrometry (FABMS) and nuclear magnetic resonance
(NMR) studies. Pseudomolecular formulas of ETs were
assigned by high resolution FABMS (HRFABMS) and
ESCA (electron spectroscopy for chemical analysis), which
identified the sulfur atom. Molecular formulas were assigned
by HRFABMS. The results of all these analyses indicated a
new class of molecules termed ecteinascidins [ETs, Figs. 1
(compounds 1 to 12) and 2A], a tetrahydroisoquinoline
derivative structurally related to the safracins, saframycins,
and naphthyridinomycins from microbes, as well as the
sponge metabolites, the renieramycins and lenomomycin
(Fig. 2 and compounds 13 to 19). Until now,
tetrahydroisoquinoline antibiotics include more than 55
natural products that show antitumor, antimicrobial, and
other biological activities [57]. Since the discovery of
renieramycins from a Mexican marine sponge Reniera sp. by
Frinke and  Faulkner  [58], more than 20
tetrahydroisoquinoline compounds have been isolated from
metazoans [59-67]. Additionally, more than 12 ETs
molecules have been identified from extracts of E. turbinata
and Ecteinascidia thurstoni (Fig. 1 and compounds 1 to 12).

The three tetrahydroisoquinoline units and their aromatic
ring (A, B, C) substituents of ETs were identified and
combined into partial formulas by Holt [50] (Fig. 3A). These
formulas were later corrected by Wright et al. [53] and by
Rinehart et al. [55] and incorporated into consensus
structures based on the correct formulas (Fig. 3A and 3B).
The relative stereochemistry of ETs for most of the
stereocenters in the A-B unit was assigned by NMR data [53,
55]. The crystal structures of some ETSs, including ET-743
(4), completed the unambiguous assignment of relative
stereochemistry, specially at the difficult quaternary C-1’
(Figs. 3B and 3C). Although the X-ray diffraction data did
not assign the absolute stereochemistry, it was assumed to be
the same as in saframycin A (15) [65]. The determination of
ETs’ structure was crucial for the researches related to the
mode of action of these drugs in both in vitro and in vivo
biological models.

3. MECHANISM OF ACTION OF ETS: IN VIVO AND
IN VITRO STUDIES

The best-studied ET-743 (4) molecule has shown
antitumor activities in both in vitro and in vivo models [55,
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64, 68-70], including sarcomas, having low or no cross-
resistance with several standard chemotherapeutic agents
[69, 71]. Because of these promising data, the molecular and
cytotoxic mechanisms of ET-743 (4) have been deeply
investigated [72-75]. In addition, there is a strong clinical
interest in evaluating the efficacy of ET-743 (4) in
combination with other anticancer drugs [76] and in
comparing the activity spectrum toward many different
human tumor cell lines with other antitumoral agents [77].
Other ETs, like ET-770 (7) and ET-786 (9), have potent
cytotoxic activity, exhibiting I1Csq values of 2.5 and 7.6 nM
against the breast cancer cells and of 0.034 and 0.15 niM
against nasopharynx carcinoma cells, respectively [78].
Moreover, ET-770 (7) and ET-786 (9) showed antitubercular
activity against Mycobacterium tuberculosis H37Ra at the
minimum inhibitory concentration (MIC) of 0.13 and 2.0
mM, respectively [78]. The synthetic ET-analogues, PT-650
(12) and saframycin A-derivatives, have a high activity
against human sarcoma cells in vitro with single-digit
picomolar potency [79, 80].

3.1. How Does ET-743 (4) Binds to DNA?

The mechanism of action of ET-743 (4) has yet to be
fully defined, but DNA appears to be the primary target [76,
81, 82]. Two important observations yield clues about ET’s
mechanism of action. First, the pattern of potential hydrogen
bond acceptors and donors indicates that the drug is likely
capable of binding to the minor groove of DNA (Figs. 4A
and 4B). Secondly, ETs have a carbinolamine center at the
position 2 (Fig. 4C), and elimination of the adjacent
hydroxyl group (position 21, Fig. 4C) results in a Schiff base
vulnerable to nucleophilic attack, leading to DNA alkylation
of amino group of guanine at position 12 [76, 81, 82] (Fig.
4C). The three dimensional structures of the N12-formyl
derivative of ET-729 (2) and the natural N12-oxide of ET-
743 (4) have been proposed on the basis of X-ray
crystallography [64, 68] and the covalent binding interaction
between the ETs and DNA double helix has been studied by
computer modeling, suggesting that rings A and B ‘stack’
against the DNA backbone [68].

ET-743 (4) targets DNA by binding in the DNA minor
groove in CG-rich sequences by binding in the DNA minor
groove in CG-rich sequences [56, 68], with a sequence
preference for 5’-RGC-3’ (where ‘R’ stands for any purine)
or 5’-YGG-3" (where ‘Y’ stands for any pyrimidine) [56,
81]. The mechanism of covalent adduct formation involves
the reaction of ET-743 (4) with DNA via an iminium
intermediate caused by the intramolecular acid-catalyzed
dehydration of the carbinolamine functional group (Fig. 4C)
[82]. Several classes of minor groove binders have been
extensively characterized and clearly, ET-743 (4) produces
different biological consequences more than other minor
groove alkylating agents. More closely related to ET-743 (4)
are other guanine-N2-alkylating agents, which also possess a
carbinolamine center, like mitomycin C [83] and
benzodiazepines from various strains of Streptomyces,
including anthramycin [84]. As emphasized before, ET-743
(4) is an alkaloid composed of three fused
tetrahydroisoquinoline rings and is structurally related to the
DNA-reactive saframycins [85, 86]. The main structural
difference  between ET-743 (4) and the other
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ET-743 (4)

ET-759 (5)

ET-770 (7)

ET-790 (10)

ET-786 (8)

ET-786 (9)

H3C

o}
ET-637 (11)

Phtalasa din (P T)-650 (12)

Fig. (1). Some examples of ETs molecules isolated from the aqueous ethanolic extracts of E. turbinata and E. thurstoni (compounds 1 to 10)
and from chemical synthesis (gray box, compounds 11 and 12).
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CH3

Saframycin A (15)

Renieramycin J (17)

Lenomomycin (18)

CH,

Saframycin Mx1 (16)

OH
CHj3

_CHg

N

|
HsC  HyC

Naphthyridinomycin (19)

Fig. (2). Examples of tetrahydroisoquinoline molecules (compounds 13 to 19) that show structural similarities with ETs.

tetrahydroisoquinoline compounds, which do not posses
antitumoral properties, is an extra ring (C ring, Figs. 1 and
3A). In this case, the good efficacy of ET-743 (4) as an
anticancer agent could be attributed to the C ring, while
structurally related compounds such as saframycin A (15)
have lower efficacy [65]. In addition, ET-743 (4) can be the
first example of a tetrahydroisoquinoline compound that
bends DNA toward the major groove (Figs. 4A and 4B), and
this property may differentiate this compound from other
structurally or mechanistically similar drugs [87], which can
contribute to the clinical effectiveness of ETs. It should be

pointed out that ET-637 (11), which does not possess a C
ring, shows a similar ET-743 (4) cytotoxic potency and cell
cycle perturbation on different human tumor cells [88]. ET-
637 (11) also induces strongly the apoptotic pathways in
leukemia cells [88], a property not seen in ET-743 (4).

3.2. Interference of ET-743 (4) in the Molecular and
Cellular Processes

Many chemotherapic compounds are excreted from the
intestine via P-glycoprotein, a broad-specificity efflux pump
protein encoded by the multidrug resistance gene MDR1
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Fig. (3). General chemical structure of natural ETs molecules (A). Both A and B subunits of ET are indicated as well as the functional groups
that could be found in the positions R; to R4 (A). The functional groups found in position Rs of natural ET molecules could be a C ring
(indicated by a gray box), a ketone, a primary or a secondary amine chains (A). The numerical attribution for each atom that belongs to the

ET’s backbone chain is shown in (B). In this case, the ET-743 (4) molecule was used as an example. The three-dimensional structure of ET-
743 (4) is shown in (C).
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Fig. (4). Stereoisomer view (A and B) and chemical structure of ET-743 (4) (C) alkylated to N12 position of guanine (G, 20) in the DNA
minor groove from an iminium intermediate. In (A) and (B), the alkylation produces a bend toward the DNA major groove.

[89]. Using a combination of pharmacologic and genetic
approaches, Synold et al. [90] showed that the orphan
nuclear receptor, SXR, activates MDR1 expression in
hepatocytes and intestinal cells and that this activation
resulted in enhanced drug efflux. The interaction of ET-743
(4) with MDR1 is complex. On one hand, the drug is able to
inhibit the transcriptional activation of MDR1 through
inhibition of SXR [91]. However, ET-743 (4) is also a
substrate for the MDR1 protein, and prolonged exposure of
tumor cells to ET-743 (4) may be accompanied by drug-
resistance associated with MDR1 overexpression [92].

According to the model proposed by Moore et al. [81],
the C subunit that is not bounded to DNA but projecting out
from the minor groove might be able to interfere with DNA-
binding factors. With the aim to investigate the mechanisms
involved in the transcriptional effects caused by ET-743 (4),
D’Incalci et al. [93] analysed the ability of ET-743 (4) in to
inhibiting transcription factors, like oncogenic products,
transcriptional activators regulated during the cell cycle, and
general transcription factors, such as Spl, TATA-binding
protein and NF-Y. One of the factors that was preferentially
affected by ET-743 (4) was NF-Y [94-96]. Since two
subunits of NF-Y have some similarity with histone 2B, the
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effect of ET-743 (4) on nucleosome reconstitution was
investigated, and it was found that a complete inhibition
occurred at drug concentrations of 3-10 uM [93-97]. These
data would suggest that the mode of action correlates with
the ability of ET-743 (4) to interfere with the binding of
regulatory proteins to DNA. However, it is not clear if this is
a direct effect of ET-743 (4) taking into account that the
observed effects happen at concentrations that are much
higher than the cytotoxic concentrations that varies
between10 pM to 10 nM [93].

Many clinically useful anticancer agents act by causing
DNA damage either directly, by reacting with DNA, or
indirectly, by poisoning DNA-processing enzymes, e.g.
DNA topoisomerase enzymes. DNA topoisomerases are
important targets for chemotherapy of human cancers.
Inhibitors of type | (Topl) and Il (Top2) topoisomerases are
among the most effective anticancer drugs [97]. In general,
the drugs convert the enzymes into a cellular poison by
stabilizing the topoisomerase cleavage complexes, which are
the catalytic intermediates for topoisomerization reactions.
These drugs are commonly referred to as ‘topoisomerase
poisons’ [97]. In the case of Top2, the list of inhibitors is
extensive and includes DNA intercalators such as
doxorubicin, daunorubicin, idarubicin and epirubicin [98].
For Topl, the only class of inhibitors approved for clinical
use are the camptothecin derivatives [99]. Two camptothecin
derivatives, irinotecan and topotecan are currently registered
for second-line treatment of colorectal and ovarian cancers,
respectively [100, 101]. Other compounds, including 9-
aminocamptothecin, 9-nitrocamptothecin, GG-211, DX-
8951f [102], and BN 80915 [103] have also been clinically
evaluated [102], and many other potent camptothecin
analogues are in preclinical development [104]. BN 80915 is
unusually potent toward human colon carcinoma cells,
associated with formation of high levels of stable, covalent
DNA topoisomerase complexes [103]. Topl was identified
as a cellular target for ET-743 (4) [105]. In cells treated with
ET-743 (4) the Topl-DNA complexes were detected by
using the in vivo complex of enzyme (ICE) bioassay. ET-743
(4) differs from the camptothecins by the persistence and
location of the Topl cleavage complexes [105]. However,
the formation of this complex apparently does not explain
the observed cytotoxic effects of ET-743 (4) in tumor cells
and may possibly be associated with the repair of the drug.
An experiment realized with wild type and mutant TOP1
Saccharomyces cerevisiae strains indicated that Toplp is not
the primary target for ET-743 (4) [106]. The PT-650 (12) has
no Top2p cross-linking ability, but acts in Toplp, inducing
cross-linking with DNA [107]. Martinez et al. [107] showed
that only very high concentrations of PT-650 (12) (4 mM)
are required for optimum DNA-Toplp cross-linking, which
suggest that Toplp activity may be only an auxiliary effect
rather than the primary mechanism of action of PT-650 (12)
and ET-743 (4) [107].

Like many other different DNA-interacting drugs, ET-
743 (4) causes strong perturbation of the cell cycle with a
delay of cells progressing from G; to G,, inhibition of DNA
synthesis and a marked blockade in G,/M, which does not
appear to be p53-dependent [108-112]. What is quite unique
with this drug is the much higher sensitivity of G; cells. In
this sense, microarray data analyses of different cells types

Henriques et al.

subjected to ET-743 (4) treatment have been used to
elucidate the mechanism of action of this drug. Gajate et al.
[112] showed that ET-743 (4) rapidly induces cytochrome ¢
release from mitochondria in HL-60 and HelLa cells,
activating a mitochondrial-dependent apoptosis pathway.
Interestingly, they found that the action of ET-743 (4) on cell
cycle was transcription-dependent. Carrying out parallel
experiments of cell cycle and microarray analyses, Gajate et
al. [112] found that the expression of 89 genes of the 12,625
genes analysed (0.71%) were altered (20 down-regulated
genes and 69 up-regulated genes) when cells were treated
under conditions that induced cell cycle arrest (1 ng mL™
ET-743 (4), 48 h). Interestingly, they also found that ET-743
(4) regulated the expression of five cell cycle-related genes
that could explain the transcription-dependent effect of ET-
743 (4) on cell cycle, namely up-regulation of cyclin G,
GADD45A and p21 transcripts, and down-regulation of
histones and MCMS5 [112]. Up- and down-regulation of the
above mentioned genes have been reported to induce an
increase in S phase and a G,/M arrest in different systems
[113-118] consistent with the same effects observed for ET-
743-treated cells.

On the other hand, Martinez et al. [119] analysed the
expression of 6,700 cancer-related genes using a cDNA
microarray, including those related to cell cycle and
apoptosis, in STS cell lines explanted from chemo-naive
patients with different patterns of sensitivity to ET-743 (4).
The gene expression profile analysis revealed up-regulation
of 86 genes and down-regulation of 244 genes in response to
ET-743 (4), with massive down-regulation of gene
transcription in the majority of the cell lines. High-
throughput screening has allowed the identification of genes
that are induced after treatment with ET-743 (4), including
CS-1, ATF3, SAT, JUNB, GADD45, and ID2. These genes
have a common role as transcription regulators, leading to
cell cycle arrest in Gy/M and apoptosis [119], which can be
correlated with the cell cycle arrest and apoptosis induced
after treatment of different cell types with ET-743 (4) [113-
118]. Interestingly, the authors also identified an up-
regulation of: (i) RAD17 and BRCAL, two DNA-damage
sensor proteins; (ii) the apoptosis inducer proteins, PAR4 and
CASP8AP2; and (iii) the p53 targets, TP53DINP1 and
CDKN1A [119].

An inhibitory effect of ET-743 (4) in cells deficient for
telomeric maintenance was reported by Biroccio et al. [120].
These authors studied the ET-induced cell cycle arrest at
G,/M phase using, as the experimental model, human
melanoma clones that show reduced human telomerase
reverse transcriptase (hTERT) expression and telomerase
activity, characterized by telomere dysfunction. The data
indicated that the reconstitution of telomerase activity by
exogenous hTERT expression improved telomere function
and reduced the cellular sensitivity to ET-743 (4) [120].
Moreover, they demonstrated that the permanence in G,/M
phase of ET-743-treated cells without hTERT reconstitution
led the cells to activate the apoptotic program and that
telomere dysfunction is involved in the susceptibility to ET-
743 (4) in melanoma cells [120].

A recent work published by Allavena et al. [121] showed
that ET-743 (4) has a selective cytotoxic effect on monocytes
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and macrophages including tumor-associated macrophages
(TAMs). A growing body of evidence indicates that TAMs
are skewed toward M2 macrophages (a subset of
macrophages with low cytotoxic functions but high tissue-
remodeling activity) and produce a variety of growth and
angiogenic factors as well as immunosuppressive molecules
[121]. In this case, the presence of TAMs at the tumor site
and the continuous expression of their products may favor,
rather than antagonize, tumor progression [121]. It was
showed that, at sub-cytotoxic concentrations, ET-743 (4)
significantly reduced the production of two pro-
inflammatory cytokines, interleukin-6 (IL-6) and chemokine
(C-C motif) ligand 2 (CCL2), which have a major role in
host-tumor relationship and in cancer progression [121].
Interestingly, short-term exposures to ET-743 (4) inhibit the
differentiation of macrophages in vitro. Considering the
tumor promoting role of TAM and the increasing link
between inflammation and cancer, the high anti-
inflammatory activity properties of ET-743 (4) may also
contribute to its antitumor activity [121].

3.3. Interference of ET-743 (4) with DNA Repair
Mechanisms

As ET-743 (4) has the ability to induce DNA damage by
alkylating the amino group of guanine, one should consider
the possible roles of different DNA repair mechanisms on
the tolerance or elimination of ET-743-lesions on DNA
molecule. One proposed mechanism of action of DNA repair
pathways involves ET-743 (4) interaction with the
transcription-coupled (TC) NER machinery [122]. TC-NER
acts on the removal of lesions that distort the DNA double
helix, interfere in base pairing, and block DNA duplication
and transcription [122]. Incision of damaged DNA in both
yeast and humans by TC-NER utilizes the function of two
endonucleases: Radlp-Rad10p and Rad2p in yeast, and
XPF-ERCC1 and XPG in humans [123, 124]. Xeroderma
pigmentosum cells deficient in the NER genes XPG, XPA,
XPD or XPF were resistant to ET-743 (4), and sensitivity
was restored by complementation with wild-type genes
[122]. Moreover, studies of cells deficient in XPC or in the
genes implicated in Cockayne syndrome (CSA and CSB)
indicated that the ET-743 (4) sensitivity is specifically
dependent on the transcription-coupled pathway of NER
[122]. Most other drugs, which cause DNA alkylation, were
observed to behave in the opposite way (i.e. increased
sensitivity of NER-deficient cells) [72, 125]. This finding is
somehow analogous to that of the resistance to cisplatin in
mismatch-repair-deficient cells, where the removal of the
lethal cisplatin-DNA damage is counterproductive because it
activates a cascade of signals leading the cell to death [126,
127].

Considering the implications of the involvement of NER
pathway in mediating the biological potency, and perhaps
specificity, of ET-743 (4), Zewail-Foote et al. [74] studied
the recognition and incision of ET-743-DNA adducts by
UvrABC nuclease complex in the model bacterium
Escherichia coli. The UvrABC nuclease complex mediated
the NER pathway in prokaryotes and showed functional
analogy with the TC-NER in eukaryotes. The authors
showed that not all ET-743-DNA adducts are equally incised
by the UvrABC nuclease complex, and that ET-743-adducts
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at the nonpreferred sequences were incised with the highest
efficiency compared to adducts at the preferred sequences
[74]. These authors proposed that the adducts, when not
efficiently repaired, trap DNA-nucleotide excision repair
proteins forming cytotoxic complexes, which results in cell
death [74]. Moreover, the authors observed that in the
absence of an intact UvrABC nuclease complex, the toxic
lesion is unable to form, and the ET-743-DNA adducts,
although not repaired by the NER pathway, are less toxic to
cells [74].

Taking these results in mind, our research group analysed
the cytotoxicity and tolerance to ET-743 (4) in the yeast S.
cerevisiae, defective for NER and/or base excision repair
(BER), either in single mutants or in combination with
mutant alleles of genes encoding proteins involved in DNA
translesion synthesis (TLS) and homologous recombination
(HR) [75]. Also, we studied the possibility of ET-743 (4) in
inducing mutagenesis and mitotic recombination (crossing-
over and gene conversion) on yeast cells [75]. The results
indicated that BER enzymes, like Apnlp (an
apurinic/apyrimidinic endonuclease), together with Radlp-
Rad10p and Rad2p, recognize and act in the DNA damage
induced by ET-743 (4) [75]. As expected, the WT cells show
a high sensitivity to different ET-743 (4) treatments, while
single mutants for NER and BER endonuclease enzymes
were resistant [75]. Also, the induction of mutagenesis and
mitotic recombination in yeast cells by ET-743 (4) indicate
the participation of HR and TLS in damage tolerance, a fact
that was corroborated by the analysis of yeast HR and TLS
mutants. These data allowed us to draw a model of ET-743
(4) cytotoxicity in WT and mutant cells for DNA repair
pathways (Fig. 5). In the yeast cells lacking the
endonucleolytic components of BER and NER repair, the
processing of ET-743 (4) induced DNA-damage could be
mediated by two DNA repair pathways (Fig. 5): (1) HR
associated with TLS (error-free) or (2) a second TLS,
leading to mutant and WT phenotypes (error-prone). In
contrast, our model proposes that the repair of a stalled
replication fork by NER/BER and HR proteins, in the
presence of an ET-743-adduct, probably results in toxic
recombinational products that lead to cell death when an
error-prone  TLS pathway is not functional (Fig. 5).
Moreover, the absence of a HR protein (e.g. Rad52p)
channels the repair of stalled replication forks to a TLS
pathway, resulting in cell survival and ET-743 (4) tolerance
(Fig. 5). In S. cerevisiae WT cells the NER/BER repair
systems recognize the DNA damage after treatment with ET-
743 (4), inducing the recruitment of specific endonucleases
(e.g. Apnlp, Radlp-Rad10p, and Rad2p) (Fig. 5). These
complexes are trapped by the C subunit of ET-743 (4), and
thus form a covalently attached complex with DNA, stalling
the DNA polymerase [75].

Other DNA repair mechanisms associated with the cell’s
sensitivity to ET-743 (4) relies on the action of proteins like
DNA-dependent protein kinase catalytic subunit (DNA-
PKcs) and poly(ADP-ribose) polymerase (PARP). ET-743
(4) was found to be about fivefold more active in cells
lacking DNA-PKcs, and treatment with wortmannin, a potent
inhibitor of DNA-PKcs sensitized the cells to ET-743 (4)
[106]. It was showed that the loss of PARP-1 causes
increased sensitivity (~30 fold) to ET-743 (4) when
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Fig. (5). Model proposed for ET-743 cytotoxicity in WT and DNA repair defective mutants. In mutant strains lacking BER and NER
endonucleases (Scenario 1), ET-743 (4) damage can be tolerated by translesion synthesis (TLS) mediated by DNA polymerase z (Rev3p) and
h (Rad30p). In this case, mispairing or abasic sites originating from DNA replication opposite of the ET-743 adduct can be channeled to (1)
homologous recombination associated with TLS (error-free pathway) in the absence of Rev3p, generating a non-mutant phenotype (smile
face) or (2) DNA translesion synthesis (error-prone pathway), when Rad52p is not present and thus generating a mutant phenotype (alien
face). In yeast strains defectives for HR or TLS but proficient for NER/BER pathways (Scenario 2), an ET-743-stalled DNA replication fork
could be tentatively repaired by (3) TLS in the absence of HR (Rad52p), resulting in cell survival and a mutant phenotype (alien face), or (4)
by HR when a TLS pathway (Rev3p) is not fully functional. In this last case, the recombinational products resulting from the action of
NER/BER endonucleases plus HR proteins together with ET-743 (4) are extremely genotoxic for the cell, resulting in cell death (bone-and-
skull representation). In WT cells, which have functional NER and BER endonuclease activities (Scenario 3), ET-743 (4) could binds
covalently to the endonuclease proteins. This complex represents a permanently bound structure that stalls the DNA polymerase complex,
thus inducing cell cycle arrest or even cell death (bone-and-skull representation).
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compared to cells containing a fully functional PARP-1
protein [128]. In this case, the authors speculated that the
complex DNA-ET-743 (4) promotes the catalytic activation
of PARP-1, resulting in the ribosylation and inactivation of
cellular proteins involved in transcription [128]. On the other
hand, it could be speculated that the absence of PARP-1 and
DNA-PKcs lead to an inactivation of non-homologous end
joining (NHEJ) pathway, allowing the action of HR which
generate cytotoxic ET-743 (4) intermediates [75]. It was
proposed that PARP-1 acts in an end-joining activity
independent of the DNA-PK/XRCC4-ligase IV complex but
that actually required a novel synapsis activity of PARP-1
and the ligation activity of the XRCC1-DNA ligase Il
complex, proteins otherwise involved in the BER pathway
[129]. It was suggested that a PARP-1-dependent DNA
double-strand breaks (DSBs) end-joining activity may exist
in mammalian cells, and this mechanism could act as an
alternative route for DSBs repair of multiple substrates
generated by genotoxic agents or stalled replication forks,
complementing the DNA-PK/XRCC4/ligase 1V-dependent
NHEJ pathway [129].

3.4. Combination of ET-743 (4) with other Antitumoral
Drugs and Radiation

A logical consequence that arose from the studies of ET-
743 (4) action mechanisms was the analysis of its
combinations with other antitumor compounds. Preclinical
data has indicated a synergy between ET-743 (4) and
anthracyclines, taxanes, and cisplatin [130]. Interestingly, the
preclinical data also indicated that relatively non-toxic doses
of ET-743 (4) could increase the action of other antitumoral
drugs, as observed for cisplatin [93, 119]. This finding
means that ET-743 (4) may be used at lower, relatively
nontoxic, doses to potentiate the antitumor activity of
cisplatin [93]. Ongoing in vivo studies in xenografts appear
to confirm that cisplatin efficacy can be increased
dramatically by the concomitant use of ET-743 (4), even at
doses that alone produce no apparent effect [93]. Sequence-
dependent synergies have also been observed when
combining ET-743 (4) with doxorubicin or with paclitaxel in
STS cell lines [131]. The most favorable effects were seen
by treating the cells with ET-743 (4) first followed by
doxorubicin, and by exposing the cells to paclitaxel followed
by ET-743 (4) [93]. It also should be noted that the use of
antitumoral drugs that target some DNA repair proteins (e.g
Topl, PARP-1 and DNA-PKCcs) in combination with ET-743
(4) is an interesting option, taking into account the recent
data about the mechanism of action of ET-743 (4) together
with DNA repair mechanisms.

Simoens et al. [132] investigated the interaction between
ET-743 (4) and radiation on the cell cycle of four tumor cell
lines in vitro. The results showed that ET-743 (4) has
moderate cell line-dependent radiosensitising properties,
possibly due to the induction of G,/M arrest. However, these
radiosensitising properties only could be achieved when high
concentrations of ET-743 (4) were used [132].

3.5. ET-743 (4) Metabolism in Human Cells

The effectiveness of many pharmacological agents is
limited by metabolic inactivation and excretion. A variety of
clinically significant drugs including paclitaxel, verapamil,
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ibuprofen, thiazolidinediones, benzodiazepines and others
are subjected to metabolic inactivation by the hepatic
cytochrome P-450 enzymes (CYPs) [133]. In the case of ET-
743 (4), the metabolic data about this compound are very
limited. Studies of microsomal preparations containing
cDNA expressed rat CYPs suggest that CYP2 isoforms,
specially CYP3A4, may contribute to the NADPH-
dependent ET-743 (4) metabolism detected in rat liver
microsomal preparations [133]. In humans, both CYP3A4
and CYP2C9 isoforms likely contributed moderately to ET-
743 (4) metabolism based on a correlation with tolbutamide
methyl-hydroxylation and inhibition by a-naphthoflavone
and quercitin [133, 134]. Other CYP isoforms, e.g. CYP2E1
and CYP2D6, probably have a minor role in ET-743 (4)
metabolism, based on the absence of a correlation with
chlorzoxazone 6-hydroxylation and dextromethorphan O-
demethylation, as well as absence of inhibition by quinidine
and chlorzoxazone [133]. A recent study performed by
Sparidans et al. [134] based on a four-step approach
biochemical analysis, followed by the work of Reid et al.
[133], identified the rat and human metabolites of ET-743
(4). Both studies identified three major metabolites in liver
microsomal preparations after incubation with ET-743 (4)
(Fig. 6 and compounds 21 to 23). Interestingly, a
glucuronidation product of ET-743 (4) (Fig. 6 and compound
24) was identified using laser capture-mass spectrometry
analyses (LC-MS) [136]. On the other hand, Reid et al. [133]
detected ET-729 (2) as a metabolite of ET-743 (4) by
HPLC/MS analysis after drug incubation with microsomal
preparations containing only the CYP3A4 isoform. As noted
by the authors, the absence of ET-729 (2) in rat and human
liver microsomal preparations may be the result of
subsequent metabolism by other CYPs that are not found in
microsomal preparations containing only the individual
isoforms [133]. The presence of ET-729 (2) as a metabolite
of ET-743 (4) suggests that this compound may be
responsible for the transient hepatotoxicity seen in early
clinical trials of ET-743 (4) [133]. Interestingly, ET-729 (2)
was the first of this potent series of molecules to complete
the preclinical investigations [135], but unacceptable toxicity
in rodents and dogs [136] and limited availability of this
agent led to investigation of ET-743 (4). These studies also
open the possibility to analyse the structure-function
relationship between different ET structures and their
mechanism of action. Different ET molecules are probably
metabolized by different CYP isoforms, resulting in
metabolites with distinct pharmacological properties in both
normal and tumoral cells.

4. CURRENT CLINICAL STATUS OF ET-743 (4)

Following extensive preclinical studies, ET-743 (4) phase
I clinical trials were initiated to determine the maximum
tolerated dose in humans [130]. Thus, phase I clinical trials
started back in 1996 and phase Il and comparative trials are
currently in progress [11]. The data available thus far
confirm a therapeutic potential in patients with advanced
breast cancer pretreated with anthracyclines and taxanes and
in women with ovarian cancer that is resistant, or has
experienced relapse, to platin-taxane—based therapy [69, 137,
138]. Additionally, a large phase Il program, conducted on
patients with advanced STS that is resistant, or has
undergone relapse, to conventional agents, has shown long-
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lasting objective responses and tumor control in a clinically
significant proportion of cases [2, 139, 140]. Treatment with
ET-743 (4) seems to have an effect on both median survival
and on the proportion of patients (29%) who were alive after
2 or more years [119]. This clinical data set suggests major
constitutive/molecular differences between a group of
patients in whom the compound is able to modulate
progression of the disease for very long periods and a cohort
that is fully resistant to ET-743 (4) [119]. Reported side
effects were transaminitis, neutropenia, febrile neutropenia,
thrombocytopenia, fatigue, nausea, and vomiting [130].
Dose-dependent hepatotoxicity was a common side effect in
preclinical studies and early-phase clinical trials. In this case,
the administration of dexamethasone was useful in
increasing drug clearance by 27% and in reducing the risks
of hepatotoxicity [130]. Pretreatment with _-naphthoflavone
and  phenobarbitone  ameliorated  ET-743-mediated
hepatotoxicity in vivo [141]. Another agent, N-
acetylcysteine, failed to protect rat livers against ET-743 (4)
cytotoxicity [141]. Donald et al. [141] tested the hypothesis
that indole-3-carbinol (I3C), the hydrolysis product of
glucosinolates occurring in cruciferous vegetables, may
protect against ET-743-induced hepatotoxicity in the female
Wistar rat, the animal species with the highest sensitivity
toward the adverse hepatic effect of this drug. Addition of
I3C to the diet (0.5%) for 6 days prior to ET-743 (4)
administration ~ almost ~ completely  abolished  the
manifestations of hepatotoxicity but did not interfere with
the antitumor efficacy of ET-743 (4). These results suggest
that ingestion of 13C may counteract the unwanted effects of
ET-743 (4) in the liver [141].

ET-743 (4) was introduced into human clinical trials
while these mechanisms were being worked out, and by
2002 it had been administered to over 1000 patients in phase
I and phase Il trials [142] covering a variety of cancers.
Currently, ET-743 (4) is undergoing phase Il clinical trials
for ovarian, endometrial, breast, prostate, non-small cell lung
and pediatric sarcomas [143]. The results from the European
phase | and pharmacokinetic trials were reported by Twelves
et al. [144] and details of the human pharmacokinetics and
activities against bone tumor cells in vitro were also
published recently [145]. In 2001, ET-743 (4) was licensed
to PharmaMar in partnership with Johnson & Johnson
Pharmaceutical Research & Development under the brand
name YondelisO, with the generic name of Trabectedin®.
Two full reports on the phase Il trials have been published
[146, 147] giving details of toxicities and response levels in
sarcomas and other carcinomas with both pretreated and
naive patients. Preliminary results from a combination study
of ET-743 (4) and doxorubicin indicated a partial remission
in untreated sarcoma and non-anthracycline-treated breast
cancer patients [148]. Interestingly, the same effect was
observed in a phase | study [149] with a combined use of
paclitaxel and ET-743 (4).

As a result of these earlier trials, ET-743 (4) was pre-
registered in the European Union (EU) and granted orphan
drug status for STSs by the European Commission’s
Committee for Orphan Medicinal Products (COMP) of the
European Agency for the Evaluation of Medicinal Products
(EMEA) [142]. However, in late July 2003, the EU’s
Committee for Proprietary Medicinal Products (CPMP)
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recommended, on a majority vote, that marketing
authorization for advanced STSs should not be granted for
the EU. This decision was appealed in September 2003 by
PharmaMar [142], but in December 2003 the appeal was
denied [142]. However, the compound was granted orphan
drug status for ovarian cancer by the CPMP during the
appeal process on STSs referred above [142]. In 2005, ET-
743 (4) was also granted orphan drug by the U. S. Food and
Drugs Administration (FDA) [143].

5. (BIO)CHEMICAL SYNTHESIS OF ETS: DESIGN
AND PRODUCTION

5.1. Possible Biochemical Pathways for ET Synthesis

As suggested by Rinehart et al. [55], examination of the
structures of these alkaloids seems to indicate that the ET
skeleton is synthesized biologically from a functional
diketopiperazine (25) and compound (26) (Fig. 7).
Compound (25) is likely derived from diketopiperazine (29),
which is either a condensation product of two molecules of
DOPA (31) or the result of hydroxylation of the
diketopiperazine (29) from L-tyrosine (30) [55]. Compound
(26) appears to be derived from the condensation of
dopamine (27) with b-mercaptopyruvic acid (28). It is also
conceivable that compound (25) could condense with b-
mercaptopyruvic acid (28) and this subsequently combines
with dopamine (27) [55]. These analyses were further
corroborated by Kerr and Miranda [150], which showed that
4C-labeled L-tyrosine and **S-labeled L-cysteine were
incorporated into ET-743 (4) in a cell-free extract from E.
turbinata. Using the same cell-free extract and three
radiolabeled diketopiperazines derivatives, Jeedigunta et al.
[151] found that the L-tyrosine-containing diketopiperazine
and the DOPA-containing diketopiperazine  were
incorporated into ET-743 (4). It should be noted that, despite
the pioneer work above cited, the biosynthetic route of ET in
E. turbinata remains largely unknown.

A close inspection of the structural features of ET-743
(4) reveals striking similarities to safracin B (14). This
chemical similarity is in fact so pronounced that
biotechnologically available cyanosafracin B (43) provides a
commercially feasible precursor for a partial synthesis of
ET-743 (4) [152]. So, it is possible that ETs could be also
synthesized by bacterial species that inhabit the tissues of E.
turbinata in a symbiotic or an epibiotic manner rather than
reflecting a mere chemical coincidence. As mentioned
before, ascidians are a rich source of different bacterial
species, many of them uncultivable. Hirose and Saito [153]
detected corkscrew-shaped motile bacteria in the tunic
matrix of the tropical Botrylloides simodensis. Hirose et al.
[154] also described bacteria of identical morphology from
the tunic of the bioluminescent Clavelina miniata. In the
colonial ascidian, Lissoclinum punctata, Hirose et al. [155]
observed the symbiotic photosynthetic Prochloron sp. inside
and outside the tunic, and Mackie and Singla [156] detected
bacteria in the tunic of Diplosoma listerianum and D.
macdonaldi. For the benthic, colonial ascidian Diplosoma
migrans of the North Sea, Groepler and Kimmel [157]
observed for the first time intratunical bacteria. In E.
turbinata Moss et al. [42] could identify, using a
combination of 16S rRNA gene analysis, in situ
hybridization and electron microscopy, three novel bacterial

145


Dani Grazz


Dani Grazz
 

Dani Grazz
145

Dani Grazz
 


14 Drug Design Reviews - Online, 2005, Vol. 2, No. 7

OH

OH o}

Diketopiperazine (29)

Henriques et al.

ET-743 (4)

NH2
HO—<; >—’

HO

Dopamine(27)
+

_—
H,C  OH
©26) HS O
b -mercaptopyruvicacid 28)
(0]
OH
NH
HO ?
L-T yrosine (30)
+
(0]
HO OH
I
NH2
HO

L-DOPA (31)

Fig. (7). Chemical study of the putative biosynthetic molecules precursors (compounds 25 to 31) that could rise to ET-743 (4). For an
additional explanation and analysis of possible biosynthetic routes used for ET synthesis, please refer to the main text of this review.

strains. One of these three new bacterial strains was
denominated “Candidatus Endoecteinascidia frumentensis”,
which falls into the g-proteobacteria subdivision and shows
similarities to species in the Legionella and Oceanospirillum
subgroups. Interestingly, many previously described marine
endosymbionts belong to the g-proteobacteria subdivision,

with representatives from sponges [158], bivalves [159],
oligochaetes [160] and bryozoans [161], covering a range of
ecological niches and putative activities. The other two
bacterial strains were identified as “Spiroplasma-like”
genera [42]. In situ hybridization using universal and specific
probes suggested that these bacteria were located within host
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cells in adult and larval tissues. It appears that these bacteria
are free, possibly in the blood in zooids, and present at
higher densities in the embryos and larvae [42]. In embryos
they are present in large cells throughout the developing
tissue and in larvae, clustered in the pharynx and body
sinuses in bacterial capsules (Fig. 8A).

Again, considering that these bacterial symbionts could
be responsible for ET production in E. turbinata tissues, one
possibility to study the presence of biosynthetic ET genes
and metabolites intermediates is combining metagenomic
and chemical analyses (Fig. 8B). In this case, tissues from E.
turbinata are homogenized and the bacterial cells or capsules
separated by Percoll® or sucrose gradient (Fig. 8B). From the
purified bacterial cells, metagenomic and chemical analyses
are performed in order to identify the biosynthetic pathways
that can give rise to ET (Fig. 8B).

Recently it was elucidated the biosynthetic pathway of
safracin A (13) and B (14) in the gproteobacterium
Pseudomonas fluorescens A2-2 [162]. The similarities
observed between the structures of safracin and the
saframycin Mx1 (16), an antibiotic produced by Myxococcus
xanthus [163], suggested that safracin is likely to be
synthesized by a similar non-ribosomal peptide synthetase
(NRPS) mechanism. Using degenerated oligonucleotides,
Velasco et al. [162] cloned a genomic fragment of 17.5 kb
that contains 10 ORFs organized in two putative divergent
operons  (denominated sacABCDEFGH and sacl,
respectively). The expression of this genomic fragment in
other Pseudomonas species that naturally do not produce
safracin allowed these bacteria to produce high amounts of
both safracin A and B, indicating that this fragment contains
the complete safracin  biosynthetic operon [162].
Comparative analyses suggested that the sacABCDEFGH
operon is responsible for the safracin skeleton whereas the
saclJ operon is responsible for the final tailoring of
safracins. The biochemical pathway for safracin synthesis is
shown in Fig. (9) and, basically, a L-tyrosine (30) molecule
is converted to the precursors 3-methyl-O-methyltyrosine
(32) and 3-hydroxy-5-methyl-O-methyltyrosine (33) by the
proteins SacF (a methyltransferase), SacG (an O-
methyltransferase) and SacD (function unknown) (Fig. 9).
Two  molecules of  this  3-hydroxy-5-methyl-O-
methyltyrosine (33) precursor, together with L-alanine (34)
and glycine (35), are selected and loaded on specific NRPS
modules to form the safracin tetrapeptide basic skeleton (Fig.
9 and compound 37). The NRPS modules are presented in
the proteins SacA, SacB and SacC. Probably, before the
tetrapeptide cyclization (Fig. 9), one molecule of 3-hydroxy-
5-methyl-O-methyltyrosine (33) is hydroxylated and the
other is N-methylated by the tailoring enzymes of the
safracin pathway, Sacl (ubiquinone/menagquinone
methyltransferase) and SacJ (monooxygenases/hydroxylase).
Finally, the tetrapeptide could be released and cyclizated by
the activity of the putative reductase domain of SacC,
generating one molecule of safracin B (14) that is further
converted to safracin A (13) by the enzyme SacH (function
unknown). As noted by Velasco et al. [162], the expression
of the operon sacABCDEFGH and saclJ could be used to
produce molecules for the hemisynthesis of ETs (Fig. 9), but
it also opens the possibility to study how bacterial safracins
are converted in ET molecules in vivo in E. turbinata tissues.
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5.2. Marine Pharmaceutical

Production

Aquaculture for ET

Given the fact that ETs are secondary metabolites found
in E. turbinate tissues, natural production yields are
commonly in the 0.01 ppm range on a wet-weight basis, and
sometimes even lower titers are found. At these levels, it can
take literally Kkilo-tonnes of freshly-harvested biomass
material laboriously handled and then extracted and purified
in relatively small batches to produce sufficient quantities of
ET-743 (4) to support a successful pre-clinical and early
clinical development program [14]. In addition to inherent
low natural product yields, many other technical and
logistical problems beset the marine natural product
researcher. With the obvious environmental consequences of
large-scale natural collections of these often rare and
sparsely distributed marine organisms, alternatives for
guaranteeing a reliable, renewable and cost-effective source
of supply seem to be necessary for a commercial ET-743 (4)
production [14]. An economically, feasible solution for ET
production is based on the use of aquaculture methods or
“aquapharm” to cultivate E. turbinata in commercial scale.
Mendola [14] reported a successful aquaculture experiment
with E. turbinata, with a biomass production averaged of
400 g of E. turbinata by meter of polyethylene rope with a
range of 200 to 1,200 g of E. turbinata biomass attained in
45 to 90 days under the sea [14]. The average crop cycle
period was 60 days, yielding biomass productivity per rope
per year of 1,200 g wet weight [14]. Using this data, it was
also possible to extrapolate a production of 16-138 g of ET-
729 (2) and ET-743 (4) per year [14], an amount of drug
sufficient to supply the market and to lower considerably the
price of the drug [14].

5.3. Chemical Synthesis of Ets

While biosynthetic production of ETs is still unavailable
and aquaculture processes for E. turbinata cultivation rest on
experimental stage, the chemical synthesis of ETs and its
derivatives is the leader process used by the pharmaceutical
industry. Also, the procedures of combinatorial chemistry
associated with new and efficient industrial processes have
allowed the development of ET-analogues with properties
not found in natural ET molecules, as is the case of PT-650
(12) and saframycin A-derivatives, obtained from different
synthetic routes.

To date there are three chemical protocols for the total
syntheses of ET-743 (4) and its analogues. The first total
synthesis of ET-743 (4) was published by Corey et al. [164],
and was followed by the work of Cuevas et al. [152], which
used a semisynthetic route involving the conversion of
cyanosafracin B (43) to ET-743 (4). Additionally, Endo et al.
[165] reported the total synthesis of ET-743 (4) using a four-
component condensation reaction of a diketopiperazine (52)
component. Recently, a fourth method was reported by
Myers and Lanman [80], which use a 10-step solid-supported
synthesis suitable for the preparation of large numbers of
diverse saframycin analogues (including ETs) with deep-
seated structural modifications.

In 1996, Corey et al. [164] synthesized ET-743 (4) via a
convergent synthesis employing initially a hexacycle
compound (Fig. 10 and compounds 38 to 42). Starting with
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Fig. (8). Possible biosynthetic route of ET in the larvae and adult tissues of E. turbinata (A). Taking into account that symbiotic bacteria can
be found in the tissues of E. turbinata (e.g. bacterial capsules inside the cells of pharynx) and considering the chemical similarity found
between safracin and ET molecules, it is possible that aminoacids (aa) from the tissues of E. turbinata or from bacteria could be used for the
biosynthesis of safracin. The safracin can be: (i) converted to ET in the bacterial cytoplasm by some unknown (?) route (dashed arrow), where
it can be further transported to the capsule matrix or to the cytoplasm of pharynx cell or (ii) transported and accumulated into the capsule
matrix and further to the cytoplasm of pharynx cell, where safracin is converted to ET by some unknown (?) biochemical pathway (dashed
arrows). Abbreviations: plasma membrane (PM), capsule membrane (CM), bacterial lipopolysaccharide membrane (LPS). The proteobacteria
cell, the bacterial capsule and the pharynx cell are indicated in the figure. In (B), a schematic drawing of a possible method to study the ET
metabolic route in E. turbinata. Followed by the tissue extraction, homogenization and isolation of bacterial cells or capsules by gradient
centrifugation from the tissues, both DNA and metabolites can be isolated and subjected to metagenomic and chemical analyses, respectively.
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this hexacycle (38), a selective hydroxylation was
accomplished using phenylselenic anhydride and was
followed by the removal of the silyl ether and an
esterification with a diprotected cysteine derivative, which
results in the intermediate (39). Elimination of the tertiary
alcohol under Swern conditions allowed for cyclization of
the thiol to form (40) in 79% yield. Removal of the Alloc
carbamate followed by transamination afforded R-keto
lactone (41) in 59% yield. This R-keto lactone (41) was
employed on the final three steps to ET-743 (4) synthesis,
where the condensation of a homobenzylic amine (42) on the
ketone followed by removal of the MOM group with TFA
and finally conversion of the aminonitrile to the
carbinolamine using silver(l) nitrate and water results in the
formation of ET-743 (4) with a high yield (Fig. 7).

On the other hand, Cuevas et al. [152] were able to
synthesize ET-743 (4) in a semisynthetic fashion starting
with cyanosafracin B (Fig. 11 and compounds 43 to 48),
which is available in kilogram quantities via bacterial large-
scale fermentation [152]. Cyanosafracin B (43) was
converted into compound (44) via a four-step sequence,
resulting in 49% yield. Removal of the Boc group from (44)
was followed by amide cleavage via an Edman degradation
scheme, which results in the compound (45) in 68% yield.
Protection of the phenol allowed the diazotization of the
primary amine for conversion to alcohol (46). This alcohol
(46) served as base for the synthesis of ET-743 (4) using the
chemistry of Corey et al. [164] on similar substrates.
Basically, a three-step sequence was used to form compound
(47) from alcohol (46). Dehydration under Swern conditions
allowed the cyclization to afford (48) followed by the
removal of the MOM and alloc protecting groups, resulting
in ketone formation. Finally, the condensation of compound
(48) with homobenzylic amine (42) and carbinolamine
formation results in ET-743 (4) (Fig. 11).

Endo et al. [165] synthesize ET-743 (4) starting with
both compounds (49), a highly functionalized (R)-
phenylglycinol derivative, and (50), a (S)-iodophenylalanine
derivative (Fig. 12). Using the four-component condensation
reaction [165], a mixture of compounds (49), (50), p-
methoxyphenyl isocyanide and acetaldehyde results in the
formation of the peptide (51) with a 90% of efficiency. The
peptide (51) was used in a four-step reaction to result in the
diketopiperazine (52), which was converted to the key
intermediate (53) again by a four-step sequence involving
mesylation of the phenol, introduction of a Boc group onto
the lactam nitrogen, partial reduction of the ring carbonyl
with NaBH,, and dehydration of the resultant hemiaminal
derivative by treatment with CSA and quinoline. An
intramolecular Heck reaction of the compound (53) was used
to give the tricyclic nucleus as seen in compound (54). The
compound (54) served as the starting base to a series of
cyclization reactions (Fig. 12 and compounds 55 to 58),
which result in the pentacycle (59). Having succeeded in
obtaining the key intermediate (59), a selective allylation of
the phenols, cleavage of the acetyl group, and condensation
of the resultant alcohol with L-cysteine derivative (60)
furnished ester (61). Chemoselective hydrazinolysis of the
thioacetate gave the thiol, which upon exposure to TFA in
CF3;CH,0H smoothly underwent cyclization to give the ten-
membered sulfide. Subsequent acetylation of the resultant
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phenol gave compound (62) (71% in 2 steps). The last step
in the Endo’s ET-743 (4) synthesis was the construction of
the last tetrahydroisoquinoline moiety using the same
procedure of Corey et al. [164]. In this case, compound (62)
reacts with the homobenzylic amine (42) in a seven-step
procedure, resulting in ET-743 (4) in a 93% yield (Fig. 12).

Modifications in the chemical procedures of Corey et al.
[164] (Fig. 10), Cuevas et al. [152] (Fig. 11) and Endo et al.
[165] (Fig. 12) are also used to establish a truly practical
synthesis of the ETs analogues, as it is the case of ET-637
(11) and PT-650 (12). An analogous method based on the
solid-phase synthesis of peptides was adapted to the
synthesis of saframycin A by Myers and Lanman [80] (Fig.
13 and compounds 63 to 71), and can be easily applied for
the design of new ET molecules. The complete reaction
could be achieved in a 10-step manner, initiating with the
attachment of the solid support (63) to the anti-morpholino
nitrile compound (64) by silyl ether formation with 4-
(chlorodiisopropylsilyl) polystyrene, resulting in the first
resin-bound intermediate (65) with a 99% vyield. Selective
deprotection of the tertbutyldimethylsilyl ether group of
resin-bound intermediate (65) occurred in 2-steps upon
exposure to TBAF buffered with acetic acid followed by the
treatment with piperidine in DMF affording the phenolic
amine (66). Two steps of condensation and a stereoselective
Pictet-Spengler  cyclization reactions result in the
tetrahydroisoquinoline derivative (67). The secondary amino
group of the tetrahydroisoquinoline intermediate (67) formed
in the first Pictet-Spengler cyclization is reductively
methylated on the solid phase followed by the deprotection
of the phenol and primary amino groups of the resulting N-
alkylation product, given the new amino-terminal resin-
bound intermediate (68). The second and final Pictet-
Spengler cyclization reaction in the sequence then occur
(concomitantly with imine formation) upon exposure of
compound (68) to N-Fmoc glycinal in 1,2-dichloroethane,
resulting in the bis-tetrahydroisoquinoline derivative (69). In
the key step of the solid-phase sequence, the bis-
tetrahydroisoquinoline intermediate (69) was subjected to
cyclization-autorelease, resulting in the compounds (70) and
(71) (Fig. 13). Interestingly, the authors were able to
synthesize a 16-membered library of saframycin A analogues
bearing varied C1 and N12 substituents by parallel synthesis
using compounds (67) and (71) [80]. As described by the
authors, this parallel synthesis provided 0.5-2.0-mg
quantities of the bis-hydroquinone products in 9-26% overall
yield [from compound (64)], typically with 95% npurity,
representing an average yield of 79-87% per step over the
10-step solid-phase sequence [80].

CONCLUDING REMARKS

ETs are remarkable molecules with a unique and very
interesting mechanism of action. Since its discovery and
isolation from E. turbinata aqueous extracts, ETs has been
subject to various studies regarding its mechanism of action
in both normal and transformed cells. It is interesting that
this  family  of  substances, related to  the
tetrahydroisoquinoline  compounds, show a distinct
biological mode of action, becoming an excellent drug, alone
or in combination with standard antitumoral drugs, for the
clinical treatment of STSs and other fatal diseases. The best-
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studied member of ET family, ET-743 (4), is actually in
phase 111 of clinical trial, and may become a new therapeutic
option in the systemic treatment of advanced malignancies,
such as the STSs

Despite the considerable progress realized during the last
15 years in terms of elucidation of the major cellular targets
of ETs, much work is still needed in order to fully
understand how these molecules act selectively toward tumor
cells like STSs. As noted in this review the ETs [especially
ET-743 (4)], have multiple targets, including DNA repair
mechanisms, cell cycle, DNA replication and transcription,
cellular differentiation, and the inflammatory processes. It is
reasonable to assume that ETs also act on additional cellular
targets, making these drugs very attractive for application in
different clinical therapies. In this sense, it becomes
imperative to discover how these molecules are metabolized
in vivo and to determine which metabolites are biologically
active in the cell. The metabolic analyses of ETs will allow
the design of tailored-made molecules for determined

clinical applications, e.g. STSs treatment or inflammatory
processes.

Considering that ETs are molecules isolated from
ascidian species, the role of these compounds in ascidian
tissues and how they are produced is another interesting
subject. It is very plausible that ETs serve as the ascidian’s
chemical defense against predatory organisms and are
produced by symbiotic g-proteobacteria living in the pharynx
or in the tunica tissues. In this sense, the analyses of the ET
metabolic pathways will also allow the production of these
molecules by means of biotechnological processes. The
current strategy to obtain ETs on a large, commercial scale,
is based on chemical synthesis using simple chemical
precursors or from tetrahydroisoquinoline molecules
synthesized by microrganism from industrial fermentation.
One potential advantage of the chemical synthesis is the
possibility to produce ET-analogues, which possess new
chemical properties of potential biological interest, as is the
case of ET-637 (11) and PT-650 (12). These chemical
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Fig. (11). Total synthesis of ET-743 (4) by the procedure of Cuevas et al. [152]. Please refer to the main text of this review for additional
details.
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Fig. (12). Total synthesis of ET-743 (4) by the procedure of Endo et al. [165]. Please refer to the main text of this review for additional

details.

153


Dani Grazz
153


22 Drug Design Reviews - Online, 2005, Vol. 2, No. 7

OCHj

Henriques et al.

Q /O\/\/"-. Oj
S
N\, [N

o/ N\ chy Imidazole, DMF, i-Pr i-Pr OCH,4 Deprotection
i-Pr i-Pr NC CH4OH Chy R
z 99% NCTS 1. TBAF, AOH, THF
HNFmoc = 2. Piperidine, DMF
HNFmoc g
OCH, ocH,
(63) 64 oTBS
©64) ) oTBS
o 9 o
Q NN
O\ SO O /s|/ [ ]
S
V28N o’ Nipr N OCH,
i-Pr i-Pr N OCH cH
3
NC
NC 1. DMF 1. CH, 0, H,0,, NaBH(OAC) ,, DMF
2. LiBr, DMF HN 2.TBAF, AcOH, THF
81% OCHj3(67) 3. Piperidine DMF
66) Condensa ion . OH - - »
§ " N-alkylation deprotection
cydization NHFmoc ylation dep i
OCH,
TBSO CH,
OCHg
Q o .. _0 Q o n, _0
7 N\
i-Pr/ \i—Pr N OCHg iPr iPr N OCHj
CH CH
NC 3 NC 3
N-Fmoc glycinal, DCF (3 steps)
HaC™ oc 68 > HC” OCH 69
s oH e (69) Condensation ° : €9
HNT Cyclization HN
OCH, HNFmoc .. OCH,
HO Chs HO CH,
OCH; OCH;

(@) 0, 0.
) VZ NN
ZnCly, 4 A mol ecular sieves, THF Si
0,
[0% i-Pr i-Pr N
Cyclorelease H

Saframycin A (15)

Fig. (13). Solid-phase synthesis of saframycin A (15) by the procedure of Myers and Lanman [80]. Please refer to the main text of this review

for additional details.
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processes open the door for the synthesis and design of new
tailored made compounds with future medical applications.

Again, the implementation of structure-activity relation-
ships, mode of action and metabolic processing of ETs in
mammalian cells, associated with chemical or biotechnolo-
gical synthesis and design of new ET-analogues, will allow
the identification of new candidate compounds with a more
favorable therapeutic index to be brought into clinic
evaluation.
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ABBREVIATIONS

BER = Base excision repair

CCL2 = Chemokine (C-C motif) ligand 2

COMP = European Commission’s Committee for
Orphan Medicinal Products

CPMP = EU’s Committee for Proprietary Medicinal
Products

CYPs = Cytochrome P-450 enzymes

DNA-PKcs = DNA-dependent protein kinase catalytic
subunit

DSBs = DNA double-strand breaks

EMEA = European Agency for the Evaluation of
Medicinal Products

ESCA = Electron spectroscopy for chemical analysis

ETs = Ecteinascidins

FABMS = fast Atom bombardment mass spectrometry

FDA = U. S. Food and Drugs Administration

HPLC/MS = High performance liquid chromatography
associated with mass spectrometry analyses

HR = Homologous recombination

HRFABMS = High resolution fast atom bombardment
mass spectrometry

hTERT = human telomerase reverse transcriptase

13C = Indole-3-carbinol

ICs = Inhibitory concentration (50%)

IL-6 = Interleukin-6

LC-MS = Laser capture-mass spectrometry analyses

NER = Nucleotide excision repair

NHEJ = Non-homologous end joining

NMR = Nuclear magnetic resonance

NRPS = Non-ribosomal peptide synthetase
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PARP = Poly(ADP-ribose) polymerase

ppm = Parts per million

SSBs = DNA single-strand breaks

STSs = Soft tissue sarcomas

TAMs = Tumor-associated macrophages

TC-NER = Transcription-coupled NER

TLS = Translesion synthesis

Topl/Top2 = DNA topoisomerase type | and type II,

respectively

WT = Wild type
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