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RESUMO

O céancer de mama é o mais frequente tipo de cértee mulheres e representa a
segunda causa de morte dentre elas (apdés o camqaulmdo). O deterioramento do
perfil antioxidante (atividade de SOD e CAT) e/auréparo de DNA podem elevar os
riscos de uma transformacgéo maligna, devido ao almide mutacdes espontaneas em
genes importantes nos processos tumorais. Nebt@hoa foram determinados (capitulo
1) os niveis de danos no DNA, enddgenos e induzidogperoxido de hidrogénio, em
linfécitos de sangue periféricos de pacientes canter de mama, e também se analisou
o perfil antioxidante do plasma desses individu@s resultados demonstraram
claramente uma relacdo entre os niveis de danagends no DNA e a atividade de
SOD, onde altos nives de danos endogenos estdelactmnados com uma baixa
atividade dessa enzima. Além disso, as pacientesetaram uma menor capacidade de
reparo aos danos induzidos pelo peroxido de hidiog&uando comparados com 0s
controles. Sabe-se qumuitas drogas qumioterapicas (como doxorrubicigéa) tomo
alvo o DNA, com isso a citotoxicidade desses ageesta diretamente relacionada com
sua habilidade de causar danos no material gen@&gmecanismos de reparo de danos
no DNA constituem um dos tépicos mais interessamdsiologia moderna, uma vez que
as proteinas inseridas nesses processos podemeesi@vidas na manutencdo da
integridade gendmica, assim como na resisténciget®s tumores a estratégias de
terapia antitumoral. O reparo por excisdo de ntideos (NER) é um mecanismo de
reparo altamente conservado que envolve mais dar@@inas, dentre elas a proteina
XPD, a qual é uma subunidade do complexo TFIIH,okmdo nos processos de
transcricdo e reparo. Assim, no capitulo 2, foiedatnada a sensibilidade de trés
linhagens de fibroblastos humanos deficientes me gé°D a doxorrubicina (DOX). Os
resultados apresentados nesse capitulo mostranaaics sensibilidade das linhagens
XPD e XP/CS quando comparados com TTD e MRC5 (ehmnormal), assim como a
inducdo defoci de yYH2AX (indicativo de quebras de dupla fita) pela D@¥ forma
tempo dependente. Com ossultados obtidos nesse trabalho é possivel earfad
utilizacdo de linfécitos de sangue periférico parmonitoramento de genotoxicidade a
terapias antitumorais, bem como sugerir a parti@pado NER no reparo de lesbes

causadas por DOX.
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ABSTRACT

Breast cancer is the most common malignancy amangem and it is the second cause
of death among them (after lung cancer). Impairg=aidant status and/or DNA repair
may elevate the risk of malignant transformatiorbidast cells due to the accumulation
of spontaneous mutations in target genes in tumocegsses. In this work, we have
determined (chapter 1) the DNA damage levels, eigr@dogenous or induced by
hydrogen peroxide, in peripheral blood lymphocyiébreast cancer patients, as well as
the antioxidant status in the plasmatioése individuals. The results clearly showed a
relation between endogenous DNA damage levels a@® Sctivity, where high
endogenous damage levels are correlated with lo® &Qivity. Moreover, the patients
presented a lower DNA damage repair capacity toddmages induced by hydrogen
peroxide than theontrols. It is very well known that many chemo#qutic drugs (like
doxorubicin) target DNA and therefore the citotaiof these agents is directly related
to their ability to cause DNA damage. The mechagsisfrDNA damage repair are one of
the most interesting topics in modern biology, sitice proteins that take part in these
processes can be involved in both the maintenafogeomic integrity and in the
resistance of certain tumors to anti-tumoral stfiate Nucleotide Excision Repair (NER)
is a highly conserved repair mechanism that inv®ivere than 30 proteins, among them
the XPD protein, which is a subunit of the TFlIH@alex, involved both in transcription
and repair. Thus, in chapter 2, we have determthedsensitivity of three different
human fibroblasts deficient in XPD gene to doxocub(DOX). The results showed in
this chapter demonstrated a higher sensitivity BDXand XP/CS cell lines to DOX than
TTD and MRCS5 (normal cells), as well as the inductof yH2AX foci (indicative of
double strand breaks) by DOX in a time-dependentnaa With the results obtained in
this work it is possible to emphasizes the use @fipberal blood lymphocytes to
monitoring genotoxicity to therapies, as well astggest the a role of NER in the repair
of lesions caused by DOX.
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| — INTRODUCAO

1. Cancer

O aparecimento de células cancerigenas é acompapesal formacdo de um
grande aglomerado de células pré-cancerigenagnAgsiando um nédulo aparece no
corpo, este € somente a ponta de um iceberg, gédemegurando no organismo por
décadas e que se constitui de células danificadas déderentes estagios de
transformagdo. Este € um detalhamento filosofico folamacdo de tumores no
organismo humano, descrito por Lichtenstein (20@)cancer € uma doenca que
envolve mudancas dindmicas no genoma, as quasserafliem mutagbes que acometem
genes importantes para manutencao celular, prattuzjanho (oncogene) ou perda de
funcéo (genes supressores tumorais) (Hanahan eb@/gin2000). Oncogenes e genes
supressores tumorais podem contribuir para a psgoedo cancer atraves de alteracdes
na biogénese do ribossomo, sendo que varios estédosnostrado que supressores
tumorais e oncogenes regulam a funcdo do ribosséteracdes na maquinaria de
sintese protéica podem ser responsaveis por dogangasumentam a suscetibilidade ao
cancer (Ruggero e Pandolfi, 2003). Ao contrarioniétas outras doengas que possuem
“perda de func¢des” como Doenca de Alzheimer ou etedy a célula cancerigena é
selecionada para um “ganho de fungdo”, ou sejaa dsenca adquire numerosas
fungdes, incluindo a habilidade de adaptagédo a ngaano meio ambiente e ainda, tem
grande capacidade de sobreviver ao redor de célalasais, sendo que, muitas vezes,
0 crescimento tumoral é visto como o desenvolvimet um “Orgdo” especial
(Lichtenstein, 2005). Varias evidéncias indicam guemorogénese em humanos é um
processo que envolve Varios passos e que essetemefém alteragbes genéticas que
guiam a progressiva transformacdo de células husnaklgumas alteracdes, como
sinais de crescimento auto suficientes, ndo sdidsitlé a inibidores de crescimento,
perda da morte celular programada (apoptose), gatemeplicativo sem limite,
angiogénese sustentada, invaséo tecidual e metasimsessenciais e podem explicar a
grande diversidade dos canceres e tumores, as datsminariam o crescimento
maligno (Hanahan e Weinberg, 2000).

O céncer de mama é o tipo mais frequente de canter mulheres e representa
a segunda causa de morte dentre elas (ap6s o cnpaiméao) (Dumitrescu e Cotarla,

2005). Segundo o Instituto Nacional do Cancerjreste que 50.000 novos casos de



cancer de mama ocorrerdo em 2006 no Brasil. NoQRamde do Sul h4 88,81 casos
para cada 100.000 mulheres (www.inca.gov.br).

Baseado em estudos epidemiolégicos de diferentpslgbes os fatores de
riscos para o cancer de mama incluem: idade, kaglD geografica e perfil
socioeconOmico, eventos reprodutivos (menarca, parsa e gravidez), hormonios
exégenos (horménios de reposicdo hormonal e capti@os orais), estilo de vida
(obesidade, alcoolismo, dietas, exercicios fisjc¢s$toria de doencas de mama
benignas, radiacdo ionizante, bem como fatorestigesg¢sendo que p53 foi o0 primeiro
gene supressor tumoral a ser correlacionado condngcec de mama hereditario.
(Dumitrescu e Cotarla, 2005).

A menarca antes dos 12 anos ou depois dos 14 atdsagsociada com um
aumento no risco de cancer de mama em torno d@%){&ovavelmente em funcéo da
prolongada exposicado do epitélio da mama a estodgenprogesterona, devido aos
ciclos menstruais. O uso de hormdnios apds a mesapaumenta o risco de cancer de
mama, dependendo da duracdo de exposicdo e s®geest € usado isoladamente ou
em combinacdo com progestinas (Dumitrescu e Cot20B5; Ma et. al.2006). O uso
de contraceptivos orais aumenta o risco de careceraia em 24%, sendo que a idade
na qual a mulher inicia o uso desse medicamentogemde impacto no risco de
desenvolver o tumor (inicio antes dos 20 anos ataremnisco) (Dumitrescu e Cotarla,
2005).

Os mecanismos pelos quais o alcool poderia causa@noer ndo estdo bem
esclarecidos, porém sabe-se que ele pode agiréatdy seu primeiro metabdlito, o
acetaldeido, um composto bem caracterizado comoinogénico e mutagénico
(Dumitrescu e Cotarla, 2005). Muito interessant® @umento de estrogénio em
mulheres, quando associado ao consumo de alcoolp gpie isso ocorre tanto na pré-
menopausa quanto na pos-menopausa (Dumitresclagda;@005).

A dieta contém uma grande variedade de carcinégeanti-carcinégenos
(naturais e quimicos), sendo que alguns desses osbosppodem agir através da
geracdo de radicais livres, os quais podem lew@mas no DNA. O consumo de carne
tem sido associado com o aumento do risco de c@iecerama, provavelmente devido
a formacdo de aminas aromaticas heterociclicasresocompostos nocivos produzidos
na preparacao da carne. A obesidade também estdacnada com o risco de cancer
de mama, devido ao tecido adiposo ser uma imperfante de estrogenos (Dumitrescu
e Cotarla, 2005).



MutagcBes em genes que predispdem ao cancer de amemeBRCAL, BRCA2
(Breast Cancer 1 e 2, respectivamente) (Tren.e2Q02), p53 (Kroger et. al., 2006),
ATM (Ataxia Telangectasia mutada) (Khanna e Cheag&vench, 2004), podem
conferir risco para o desenvolvimento de cancezditrio. BRCAL1 e BRCA2 sé&o dois
genes diretamente relacionados com o cancer de rharaditario, sendo responsavais
por 80-90% de todos os canceres de mama heredjtdéio sendo muito frequentes em
canceres de mama esporadicos. BRCA1 é um genessaptamoral que tem a fungéo
de manter a integridade gendmicaretakergeng. Mutacdes nos genes responsaveis
pela codificagdo dos receptores de estrogeno estergna também podem aumentar o
risco de cancer de mama. (Dumitrescu e Cotarla5)20@Polimorfismos em outros
genes podem ser relacionados ao risco de desenwdeer de mama, como a poli
(ADP-ribose) polimerase (PARP) (Hu et. &002) e proteinas do NER, como XPD
(Clarkson e Wood, 2005).

Aproximadamente 10% das pacientes com cancer deardagnosticado tém a
doenca avancada localmente e/ou apresentam metdBtssadas mais de trés décadas
de pesquisa, o cancer de mama metastatico (MB@)guerce essencialmente incuravel,
sendo que apés a documentagdo da metastase, o temgmbrevivéncia média é de
aproximadamente dois anos. Atualmente, podem selogdrés diferentes sistemas de
tratamento para o cancer de mama avancado: teeapiécrina, quimioterapia e a

terapia de alvos biologicos (Bernard-Marty et. 2006).



1.1. Espécies reativas de oxigénio e perfil antiakinte

As espécies reativas de oxigénio (ERO) séo prodiganetabolismo normal da
célula. Alguns estudos tém estimado que um individassa apresentar de 10.000-
20.000 radicais livres cada célula do corpo todesdias (Valko et. al., 2004A
hip6tese de que os radicais livres possuem um papg@rtante na carcinogénese
provém de estudom vitro, descrevendo seu papel como agente causador de dano
DNA (lesdes oxidativas), bem como na modificac&ouagal e funcional de proteinas
e na expressdo génica. (Hussain, 2003; Valko et2@04). O processo inflamatorio é
uma importante fonte de radicais livres e esteemodhduzir numerosas alteragdes,
incluindo mutacfes génicas e modificacdes pds tiadais em proteinas chaves nos
processos de manutencdo celular, coohekpoints reparo do DNA e apoptose.
(Hussain, 2003). Todos as ERO tém capacidade dmagit com componentes
celulares, incluindo bases do DNA, produzindo batssficadas ou quebras da fita.
Modificagbes do material genético resultam em basesgadas representando o
primeiro passo no processo de mutagénese e envedrgo (Valko et. al., 2004).

Em condigdes fisioldgicas, a geracdo de ERO é alawka pelo grande nimero
de sistemas antioxidantes que atuam como protetoresa 0S mesmos. Esses sistemas
consistem de enzimas antioxidantes bem como dexaldntes ndao enzimaticos. O
balanco entre a producdo de ERO e a eficacia dmegsos antioxidantes € um fator
determinante na formacdo de danos oxidativos enutests celulares e moléculas
como lipideos, proteinas e DNA (Liu et. al., 200Es et. al., 2005). Alguns
pesquisadores mostrarajue ha uma maior producdo de ERO em tecidos desicéec
mama, comprovado pelo aumento dos niveis de daxidativos, assim como um
aumento em maloniladeldeido (MDA), um produto deopielacéo lipidica (Tas et. al.,
2005). Além disso, um aumento de ERO pode induaitivadade de algumas enzimas
antioxidantes, como SOD (superéxido desmutase) & (gRitationa peroxidase),
enquanto a atividade de CAT (catalase) € menor éT.aal., 2005)A SOD catalisa a
conversao de oxigénio em ion superoxido, sendaegteeé detoxificado pela ajuda de
GPx e CAT, transformando o per6xido de hidrogémoagua. Os menores niveis de
CAT proporcionam um acumulo de peroxido de hidragén como resultado um
aumento na peroxidacéo lipidica (aumento dos ndeisDA) (Tas et. al., 2005). Yeh
e colaboradores (2005) mostraram que os niveiBddRB sdo aumentados no plasma

de pacientes com cancer de mama, assim como daaktvidas enzimas SOD e GPx.



Porém, outros autores mostram o contrario, ou sgj@ diminuicdo dos niveis de
TBARS (Seven et. al., 1998) MDA (Gerber et. al., 1989) no plasma de mulheoss
cancer de mama. Assim observa-se a importancisasleswimas como marcadores
biol6gicos de estresse oxidativo. Sendo as EROnalttee danosas as biomoléculas
celulares, como membranas (peroxidacao lipididANA (danos oxidativos e quebras
das fitas), tais defesas antioxidantes séo fundamsepara diminuir as ERO livres nas
células e dessa forma manter a integridade céDkidone et. al.2004).

Mobley e Brueggemeier (2004) mostraram que ha ueaniemo mediado pelo
receptor de estrégeno (ER), o qual muda o perfdlgemas enzimas como SOD e GPx.
Eles mostraram que p-&stradiol induz mudancas no perfil antioxidantque essas
mudanc¢as poderiam resultar de um mecanismo nahguaim aumento controlado de
ERO, podendo potencializar o crescimento e a sédaite aos danos no DNA.

Alguns experimentos sugerem que o estrogeno tem pepel no
desenvolvimento e crescimento do cancer de mamdoEmo exato mecanismo
permaneca ainda para ser totalmente elucidadgudagido de moléculas celulares e a
geracdo de radicais ativos que podem causar dan®@NA, associado ao potencial
genotdxico do estrégeno e alguns de seus metabdtiecol) estdo relacionados a
funcdo do estrogeno nos processos tumorais. A frtontumoral poderia ser resultado
de uma excessiva estimulacdo hormonal, tendo édlde um crescimento normal,
para hiperplasia e por fim a neoplasia (Clemonsoesz2001). Alguns estudos tém
correlacionado a expressdo do ER com a quimioskdade, porém muitas vezes os
resultados s&@o controversos (Kariya et. a005). A participacdo de estrogeno e
progesterona, através de seus receptores, no dbserento dos tumores de mama é
bem conhecida e estudada. Esta claro que esseériiosncontrolam a proliferagdo dos
tecidos mamarios. Sendo assim, uma superexpress&@eud receptores pode estar
envolvida na sensibilizagdo do epitélio da mamsyllteando em efeitos proliferativos.
Mais estudos sobre o mecanismo pelo qual esses 6hmsn controlam o
desenvolvimento do tecido mamario normal e os teswale mama poderiam levar a
identificacdo de novos alvos para a prevencao doecdle mama, para predizer o risco
de cancer de mama invasivo, bem como para deterrogidumores de mama em

estagios iniciais (Anderson, 2002).



1.2. Biomarcadores tumorais

Além do receptor de progesterona (PR) e o ER, suytrateinas sédo utilizadas
como biomarcadores tumorais, sendo muitas vezemnanmrador para varios tumores ou
simplesmente especifico para um tipo de cance67K& uma proteina expressa em
todas as fases do ciclo celular, exceto em GO,osatilizada para medir proliferagéo
celular. O uso de Ki-67 como biomarcador € contrsveAas e colaborador¢2003)
mostraram que ndo houve correlacdo entre a expreles&i-67 e a resposta tumoral,
enquanto que Petit colaboradores (2004) sugeriram que esse germeipser um bom
marcador tecidual.

O gene HER-2/neu (c-erB-2) codifica um receptotrdesmembrana de tirosina
guinase, e € um membro do receptor do fator deianesto epidermal (EGFR) ou da
familia HER. Essa familia de receptores esté erd@lsa comunicacao célula-célula e
célula-estroma, através dos processos de transdigasinais, os quais afetam a
transcricdo de varios genes pela fosforilagdo msisilacdo de proteinas (Ross et. al.,
2003). Os casos de cancer de mama que sao pogpavaHER-2 poderiam ser mais
resistentes do que HER-2-negativo em baixas dosegutmioterapia baseada em
antraciclinagKariya et. al.2005). A capacidade de um tumor de mama ser invdsiv
correlacionada com a expressdo desse gene (Staw.ef000). Atualmente, ha
somente dois marcadores moleculares que sdo upadgprognosticar a resposta ao
tratamento em cancer de mama inicial e metastdi€ba e HER2/neu (figura 1).
Muitos outros marcadores tém sido usados para gnpstico, mas nenhum deles tem
reprodutibilidade suficiente para ser usado rotémeente na pratica clinica. O BRCAL,
uma proteina envolvida na sinalizacdo de danos MA, [parece ser promissor como
marcador de resposta clinica para tumores de mama&reo (Mullan et. al., 2006).
Considerando a importancia da proteina p53 e smudgrenvolvimento nos processos
tumorais, esta proteina tem sido usada como bi@darem canceres. Pacientes p53-
positivo poderiam se beneficiar de tratamentos @itas doses de quimioterapia,
engquanto pacientes p53-negativo teriam beneficiosl@ses padrdes de quimioterapia
(Kroger et. al., 2006).



Figura 1. Imunohistoquimica para proteina cerb-2.Imunocoloracéo positiva para a
proteina cerb-2 em carcinoma ductario de mama coembrana citoplasmatica

marcada em castanho (Agnoletto, 2004. Dados ndacadb).



1.3. Sinalizagéo Celular

Insultos enddgenos e exdgenos nas células, inddumultravioleta, radiacdo
ionizante e estresse oxidativo, provenientes dalnoéismo oxidativo, continuamente
danificam o genoma celular (Motoyama e Naka, 2Q@htenstein, 2005). Esses danos
podem causar erros durante o processo de replieagéose, tendo assim grandes
contribuigcbes para o desenvolvimento do cancerdgEoorréncia disso, 0s organismos
desenvolveram mecanismos de manutencdo gendmiocguads incluem paradas de
ciclo celular ¢heckpointsem resposta aos danos no DNA. dbsckpointdornecem o
tempo para a célula reparar o dano no DNA antesoquailo progrida. Porém, se
houver danos excessivogatihos para apoptose podem ser ativados, assino eom
senescéncia celular. Defeitos nos processosclieckpoint podem resultar em
instabilidade gendmica e levar a transformacacétldas normais em células tumorais.
Mutacdes em varios genes que contribuem para cge$sos de parada de ciclo celular
e reparo de danos no DNA sado responsaveis por rcéeceditario, bem como por
tumores esporadicos (Motoyama e Naka, 2004; KastdBartek, 2004; Khanna e
Chenevix-Trech, 2004; Dumitrescu e Cotarla, 200&{uvhbres e Barbacid, 2005).

Agentes exdgenos ou enddgenos, como radiacdo @iz ERO, podem
formar quebras de dupla fita de DNA (DSB). A respaas esse tipo de dano requer o
recrutamento da proteina ataxia telangiectasiadayaTM) e das ataxia telangiectasia
relacionada Rad3 (ATR) (O’Driscoll e Jeggo, 2008}axia telangiectasia € uma
sindrome de instabilidade genética, caracterizad@nqogressiva degenerag¢do neuronal,
deficiéncia imunoldgica e aumento no risco de cgncemo o cancer de mama
(suscetibilidade de 11% aos 50 anos, aumentando 3286 aos 70 anos) (Khanna e
Chenevix-Trech, 2004; Dumitrescu e Cotarla, 20@5)M e ATR sdo membros da
familia PI3K (fosfatidil-inositol-3-OH quinase) e rgporcionam uma inducao
coordenada de eventos que levam a ativacéo degpdeaciclo celular, reparo de danos
no DNA, transcricdo de genes, e em alguns casosenpar apoptose (Khanna e
Chenevix-Trech, 2004; Kastan e Bartek, 2004).

ATM e ATR séo ativadas em resposta a DSB e estaswidam a ativacao, via
fosforilacdo, de muitas outras proteinas como HZAKa histona variante), na serina
139 (nomeada deH2AX) e p53 (Vousden, 2002; Fernandez-Capetilloakt. 2004,
Vidanes et. al., 2005). A fosforilacdo de H2AX paatevir de danos externos, coliséo

da forquilha de replicagdo, apoptose e disfuncéoatetimeros. Muitas evidéncias



sugerem queH2AX é essencial para o recrutamento de proteiaasralizacao/reparo
para o dano no DNA. Seu papel no reparo de dano®Ma ndo € totalmente
conhecido, porém acredita-se que essa proteina @aseentar os fatores de reparo
perto do local da lesdo e assim facilitar os meraos de reparo (Fernandez-Capetillo
et. al., 2004)yH2AX é usado como um marcador para DSB, produzidogadiacéo
ionizante e outras drogas que causem esse tiparte b DNA (Banath and Olive,
2003), sendo considerada a histona guardia do ger{eernandez-Capetillo et. al.,
2004).

A ativacdo de p53 (via fosforilagdo) em decorrérclaSB requer ndo somente
ATM, mas também outras proteinas como ATR, Chkhle2GVousden, 2002). Ambas
as proteinas Chkl e Chk2 séo capazes de fosfpifana serina 20, o que libera a p53
do seu principal inibidor, a proteina Mdm-2, a qualuz a decomposi¢do de p53 via
ubiquitinizagéo (Christmann et. al., 2003). Em 1,99avid Lane descreveu a p53 como
“Guardid do Genoma”, empregando essa proteina csupoessora tumoral. Essa
proteina participa dos trés principais processasaleutencao celulachekpoint reparo
de danos no DNA e apoptose. A ativacdo de p53 iralpgdamente o crescimento
celular por parada da proliferagcédo ou pela induziapoptose, impedindo dessa forma
a propagacao de células que poderiam sofrer tranaédo maligna. A p53 é altamente
regulada, tanto nos seus processos de inducdotogunas pds traducionaisu de
destruicdo. Isso poderia explicar sua importanca nmanutencdo da integridade
genbmica. (Vousden, 2002; Braithwaite et. al., 20Esse gene estd mutado em
aproximadamente 50% de todos os tipos de cancelamcbes em p53 de ceélulas
germinativas foram identificadas em pacientes corsirgrome Li-Fraumeni, uma
desordem autossémica dominante (Adimoolam e Fd@3;2Dumitrescu e Cotarla,
2005). Sua estrutura € bem caracterizada e podeilsdividida nos seguintes dominios:
ativacdo transcripcional, sequéncia especificagégdo ao DNA, reconhecimento de
danos no DNA, interacdo proteina-proteina e o dimmiegulatorio C-terminal. O
primeiro papel de p53 na supressdo tumoral fobwitio a sua fungcdo de fator
transcricional, regulando a expressédo de varioggeelulares. Em resposta a uma
variedade de estimulos genotoxicos, p53 tambémvadat através de uma série de
modificacdes pods-traducionais. Essa proteina regulainibidor das quinases
dependentes de ciclinas (CDKs), a p21, sendo eptan®iro mediador da parada de
ciclo em G1, via p53 apds danos no DNA (StewarieteRpol, 2001; Adimoolam e

Ford, 2003). A p53 é o centro de uma grande redsirdgizacdo, regulando muitos
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desses processos, freqientemente como um fatscti@anal de genedownstream
Essa sinalizagdo provém de um principio muito lbds&n resposta a uma grande
variedade de estresses genotéxicos, as célulasprefipamadas para manter sua
estabilidade genbmica de um organismo a todo cust@53 esta envolvida na
sinalizacdo de um dos principais mecanismos madbees da integridade genémica: o
reparo de danos no DNA (Ford, 2005).

DNA damage

@cm
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Changes in chromatin N
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Figura 2. Reconhecimento e sinalizagdo de danos mINA. Nesse esquema esta
demonstrado o envolvimento de algumas proteinapreessos de sinalizacdo apds o
reconhecimento de danos no DNA. ATM e ATR possuempapel fundamental no
reconhecimento e posterior sinalizacdo de dand3NW. A proteina p53 € importante
tanto para os processos deeckpointdo ciclo celular como na inducdo de apoptose.
(Christmann et. al., 2003).
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2. Mecanismos de reparo de danos no DNA

O reparo de danos no DNA consitui um dos mais asigl topicos na biologia
moderna. Os genes de reparo podem ser sub agrupadd4) genes associados com
sinalizacdo e regulagéo do reparo; (2) genes asBucicom distintos mecanismos de
reparo, dentre eles o reparo por erro de emparelm@antMMR); reparo por excisao de
bases (BER); reparo por excisdo de nucleotideoRINEeversdo direta dos danos no
DNA, reparo recombinacional e sintese translesa&)TChristmann et. al., 2003;
Prakash et. al., 2005). Esses genes, quando mufaatbsm estar correlacionados com
o desenvolvimento tumoral, além de estarem vinodatbm a resisténcia de células
tumorais a drogas utilizadas no tratamento de césdg€hristmann et. al., 2003). A
lista de genes envolvidos nos mecanismos de repanenta a cada ano. Um trabalho
recente de revisdo acrescentou 25 genes nessalistantando de 125 para 150, sendo
que esses novos genes estdo correlacionados &ms mdrcessos de reparo (Wood et.
al., 2005).

O reparo de danos direto envolve a proteina Alk&yal repara danos alquilantes
como 1-metil-adenina e 3-metil-citosina em uma &eaclependente de oxigénio,
cetoglutarato e Fe (Il), dispensando as DNA gliessis ou metiltransferases
(Christmann et. al., 2003).

O sistema de MMR (Figura 3) € responsavel pela ¢dmade danos causados por
erros de pareamento entre as bases do DNA, caudadosna espontanea ou induzida
(desaminacao, oxidacdo, metilacdo e erros de aggl® (Christmann et. al., 2003). As
principais etapas desse processo envolvem compfarbdicos como Muts (MSH2-
MSH6), a qual reconhece a lesdo, apds ocorre airdisacdo entre as fitas pela
auséncia das proteinas SS&n¢le-strand breakshas fitas filhas. Posteriormente
ocorre a excisdo da fita, envolvendo uma enzimafocmgéo exonucleasica, e por fim a

sintese da nova fita, realizado pela DNA polimegagehristmann et. al., 2003).
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Figura 3. Reparo por erro de emparelhamentoNessa figura estdo mostradas as
principais proteinas envolviadas nesse processepadeo (Christmann et al., 2003).

O BER é responsavel pela remogéo de bases do DNificaaas, as quais podem
ser reconhecidas por enzimas especificas, as DMAsgases. As principais lesbes
reparadas por BER séo as bases oxidadas, as gtgasnsespontaneamente dentro da
célula, ou sdo provenientes de agentes exdgenos cadiacao ionizante ou luz
ultravioleta. Outras lesdes que podem ser recodagct reparadas por BER sdo as
alquilac6es de DNA induzidas por agenédguilantes ou por carcindgenos exogenos,
como as nitrosaminas. Este processo de reparo possui OSingeg passos:
reconhecimento da lesdo, remocao da base e ind&sdita de DNA, distincdo entre
reparoshort- or long-patchapos ocorre a insercao da base, e por fim carakgto das
fitas (Christmann et. al., 2003) (Figura 4).
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Figura 4. Reparo por excisdo de basefsse esquema demostra as principais
proteinas, como as DNA glicosilases, bem como as dub-vias do BER (Christmann
et al., 2003).

Adutos volumosos de DNA, como fotolesGes (6-4 foidptos) e dimeros de
ciclobutano pirimidina (CPD), induzidos por luzraltioleta, pontes intra e intercadeias
(crosslink3, entre outros, sdo reparados pela via NER (@haish et. al., 2003). De
Silva et. al.(2000) mostraram o envolvimento de proteinas do NieRreparo de
quebras de dupla fité€Esse sistema de reparo € um dos sistemas univéeseparacao
de danos no DNA pela sua capacidade de elimindesegue induzem deformacdes
estruturais importantes no DNA. No homem, insufici@s neste processo vao originar
diversas doencas hereditariaerdderma pigmentosuifXP), Sindrome de Cockayne
(CS) e Tricotiodistrophia (TTD) (revisado por SadfiHenriques, 2003; Cleaver, 2005;
Friedberg et. al., 2006) (Figura ®P é uma sindrome autossémica recessiva em que 0
paciente possui uma severa sensibilidade a luz, solgue leva a uma progressiva

degeneracgédo nas regides da pele e dos olhos exjpostal, levando a varias formas de
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malignidade. Um numero significante de pacientesesgmta uma degeneragéo
neuroldgica progressiva (Kraemer et. al., 1994 abatin, 2001). CS € caracterizada por
fotosensibilidade cutédnea, e possui uma aumentadaibdidade a UV pela sua
deficiéncia na via acoplada a transcricdo (TCR¥eEgacientes possuem um retardo
fisico e mental (De Boer e Hoeijmakers, 2000). Erabuuitos pacientes CS nao tém
qualquer caracteristica clinica dos pacientes XP¢asos raros com a combinagédo de
sintomas de XP com CS (XP/CS) (Lehamnn, 2001). A Ttém como principal
caracteristica a reducéo da matriz protéica riczistaina dos cabelosulfur-deficient
brittle hair), além de retardmental, ictericia da pele e reducéo da estaturéobjumas
nao todos, os pacientes com TTD sdo sensiveis &dlar, embora ndo tenham
nenhuma mudanca na pigmentacdo da pele e ndo hamerreferéncia de cancer

nesses pacientes (Lehamnn, 2001; Bergmann and Z§l{).

Figura 5. Pacientes com XP (a), TTD (b) e CS (cE notavel a diferenca de
pigmentacdo entre os pacientes TTD e CS quandoaraohps com 0s pacientes XP.
Adaptado de Lehamnn (2001).

Diversos estudos bioquimicos e moleculares mostrap@e o sistema NER pode
ser subdividido em duas sub-vias de reparacéd@aaedo global do genoma (GGR) e
a reparacao acoplada a transcricdo (TCR) (FigurBlddhomem, o reconhecimento da
lesdo é feito pelo complexo protéico XPC/hHR23B,caso do GGR, e pelo bloqueio
da RNA polimerase Il, no caso do TCR (Hanawaltagt. 2003; Costa et. al., 2003;
Gillet e Scharer, 2006). Em seguida, é recrutadoomplexo TFIIH. Das nove

subunidades que fazem parte deste complexo, disasigra funcdo de helicases: XPB



15

(3°-5") e XPD (5°-3"). Para que ocorra a incisdo ambos os lados da lesédo é

necessario a atividade das endonucleases XPG &€&RPE1.
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Figura 6. Reparo por excisdo de nucleotideokssa figura mostra a participacao das
proteinas XP nas duas vias do NER (reparacédo gllmbgénoma e reparacao acoplada a
transcricdo) E possivel observar a proteina helicase XPD, adaplao fator
transcricional TFIIH, atuando no processo de abertias fitas. Apesar do processo de
reconhecimento de danos no DNA ser distinto em analsavias, tanto GGR quanto
TCR convergem para uma Unica via (Christmann gt2@03).

Os pacientes XP séo deficientes na excisdo de dadozidos pelo UV ou por
outros agentes genotdxicos, 0 que o0s torna hipeikses a estes agentes e resulta em

forte predisposicéo ao cancer de pele (Costa.e2@)3). Foi sugerida a existéncia de
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interacdo fisica entre as proteinas BRCA1, BRCARD>X XPB como tendo um papel
na reparacao de lesbes oxidativas de fitas traasae DNA (Le Page et. al., 2000). A
proteina XPD funcional é também necesséria pandwgéo de apoptose dependente de
p53 (Bernstein et. al., 2002). Seu dominio carlestininal se liga com p5® vivo, e
esta ligagcédo que envolve o complexo TFIIH, inibria atividade de helicase (Seker et.
al., 2001).

Embora as lesdes no DNA causadas pela luz solaj fld$sam ser removidas
pelos processos de NER e BER, muitas lesGes escdpamparo e apresentam um
blogueio no processo de alongamento transcriciopela RNA polimerase e na
replicagdo, pela DNA polimerase. Em eucariotos,D&¢A polimerases, as quais
pertencem a familia Y, e DNA polimeraS¢zeta), membro da familia B, promovem a
replicagdo através da lesdo. A polimerase eta(Rdbentificada primeiramente em
leveduras, tem capacidade replicacional atravéslideros decis-synTT (timina-
timina) pela insercdo de duas adeninas em opostdirmero TT. Isso torna essa
polimerase como uma das mais importantes em regagintese translesdo de CPD,

uma vez que ela promove a replicacéo livre de(@rakash et. al., 2005).

As DSB sdo potentes indutores de efeitos genotéxigoebras cromossomais) e
morte celular. Os dois principais mecanismos pamgparo de DSB sdo: recombinacgéo
homoéloga (HR) e a recombinacdo ndo homologa (NHESJjjuais sao livres de erro e
suscetivel de erro, respectivamente. Em eucariotms simples, a HR € o caminho
predominante, enquanto que em mamiferos a NHEJri@apal via de reparo de DSB.
O uso de NHEJ e HR também depende da fase do calldar. NHEJ ocorre
predominantemente em GO0/G1, enquanto que HR odarante o final de S e G2. O
sistema de reparo NHEJ liga duas pontas de DSB,oseaquerimento de sequéncias
homologas entre as pontas do DNA. Esse processavengroteinas como Ku70 e
Ku80 (as quais protegem o DNA da acéo de exonwedgasainda a acdo de DNA-PK
(Christmann et. al., 2003) (Figura 7).
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Figura 7. Reparo por recombinacdo ndo homologaNesse esquema é observada a
acdo das proteinas do processo de NHEJ no repammndeDSB. Christmann et. al.,
2003).
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3. Apoptose

Para eliminar células que sdo redundantes, dagéficeou infectadas, os
organismos vivos possuem mecanismos suicidas deados de apoptose. Esse
programa genético é vital para o normal desenvambm para a manutengdo da
homeostasia celular, bem como para um sistema ireteteszo. Uma via de morte
celular por apoptose envolve proteases, chamadasgpases, as quais clivam varias
centenas de substratos celulares. Dois principaisinhios de ativacdo de caspases
foram descritos e reconhecidos: um envolve a d@ivailps chamados “receptores da
morte”, que estdo localizados na superficie dalaé{uia extrinseca), e outro é
provocado por varias formas de estresse, incluswgmrte de citocinas inadequado e
diversos tipos de danos no DNA (via intrinseca¥aBs/ias apoptéticas podem envolver
a mitocondria, através da permeabilizacdo de sumbmama, e conseqientemente pela
liberacdo de citocroma e outras proteinas promotoras de morte celularbgsnos
caminhos da apoptose tém grupos independentespases “iniciadoras”, e o caminho
converge para a utilizacdo do mesmo grupo de caspeafetoras” que executam o final
do programa de morte celular (Adams, 2003; Hajrhite 2004). Alteragdes na
expressdo de genes envolvidos nesses processasBuobid (proteina anti apoptotica),
contribuem para a resisténcia de células tumoradrogas. A superexpressao de
proteinas da familia Bcl-2, € proposto por ocomar mais da metade de todos os
canceres humanos, e multiplas técnicas estdo sesadas para diminuir essa expressao
com objetivo de alterar o crescimento tumoral. &stude expressdo em tumores
primarios e estudos mecanisticos em cultura ddaceligerem que a desregulagédo de
caminhos intrinsecos da apoptose sao importantasopdesenvolvimento e progressao
do cancer (Hajra e Liu, 2004).
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4. Doxorrubicina

A doxorrubicina (DOX) foi uma das primeiras antteicias isoladas, no decorrer da
década de 60, a partir d&reptomyces peucetiyfigura 8) A doxorrubicina é um
antibiético antitumoral capaz de formar um complésméario com o DNA e com a
topoisomerase I, induzindo a formagéo de quebrgdad no DNA, podendo levar a
uma parada do ciclo celular (o que permite a cékdautar as enzimas de reparo) ou a
morte por apoptose (Minottit. al., 2004). Lehmann e colaboradores (2003) na@sh
que, emDroshophila melanogasterps danos no DNA induzidos pela DOX sé&o
reparados preferencialmente pelo processo de récagdm homologa.

A DOX é largamente utilizada na clinica, principahte para o tratamento de
cancer de mama (O’Shaughnessy, 2003), porém esgm @ utilizada em outros
tratramentos como tumores sdlidos na infancia,nslgarcomas, e linfomas agressivos
(Minotti et. al., 2004). Apesar da sua atividade ser degiyaohcipalmente da inibicdo
da topoisomerase Il e da dose utilizada ser detemte para seu mecanismo de agao
(Gerwitz, 1999), outros efeitos podem também apteseum papel importante em
relagdo & sua atividade antitumoral. A formacaaaticais livres, bem como a sua
capacidade de alquilar diretamente o DNA ou dezimduformagéo de pontes entre as
duas cadeias de DNA, sdo importantes efeitos sédosdligados a esta classe de
medicamentos (cardiotoxicidade), os quais limitasua utilizacéo clinica (Minotgt.
al., 2004).

A formacdo de adutos de DNA pela DOX tem sido maestuda, pois alguns
pesquisadores tém comprovado a morte celular pdoefe adutos formados pela DOX
(Swift et. al.,2006). Esses adutos sédo formados utilizando foendddpara estabelcer
uma ligacdo covalente entre uma das fitas de DNAaeglcar da DOX, enquanto que a
outra fita interage com a DOX através de ponteshitogénio (figura 9). O
formaldeido € produzido dentro das células, seretovatios de fontes de carbono,
como lipideos ou, no caso da DOX, ele pode proeeoxidacdo da propria droga.
Interessantemente, elevados niveis de formaldeaamf detectados em células
tumorais comparado com células normais, sugering® mais adutos poderiam ser
formados em células tumorais, promovendo um nidiei@nal de toxicidade para essas
células (Cutts et. al2005). Esta idéia é refor¢cada por varios estudeswpstram que a

apoptose induzida por esta classe de medicameotiesstpmbém ser em alguns casos,
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independente da inibicdo da topoisomerase |l endiacéo da proteina p53 (Minotti et.
al., 2004).

Hacm
NH,

HO

Figura 8. Estrutura quimica da doxorrubicina. Constituicdo basica de uma
antraciclina, a qual possui 0s quatro anéis araogtfA, B, C e D), assim como um
acucar ligado a posicao 7 do anel A. Adaptado deNie colaboradores (2004).

T‘f:__' DMA strand |

Figura 9. Estrutura quimica de um aduto de DNA formado pela DOX.Essa figura
mostra a ligagéo covalente da DOX com uma dasd#aBNA, a qual utiliza o carbono
proveniente do formaldeido (vermelho), e as pod&esidrogénio com a outra fita de
DNA, as quais estabilizam a formacéo do aduto.t§Gutolaboradores 2005).
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5. Novas estratégias da Terapia Anti-Tumoral

Com o obejtivo de tentar diminuir os efeitos calaite das drogas antitumorais,
sem diminuir o efeito citotoxico sobre as célulamdrais, bem como ser o mais
eficiente possivel em relacdo aos alvos molecuylaxesanotecnologia tem ganhado
espaco na terapia tumoral moderna. Nanomaterigisgquais medem 1-1000 nm,
permitem uma interacdo com sistemas biologicos el molecular Unica. Eles podem
também facilitar avangos importantes na deteccdmgndsticos, e tratamento de
canceres humanos. As técnicas baseadas em nadoggzrmodem ser aplicadas em
diferentes doencas malignas. Alguns canceres de amampressam proteinas
biomarcadoras (ex. receptor de horménios) ondesdesiterapéuticas sdo produzidas.
Semicondutores de nanocristais fluorescentes t&n sbnjugados a anticorpos,
permitindo simultaneamente a marcagdo e quantfcadessas proteinas alvos em
tumores de mama. Nanoparticulas acopladas a apesificos podem ser usados para
produzir a imagem do tumor e para detectar metistgmeriféricas. Varias
nanotecnologias tém sido usadas para permitiregdi@io de agentes quimioterapicos
em células cancerigenas com o minimo de toxicigeda os tecidos saudaveis, ao
mesmo tempo em que se mantém a eficacia antitumir8loxorrubicina tem sido
formulada com um sistema lipossomal de liberagdpal mantém a eficacia da droga
e diminui os efeitos cardiacos da droga (Yezhedtesl., 2006).

Além da nanotecnologia, outras formas de tentamnimar os efeitos colaterais
de tratamentos antitumorais tém sido investiga®Esquisadores tém voltado sua
atencdo para a utilizacdo de tecnologias como igease, a qual utiliza o RNA de
interferéncia (RNAI), assim como para alvos molases que S&o cruciais para a
manutencgdo celular, como as proteinas de repadades no DNA. A utilizacdo do
RNAI torna-se importante uma vez que esta tecnalaginsegue destriur um alvo
molecular (proteina) em sua raiz, ou seja, no RNMadhusudan e Hickson, 2005;
Dallas e Vlassov, 2006).



22

II - OBJETIVOS

1. Objetivo Geral

Estudar as lesdes e reparo de DNA, bem como periibxidante de pacientes
com céancer de mama, além de avaliar o papel doagua excisdo de nucleotideos no
processamento de lesdes induzidas pelo agenteraotdl doxorubicina (DOX) em

fibroblastos humanos.

2. Objetivos Especificos

» Determinar os niveis enddgenos de danos no DNAirdécitos de sangue
periférico de pacientes com cancer de mama, beno eocapacidade de reparo
desses linfocitos a danos no DNA induzidos por xidod de hidrogénio,
utilizando o ensaio cometa alcalino.

* Medir a atividade enzimatica da SOD e CAT do pladmaacientes com cancer
de mama.

» Correlacionar os niveis endoégenos de danos no ek como a capacidade
de reparo aos danos no DNA induzidos por peroxidohidirogénio com a
atividade das enzimas antioxidantes SOD e CAT.

« Determinar a sensibilidade de fibroblastos profitee e deficientes no gene
XPD (XPD, TTD e XP/CS) a DOX.

» Determinar o efeito da DOX no ciclo celular dedg@®blastos.

» Verificar o efeito de radicais livres liberados @p&0OX no ciclo celular, bem
como na morte celular induzida por esta droga.

* Medir os niveis de danos no DNA induzidos por D®¥m como a capacidade
de reparo dessas lesdes, em fibroblastos profisendeficientes em XPD.

» Verificar a formacdo de quebras duplas no DNA, parcacdo ddoci de
YH2AX nas linhagens celulares proficientes e defie em XPD, na presencga e

na auséncia de com DOX.
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Il - CAPITULO |

DNA Damage and Antioxidant Status in Peripheral Blod Lymphocytes from
Breast Cancer Patients

Artigo a ser submetido a Int. J. Cancer
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ABSTRACT

Breast cancer is the most common malignancy amomges and its rate of
mortality is still high. In Brazil it is estimatetthat around 50,000 new cases of breast
cancer will emerge in 2006. Impaired antioxidaatss and/or DNA repair may elevate
the risk of malignant transformation of breast etlue to the accumulation of
spontaneous mutations in target genes and incgeasisceptibility to exogenous
carcinogens. In this study, blood samples wereidtdafrom female patients with
diagnosed breast cancer as well as from healthyidchils. In order to evaluate the role
of DNA repair in breast cancer we determined thellef the lesions and the capacity
to remove DNA damage induced by hydrogen peroxide peripheral blood
lymphocytes. For this purpose, the alkaline vergsibthe comet assay, which provides
a sensitive tool to investigate DNA damage and irepaas applied. The antioxidant
status, measured by the antioxidant enzymes supleraismutase (SOD) and catalase
(CAT) was estimated in blood plasma and no sigaificdifference was observed
between patients and controls. The level of endogerDNA damage was higher in
breast cancer patients compared to the contropgaod the patients did not repair these
damages after 3 hours of incubation, in contragh e control. Our results showed a
direct relation between antioxidant status and gadous DNA damage level, where
the patients with high endogenous DNA damage lepmsented lower SOD activity.
These results suggest that DNA damage, as wetltasxalant status assays, seem to be
useful molecular tools for monitoring ongoing expes to DNA damaging agents.
Such a research on the mutagen sensitivity andaeffiof DNA repair could impact on

the development of new diagnostic and screenimgesjies.

Key words: breast cancer, DNA repair, Comet aszalj;oxidant status.
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INTRODUCTION

Breast cancer is the most common malignancy amomges and its rate of
mortality is still high (Pecorelli et. al., 2003alro, 2003; Strassmer-Weippt and Goss,
2003). It is estimated that in Brazil around 50,0686lv cases of breast cancer will
emerge in 2006 and in the Rio Grande do Sul statetli of Brazil), there are about 89
cases for each 100 000 women (INCA — Instituto biaai do Cancer). About one-tenth
of all breast cancer cases are characterized bayndyf history concerning this disease
and among these, inherited mutations in the bremster susceptibility gen&RCAL
and BRCA2are found in more than half (Lodish et. al., 2002enz et. al., 2002;
Blasiak et. al., 2004). Breast cancer developmeassociated with risk factors, which
include reproductive events (such as menarche, parse and pregnancy), exogenous
hormones (such as oral contraceptive and hormopkcement therapy), lifestyle
(alcohol, diet, obesity and physical activity),vasll as genetics factors (high- and low-
penetrance breast cancer susceptibility genes)ngrathers (Dumitrescu and Cotarla,
2005).

Some risk factors associated with breast cancer exayt their effects via
generation of reactive oxygen species (ROS), whiehrecognized to induce oxidative
DNA damage and neoplastic transformation (Kumanmagamran et al.,, 2005).
Environmental agents such as ultraviolet lightjaomg radiation, chemical carcinogens
and cigarette smoke can induce oxidative stresgganisms. Oxidative stress occurs
when the production of ROS exceeds the body's ahtantioxidant defense
mechanisms, causing damage to macromolecules suddN&, proteins and lipids
(Bartsch and Nair, 2000). Therefore, ROS are aksimgbincreasingly implicated in
breast cancer development (Sipe et. al., 1994 dge t. al., 2000).

The response of the cells to DNA damage and itktyalbtd maintain genomic
stability by DNA repair determine cellular suscéptiy to endo- and exogenous
factors, including carcinogens (Bernstein et. @D02; Sarasin, 2003; Christmann,
2003). Moreover, increased efficiency of DNA repairlack of apoptosis induction
may play a role in the resistance of cancer celtbérapeutic drugs, since most of them,
like doxorubicin, cause DNA damage due to diretariaction with DNA or free radical
release (Bonassa, 1998; Moustacchi, 2000; Blagiadd.e 2004; Minotti, et. al., 2004).
Increased nucleotide repair activity was observetlimor tissues of patients that were

resistant to cisplatin-based chemotherapy (Yulgt1896; Metzger et. al., 1998; Li et.
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al., 2000). On the other hand, defects in mismegphir proteins have been associated
with clispatin and doxorubicin resistance in huntamor cell lines (Fink et. al., 1996;
Vaisman et. al., 1998; Fedier et. al., 2001).

The sensitivity of the cell to ROS is attenuatedalyarray of enzymatic and
non-enzymatic antioxidants. Superoxide dismutaseD)Sand catalase (CAT) that
catalyze the detoxification of superoxide anion amgbrogen peroxide (D,),
respectively, protect the cell against ROS-indudachage. Reduced glutathione (GSH)
in conjunction with glutathione peroxidase (GPxays a central role in the defense
against free radicals, peroxides, and a wide ramiggenobiotics and carcinogens
(Kumaraguruparan et. al., 2005; Tas et. al., 2005).

Identification of endogenous sources for DNA damagel the resulting
oxidative modification of cellular components wifive new insights into the disease
process as well as will provide a better basiscf@moprevention. Increased oxidative
stress and lipid peroxidation (LPO) causing DNA dagm together with disturbance of
cell signaling pathways, have been implicated wmessl human cancers (Bartsch and
Nair, 2000).

The expression of some genes in the tumor procassbe related with
chemotherapy resistance, poor or good prognosiig kf treatment, among other
diagnostic factors. Both estrogens and androgems @itical roles in the development
of breast cancer, which has been confirmed by nouseepidemiologic data on the
levels of serum and urine hormones in populatidnsw and high risk, as well as by
case-control and cohort studies (Sipe et. al., 1B@hg et. al., 1998; StareR003; Ma
et. al.,, 2006). Estrogen carcinogenesis is ateidbub receptor-mediated growth and
proliferation of breast epithelial cells and to DNApairment caused by activated
estrogen metabolites, e.g., catechol estrogensfraedradicals (Starek2003). Cell
proliferation activity is investigated for its asstion with tumor progression and, in
this case, Ki-67 has been identified as a good ematlecause it can define the worse
outcome prognosis and the treatment of the breastet patients (Daidone and
Silvestrini, 2001). Overexpression of Hen&l gene has been identified in benign
breast cancer disease biopsies and associate@d \gidater risk of subsequent invasive
breast cancer (Stark et. al., 2000). Furthermdrig, dene is related to breast cancer
treatment (Ross et. al., 2003). The functional p&gein plays also a crucial role in the
maintenance of genomic integrity because of it®lvement incheckpoint and DNA

repair signaling, as well as in apoptosis inductidbherefore, its expression is much
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important in cancer development and therapy (Vous#@02; Braithwaite et. al., 2005;
Kroger et. al., 2006).

The present study was therefore designed to eealhat relationship between
antioxidant status in blood plasma and DNA damageperipheral lymphocytes of
breast cancer patients. To evaluate the extenthNA Damage and the sensitivity to
exogenous mutagens in breast cancer therapy wenrtdeéesl the level of basal DNA
damage, and the capacity to remove DNA damage @wlbg hydrogen peroxide in the
peripheral blood lymphocytes of breast cancer pttiand healthy individuals. DNA
damage and repair were evaluated by alkaline siogliegel electrophoresis (Comet

assay).

MATERIALS AND METHODS

Blood samples:

Heparinized blood samples were obtained from Btafe breast cancer patients,
with mean age of 54.8 + 9.7 years, treated at ©enter of High Complexity in
Oncology’, ljui, RS, Brazil and 19 healthy womenttwimean age of 45.4 + 8.3 years
(control). The blood samples were taken beforecttemotherapy or after some cycles
of chemotherapy (21-to-21 days), which was compadeithree drugs, 5-fluorouracil,
adryamicin and ciclophosphamide (FAC protocol). Ttedy was approved by the
University Human Subjects Committee of UFRGS. Eswhject completed a personal
health questionnaire, covering information of agmoking, drinking, and exposure to
radiation, hormone therapy, menarche and medidinags. All participants signed

informed consent documents before the interview.
DNA damage evaluation by Comet assay:
Peripheral blood lymphocytes were isolated by dgn=ntrifugation (30 min,

18°C, 400 X g) on Ficoll-Paqu¥ Plus. To examine basal DNA damage, aliquots (20ul)
of the lymphocytes were taken immediately afterticrmation, mixed with (80pul)
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0.75% low melting point agarose and cast onto rsimwpe slides precoated with 0.5%
normal melting agarose.

To examine endogenous DNA damage and DNA damagairrepfter
centrifugation (30 min, &, 400 X g) the cells were separated into 3 tulig¢sior
evaluation of basal damage, 2) for treatment wg®H10uM, 5 minutes on ice), and
3) for treatment with MMS (8 x 1M, 1 hour at 37C), as positive control.

After the treatments, the cells were washed witl§ RBentrifugation, 5 min,
4°C, 200 X g) and incubated in RMPI 1640 (200pul) wif% fetal calf serum. Aliquots
of the suspension (20ul) were taken immediately, @aso 60 or 180 minutes of post
incubation, mixed with (80ul) 0.75% low melting pbiagarose and cast onto
microscope slides precoated with 0.5% normal mgkigarose.

The comet assay was performed under alkaline dondiessentially according
to the procedure of Singh et al (1988). Comet assay rapid, simple and sensitive
technique for measuring and analyzing DNA breaks @pair in single cells (Tice,
1995; Fairbairn et. al., 1995; Alapetite et. aP9@; Leprat et. al., 1998 Tice et. al.,
2000). This assay has been also used in variodgestto investigate the effect of ROS
on DNA (Collins et al., 1995; Collins and Harringi®2002; Liu et al., 2003). Briefly,
after lysis DNA was allowed to unwind for 30 minefectrophoresis solution consisting
of 300mM NaOH, 1mM EDTA (pH>13). Electrophoresissa@nducted at°€ for 30
min at electric field strength 0.94 V/cm. The stideere then neutralized with 0.4M
Tris, pH 7.5, and revealed by silver staining. Gumedred randomly selected cells per
sample were scored visually according to tail istigninto five classes (from
undamaged, 0, to maximally damaged, 4). The darsege positively correlated with
the level of DNA breaks or/and alkali-labile sitesthe cell. In the DNA repair study,
the difference between the basal level of DNA daen@ the start of incubation) and
the damage extension after different periods ofilbation (60 or 180 minutes) was

taken as an index of the efficacy of DNA repair.

Antioxidant status:

Serum SOD activity was determined spectrophotdoadly at 480 nm by
measuring inhibition of the rate of auto catalyidrenochrome formation, one

superoxide dismutase unit being defined as the atraftenzyme inhibiting the rate
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of adrenochrome formation by 50% per gram of prot@lirsa and Fridovich,

1972). Catalase activity was assayed by the meth@hance and Machley (1954),
one unit of catalase decomposing 1 pmol of hydrquenoxide per mg of protein
per minute at pH 7.4. Total protein was determispdctrophotometrically at 545
nm by the Biuret method (Labtest Total Protein K#ttalogue # 18).

Statistical analysis:

Differences between mean values were tested foifisignce (P <0.05) using
Student’s t-test.

RESULTS

Risk factors

Considering epidemiological studies conducted iffent populations that
point out some reproductive events (such as meeaacil menopause), exogenous
hormones (such as oral contraceptive) and gerfetitsrs, among others, as risk factors
(Dumitrescu and Cotarla, 2005), we analyzed tha datained by a questionnaire that
cover some factors cited above, which was filled loy breast cancer patients and
healthy individuals.

The mean age of menarche among patients was 13.4 &and the healthy
women were 12.8 + 1.3. In this work 43% of the tltgalvomen and 28% of the women
with cancer have used the oral contraceptive meittitk last seven years.

Another important risk factor in breast cancer depment is the exposure to
harmful environmental agents. In this study, 36%haf women with cancer worked in
agriculture and reported exposure to UV and othercicogenic agents, such as
pesticides, that could be related to cancer indoctBesides, 83% of the exposed
women with breast cancer reported absence of cdieindividual protection to these

harmful agents in the last 10 years. On the otre@rdh only 15% of the healthy
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individuals were exposed to these risk factors, alhaf them informed to take care

with the protection.

DNA damage and repair efficacy

DNA damage repair is an important process in genonegrity maintenance.
Oxidative DNA damages and DSB induced by free aldiexposure have a great role
in genetic instability and, consequently, in thentwal process (Bernstein et. al., 2002;
Hussain et. al., 2003). In this work, we measutesl iasal DNA damage, the DNA
damage induced by hydrogen peroxidepf and MMS (8 x 10M), as well as the
repair capacity in peripheral lymphocytes from kteaancer women and healthy
individuals by using the alkaline comet assay.

Figure 1 demonstrates the basal and induced DNAadamin peripheral
lymphocytes of healthy and breast cancer indivislu#tl is seen that breast cancer
patients show a significant level of endogenous Dbi#mage when compared to
healthy individuals (figure 1A). Interestingly, h#ny individuals presented higher
H.O»-induced DNA damage than patients, while MMS-indlsions were significant
in both healthy and patients group. We did not olessignificant difference between
endogenous DNA damage of patients that did noiveahemotherapy and the patients
that have received some cycles of chemotherapuréidB). Therefore, the results
presented in figures 1 (A and B) include both typegatients.

The repair capacity, measured by alkaline cometyaafter 1 or 3 hours of post-
incubation with either KD, is shown in figures 2 (A and B, respectively). Tiieod
lymphocytes of the patients had a different rediicacy to either KO, or MMS-
induced lesions, when comparing to controls. ARdrours, there was a clear reduction
in the comet assay tails of control individuals pimocytes, while for the patients group
the damage score remained almost the same (evéerhigan time zero for 1@

treatment) (figure 2).

Antioxidant status

Figure 3 (A and B) shows the antioxidant parametass SOD and CAT,

respectively, of both healthy individuals and btezencer patients. The patients had
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lower SOD (figure 3A) and CAT (figure 3B) activiighan healthy women, although

these differences were not significant.

Endogenous DNA damage vs. Antioxidant status

Figure 4 (A, B and C) shows the correlation betweadogenous DNA damage
and the antioxidant parameters of patients witlagtreancer. We separated the patients
with high DNA damage levels and the patients watlv DNA damage levels. Figure 4A
shows that the patients with low endogenous DNA atz@s have their damage levels
similar to the control group; in contrast, the graf patients with high damage levels
has a great difference to control. Our results shaelation between endogenous DNA
damage and SOD activity, where the group of pati¢imat have high DNA damage
levels presented lower SOD activity than the grouth low DNA damage levels
(figure 4B). Interestingly, this relation did nataur when we related the DNA damage
with CAT activity (figure 4C).

Biomarkers

Table 1 shows the immunohistochemistry results amfies biomarkers, as ER
(estrogen receptor), PR (progesterone recept@B2; p53 and Ki-67. It is important
to remark that all these data were obtained froen‘@enter of High Complexity in
Oncology’, ljui, RS, Brazil. They are part of stamdl procedures for diagnosis and
further treatment. All women with cancer presenpegitively to ER staining, among
them 50% had moderate-high expression. PR rece@srnot expressed in 27.3% of
the patients and 36.3% presented moderate-higlessipn to this protein (table 1).

C-erB-2 gene encodes a transmembrane tyrosineekneagptor protein, which
is involved in many signalization processes (Rdsale 2003). In this work, 22.8% of
the patients presented negative staining for thidem, while 77.2% were positive.
Among these, 45.4% had moderate-high expressibie(13.

p53 protein is involved in many signaling pathwaksat regulate cell cycle

progression, DNA damage repair and apoptosis immu¢vousden, 2002). Our results
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showed that 72.7% of the patients are positivepf8, indicating more than 5% tumor

cells are positive; however, it is important to sioler that this assay does not identify if

the protein is functional (table 1).

Ki-67 is a protein involved in cellular proliferati and is correlated with poor outcome
prognosis (Urruticoechea et. al., 2005; Dowsettalet 2006). In our study, all

patients with breast cancer presented positivaiatafor Ki-67 protein (table 1).

DISCUSSION

Reproductive events, exogenous hormones and ligestg some risk factors
involved in breast cancer predisposition. Menamfpe (less than 12 years of age versus
more than 14 years of age) has been associatednaitsase in breast cancer risk of
about 10-20%, probably because of the prolonged®xe of breast cancer epithelium
to estrogens and progesterone (Dumitrescu and I€02805). In this work, these risk
factor was not correlated with the cancer develogmeecause the menarche medium
age of the patients is similar to that of healtingividuals.

Susceptibility to cancer is characterized by highADdamage, which is the
result of low repair capacity (Bernstein et. ab02; Sarasin, 2003). Excessive estrogen
exposure, that provides proliferative stimulus by heta-estradiol leads to the
appearance of spontaneous mutations and is assbcigith breast cancer risk.
Moreover, 17 beta estradiol acts as genotoxic adgncomplementary pathways
inducing direct (estrogen-quinone DNA adducts) amtirect (via redox cycling) DNA
damage (Okobia and Bunker, 2003). Some other askofs associated with breast
cancer may also cause generation of ROS, whiclrean@gnized to induce oxidative
DNA damage and neoplastic transformation (Kumanagaran et. al., 2005).

In this work, the breast cancer patients had a Hosuesceptibility to DNA
damage induced by hydrogen peroxide in relatiothéocontrol group, but the induced
DNA damage is not repaired in 3 hours period intiast to the control group (Fig. 2A).
The alkylating agent (MMS) caused significantly valted DNA damage in
lymphocytes from breast cancer patients and heatthyrols, which are repaired after 3
hours of post-incubation in the control group. Bl&set al., 2004, have reported lower
repair capacity in lymphocytes of breast canceiep& but in their study the patients

were more sensitive towards hydrogen peroxide iadugNA damage. The alteration
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of repair efficiency is reported also in lung can¢8chmezer et. al., 2001, Rejaee-
Behbahani et. al., 2001), head and neck canceusg{@tnd Wie, 2002), among others
(Berwick and Vineis, 2000). This delay and/or lasfkrepair could explain the higher

basal DNA damage in breast cancer patients inioal&b the control group in our study
and can lead to increased susceptibility towardgemous carcinogens. Accumulation
of spontaneous mutations in target genes as a i@simpaired DNA repair could be

correlated with high risk of cancer development €sn1998; Das, 2002; Aas et. al.,
2003).

Our results showed that the patients with breasterahave lower SOD and
CAT activity than controls, although the differeacelo not reach significance.
Inhibition of SOD and CAT activity was reported@is stomach cancer (Batcioglu et.
al., 2006), oral squamous cell carcinoma (Manohaataral., 2005), cervical cancer
(Beevi et. al., 2006) and prostate cancer (Aydirakt2006). On the other hand, Yeh et.
al. (2005) showed that there is an increase in 8@ GPx activities in patients with
breast cancer. As can be seen, the results abtioxidant status in cancer patients are
contradictory, so further investigation could pdrtoi clarify if the altered antioxidant
status is a reason or it is caused by the developai¢he disease itself.

In this work we showed that lymphocytes from bremsicer patients with high
levels of DNA damage have a lower SOD activity jpposite to patients with low
levels of DNA damage, which resemble the activipnteols (Fig. 4). These results
suggest that some patients with breast cancer adatemendogenous DNA damage
caused by agents like free radicals, in lymphocyteperipheral blood, which could
indicate physiological alterations in these pasenThe elevated frequency of
individuals with reduced repair capacity among eangatients and their relatives is
evidence that repair capacity of oxidative DNA dgmads genetically determined
(Gackowski et. al., 2005).

In breast cancer, most of the tissue markers iigagstl in recent decades are
related to cell proliferation, apoptosis, hormond¢pendence, neo-angiogenesis,
invasion and metastasis, and have been associ#ttedisease progression and patient
outcome (Daidone et. al.,, 2004). Mobley and Brueggjer (2004) have shown that
estrogen receptor can regulate the oxidative sinesslture of breast cancer cell lines,
since all patients that presented positive staifdnghe estrogen receptor had also high
levels of SOD and CAT activities. In our study, lemer, we did not observe a direct

correlation between the antioxidant status and ER.
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The use of biomarkers is important in order to@ase the knowledge and try to
reduce the intrinsic clinical complexity of the tamtreatment. It is very important to
accurately assess the individual patient risk p@it the initial diagnosis and to identify
the optimal local-regional and systemic treatmeodatities (Daidone et. al., 2004).
Patients whose tumoral p53-positive staining preseight benefit more from high-
dose chemotherapy than from standard chemothesaplyp53-negative patients might
benefit more from standard chemotherapy than fragh-tdose therapy (Kroger et. al.
2006). High Ki-67 is a sign of poor prognosis assted with a good chance of clinical
response to chemotherapy, which can potentially cheed using local-regional
treatment alone (Daidone et. al.,, 2004; Urruticeeclet. al., 2005; Dowsett et. al.,
2006).

Our work emphasizes the utility of Comet assaylitVA damage evaluation in
lymphocytes from breast cancer patients as aniapxilechnique for therapy decision
making, once we showed a relation between two factoe., DNA damage and
antioxidant status, directly involved in cancer elepment. We believe that studies in
this direction are of fundamental importance, beeaantioxidant status and capacity of
DNA damage repair are important to maintain gendinielity and integrity, and also,

could indicate possible resistance to chemotherapy.
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LEGEND OF FIGURES

Figure 1. DNA damage in peripheral lymphocytesThe basal DNA damage and the
DNA damage induced by, (10uM, 5 minutes, C) and MMS (8 x 18M, 1 hour,
37 °C) were measured in peripheral lymphocytes of breascer patients by alkaline
comet assay (A). The graphic B shows the endogeDblfs damage of patients before
of the chemotherapy (white bars) and after soméesyaf chemotherapy (black bars).
One hundred randomly selected cells per sample s@meed visually according to tail
intensity into five classes (from undamaged, Gneximally damaged, 4).

*P<0.05 ***P<0.001

Figure 2. Repair Efficacy to HO, and MMS induced lesions.After the treatment
with H,O, and MMS (as described in figure 1) the lymphocytese incubated with
RMPI medium (supplemented with 10% fetal calf seréon 1 or 3 hours at 37C. One
hundred randomly selected cells per sample wereedcuisually according to tail

intensity into five classes (from undamaged, Gneximally damaged, 4).

Figure 3. Antioxidant status. Serum SOD and CAT activities, were measured in the
plasma of breast cancer patients and of healthyithdals. SOD activity was
determined spectrophotometrically at 480nm by meaguinhibition of the auto
catalytic adrenochrome formation rate (A). Catalazetivity was determined
spectrophotometrically at 545 nm by hydrogen petexiecomposing (B).

**P<0.01

Figure 4. Correlation between DNA damage and antiadant status. The results
obtained with comet and antioxidant enzymes (SOB @AT) were correlated with
DNA damage score and are shown in this figure.INA damage levels of controls.
(I)- Patients that presented DNA damage scorevib&la0 and (II1)- patients with DNA
damage score above 100 (A). The antioxidant enzy®@® and CAT are correlated
with DNA damage score in panels B and C, respdgtiv@hese panels also show (in
the smallest graphs) the distribution of patienthiw each group.

*P<0.05 ***P<0.001
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Table 1. Expression of some biomarkers in breastd$sue of cancer women by

immunohistochemistry.

Biomarkers | mmunohistochemistry staining
Estrogen Receptor + ++ +++
36.4% 18.2% 45.4%

+ (occasionally positive cells); ++ (until 1/3 pdsitive cells); +++ (more than 2/3 of positi\ells)

Progesterone Receptor negative + ++ +4++

27.3% 36.4% 9.0% 27.3%

negative (absence of positive tumor cells); + ésaanally positive cells); ++ (until 1/3 of posii cells);
+++ (more than 2/3 of positive cells)

c-erB2 protein negative + ++ +++

22.8% 31.8% 36.4% 9.0%

negative (less than 10% of positive tumor cells)occasionally positive cells); ++ (until 1/3 pbsitive
cells);  +++ (more than 2/3 of positive cells)

p53 protein negative positive

27.3% 72.7%

negative (less than 5% positive tumor cells); fpesiimore than 5% positive tumor cells)

Ki-67 protein low index moderate index high index

43% 38% 19%

Low index (less than 10% of positive tumor celldow proliferation); moderate index (10-25% of
positive tumor cells — moderate proliferation); lhigdex (more than 25% of positive tumor cells ghhi
proliferation)
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Cell cycle and DNA damage evaluation in XPD deficrg fibroblasts treated with
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ABSTRACT

Most part of chemotherapeutic drugs target DNA dedefore the citotoxicity
of these agents is directly related to their apiiit cause DNA damage. Doxorubicin is
a drug widely used in breast cancer therapy thagesmstrand breaks and adducts in the
DNA molecule. This drug also interferes with thewimding of DNA during
replication, either by binding to topoisomerasaritt DNA or by releasing free radicals,
depending on the dose used. DNA repair capaciiyppeortant not only for preventing
malignant transformation but also influences trepomse to chemotherapy. Nucleotide
Excision Repair (NER) is a highly conserved repaéichanism that involves more than
30 proteins, among them the XPD protein, which subunit of the TFIIH complex,
involved both in transcription and repair. NER snparily involved in the repair of
bulky lesions, specially after UV irradiation, tg importance in the repair process of
other types of damage like double strand breakBjDfas also been shown. Patients
deficient in Xeroderma Pigmentosum (XP) genes preb@h sensitivity to sunlight
and develop skin cancer in early alyethis study, we aimed to test the role of the XPD
protein in the repair of DNA lesions and sensiyiwif cells treated with doxorubicin.
Cell lines carrying different mutations in the XR@ne were employed, each resulting
in different patient clinical features, XP, TTDOi¢hothiodystrophy) and XP/CS (XP
combined with Cockayne syndrome). Cells were tebatigh doxorubicin and analyzed
for DNA damage, apoptosis levels and cell cyclestrrThe results clearly indicate that
XPD and XP/CS cells are more sensitit@ apoptosis induction, by this agent, than
TTD and normal cells. DNA damage detected by coassfy was shown to be dose-
dependent for all cell lines tested, but no repéisuch lesions were detected in these
cells. The induction of double strand breaks byadokicin was also investigated, as
measured by the generationydf2AX nuclearfoci. In this case, higher levels of lesions
were observed for XP/CS and TTD cells, although Isftowed increased number of
cells with these foci spontaneously. Although salifierences in SSBs and DSBs were
observed comparing the different cell lines, thggees of lesions are probably not
differently repaired in the cells. Most probablyher lesions, such as DNA adducts or
even some products of the topoisomerase inhibiiio®OX, may require XPD protein

in its repair.
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INTRODUCTION

Most of the chemotherapeutic drugs target DNA drel dytotoxicity of these
agents is directly related to their ability to cauBNA damage (Bonassa, 1998;
Moustacchi, 2000; Blasiak et. al., 2004). The iriglucof these DNA lesions can lead
to several different outcomes, such as replicateomd transcription blockage,
mutagenesis and eventually cell death, helpinggtat tumor cells, but also promoting
deleterious effects as these damages are alsolyududded to aging and tissue
degeneration (Jiang et. al., 2004; De Waard et.28D4). Therefore, the DNA-repair
efficiency in tumor cells is directly related toeth resistance to chemotherapy
(Madhusudan and Middleton, 2005; Pors and Patter@005; Madhusudan and
Hickson, 2005).

One of the most studied chemotherapeutic drugsoiordbicin (DOX), a
member of the anthracycline group, isolated eamlythe 1960s fronStreptomyces
peucetiusThe mechanism of DOX action is still not complgtenown, although it is a
topoisomerase inhibitor, that intercalates into DNserturbs the re-ligation step of
topoisomerase |l (topoll) resulting in the formatiof the ternary drug-DNA-topoll
‘cleavable complex’, which finally leads to the fmation of DNA double-strand-breaks
(DSBs). Other effects have also been reported oK Breatment, such as DNA adduct
formation and free radicals release, which is timbugp be responsible for the
cardiotoxicity observed in clinical protocols. lagbeen shown that the formation of
DNA adducts is formaldehyde-depend, while the ezt free radicals is dependent on
a one-electron redox cycling (Minotti et. al., 20@utts et. al., 2005; Binaschi et. al.,
2001). Moreover, as is usually the case for chearabeutic agents, cellular responses
to treatment are also affected by drug concentrafi®ewirtz, 1999) and cell-line
specificity (Chlopkiewiez, 2002). Due to this broshge of DNA lesions induced by
DOX, a major challenge is to describe the DNA repathways that are involved in
drug resistance.

Among the several DNA repair pathways, Nucleoticei&ion Repair (NER) is
the most versatile one, being involved in the reah@# helix-distorting lesions, such as
ultraviolet (UV) light-induced photoproducts, andhemical adducts generated by
exposure to aflatoxin, cisplatin and other genat@dents (Christmann et. al., 2003). It

has also been shown that NER could be involvedhénrépair of other types of DNA
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damage, such as DSBs (De Silva et.2000). The NER pathway is composed of two
sub-pathways: transcription coupled repair (TCRt discriminates lesions present in
the transcribed strand of active genes, and glgeabmic repair (GGR), that removes
lesions from the rest of the genome (Bernsteialg2002; Costa et. al2003; Cleaver,
2005). There are several human disorders relatddfextive NER proteins (TCR-NER,
GGR-NER or both), which affect individual canceropeness and even organism
development, e.g. xeroderma pigmentosum (XP), GoeKa syndrome (CS) and
trichothiodystrophy (TTD) (Costa et. a2003; Christmann et. al., 2003; Cleaver, 2005).
NER efficiency relies mostly on the action of the Xamily of proteins, that have been
assigned to seven complementation groups desigx®édto XPG, corresponding to
proteins involved in different steps of the NERqass, and a variant group designated
XPV, that presents normal NER but a post-replicapair deficiency. The XPD gene,
with DNA-dependent ATPase and helicase functiomfiparticular interest, because
mutations in this gene can result in at least thtiéferent clinical phenotypesThis
complexity of clinical outcomes due to XPD mutatimises because each mutation site
is specific for a particular disorder (Lehmann, 20Gleaver, 2005). In this sense, it has
been shown that XP clinical features are a reulRD mutations that affect NER but
have little effect on transcription, while XP coméd with CS (XP/CS) present a
specific defect in the preferential repair of dam&igm actively transcribed regions of
DNA (TCR). Conversely, TTD is also thought to bee thesult of transcriptional
deficiencies (Lehmann, 2001; Bergmann and Egly12@eaver, 2005).

The wide variety of XPD responses, depending on rnthetations, led us to
investigate the role of this protein in the resismto DOX treatment. Wild-type and
XPD mutated cells, presenting mutations in diffem@gions of this gene (with clinical
features of XPD, TTD and XP/CS) were treated wiis tdrug and analyzed for
apoptosis and DNA damage by comet assay. The fmmaif DSBs was also
investigated directly by determination gfi2AX nuclearfoci. The results indicate that
XPD and XP/CS cells are more sensitive to DOX iresgit, when compared to wild
type and TTD cells, confirming not only that theeponderant mechanism of DOX-
induced apoptosis is through the formation of DN&m@dge, but also that NER is
involved in the removal of DOX-induced lesions. Hagr, although some differences
in SSBs and DSBs were observed comparing the diffecell lines, these types of

lesions are probably not differently repaired ie ttells. Most probably, other lesions
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such as DNA adducts or even some products of gtheigomerase inhibition by DOX
may require XPD protein in its repair.
MATERIALS AND METHODS

Cell culture conditions

Cells used in this work were SV40-transformed gitiroblasts from biopsies of
XP complementation group D patient (XP6BE-SV), X&nbined with CS patient
(XPCS2-SV) and TTD patient (TTD1VI-SV). MRC5 cellSV transformed human
fibroblast, normal for DNA repair, were used asdaifpe controls. Cells were routinely
grown at 37C in a 5% CQ humidified atmosphere in Dulbecco’s modified E&gle
medium (DMEM,; Invitrogen, Carlsbad, CA) supplemehteith heat-inactivated 10%
fetal calf serum (FCS; Cultilab, Campinas, Brazlid 1% antibiotic and antimycotic

(Invitrogen).

Flow cytometry analysis (FACS)

Approximately 2 x 18cells were plated in 60 mm Petri dishes. Approxatyat
24 h later, cells were treated with different cartcations of DOX. Cells were kept in
the presence or absence of DOX for 48 h, 72 h dr. %ter this period, both adherent
and detached cell populations were collected antriieged at 1,500 rpm for 10 min.
Pelleted cells were resuspended in §DOf PBS, and fixed with ethanol 70% (stored —
20 °C). After fixation, the cells were centrifuged agai,500 rpm for 10 min, and the
pellet resuspended in 334 of an RNase solution and 185 of propidium iodate (PI,
50 pug/mL). The PI fluorescence in the cells were aredym a FACS Calibur flow

cytometer (Becton Dickinson, San Jose, CA).

Comet assay

For the DNA damage measurements (SSBs) and refigeacy, cells were
treated with DOX for 3 h and further incubated #oshort period, in culture medium,
without the drug. Untreated cells and cells treatéth MMS [8x10° M] were also
included as controls. The alkaline comet assay peaformed as described by Singh et.
al., 1988. Briefly, 20ul of the cell suspension (~10,000 cells) were miweth 90 pl
0.5% low melting agarose, spread on a precoaterbstiope slide and placed &C4for
5 minutes to allow for solidification. The cells rgelysed in high salt and detergent and

placed in a horizontal electrophoresis box. Subsety the cells were exposed to alkali
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(300 mM NaOH / 1 mM N&EDTA, pH 13) for 20 minutes at’@, to allow for DNA
unwinding and expression of alkali-labile sitesr Eectrophoresis, an electric current of
300 mA (25 V) was applied for 20 min alCt After electrophoresis the slides were
neutralized, stained with ethidium bromide, and lyredd using a fluorescence
microscope (Axiovert 200, ZEISS, Germany). One meddandomly selected cells per
sample were scored visually according to tail isilgn into five classes (from
undamaged, 0, to maximally damaged, 4). Thus, #made score for each sample can
range from 0 (completely undamaged — 100 cell§ to 400 (maximum damaged — 100

cellsx 4). All assays were done in triplicate.

Statistical analysis

Differences in the extent of DNA strand breakagetween the control and the
treatments in dose-response studies, and the pestapoptotic cells were tested for
significance using ANOVA analysis of variance wilunnett's Multiple Comparison
Test. The values in repair kinetics studies weragared using Studentigest. An alpha

level of 0.05 was used to determine significancallistatistical analyses.

Immunofluorescent microscopyyH2AX foci
Approximately 2 x 1Bcells were plated in 35 mm Petri dishes, contaigine

treat glass with polylisine (Sigma Co, St Louis, M@nd, 24 h later, cells were treated
as indicated. After treatment, cells were fixed4#h paraformaldehyde for 15 min,
washed with PBS, and permeabilized in 0.5% Tritori0Q. After the cells were
blocked with PBS plus (PBS + 100mM glicine + 0.5%A for 1 h, the samples were
incubated mouse monoclonal IgG ayii2AX (UPSTATE, NY) primary antibody
(1:100) overnight at %€, followed with Alexa Fluor 594 goat anti-mouseGlg
(InVitrogen) secondary antibody (1:200) for 2 hid8s were counterstained with 4°,6-
diamidino-2-phenylindole (DAPI), the cover slip remed from the plate and mounted

onto a glass slide. Cells were analyzed in a flsm@at microscope.
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RESULTS

Apoptosis induction after DOX treatment
The first aim of this study was to determine thessevity of XPD, XP/CS and

TTD cells to apoptosis induction by DOX. Figure A §nd B) shows the increase of
sub-G1 cell population (representing apoptotic yellith time after treatment with
DOX. XPD and XP/CS cells are more sensitive thai &hd normal cells (MRC5) to
low dose of DOX (1A), while XP/CS cells were the sheensitive to high dose of DOX
(1B). This result correlates well with the highensitivity of XPD and XP/CS to UV
induced apoptosis, compared to TTD and normal ¢@ltmelini et. al., 2004). These
results indicate that a defective NER pathway mighinvolved in the sensitivity that
XPD and XP/CS cells present to DOX. Besides, tliferginces between low and high
doses of DOX may reflect differences in the actiechanisms of this drug, depending

on the dose employed as suggested by other aitbevgirtz, 1999).

Influence of DOX on Cell Cycle

DOX influences cell metabolism by many ways, demampdon dose
concentration used, time of drug exposure and typecell line (Gewirtz 1999;
Chlopkiewicz 2002; Minotti et. al., 2004) and fonid reason its precise action
mechanism still remains obscure. DOX also intedavéh cell cycle progression and it
has been shown that cellular damage caused by R@Xpmwmote checkpoint arrest in
both G1 and G2 phases of the cell cycle (Siu et2804). Therefore we have decided
to analyze the effect of DOX in this XPD-defectigell model. In Figure 2A, it is
possible to observe that MRC5, TTD and XP/CS galésented an intensive arrest at
G2 after treatment with 0 29/mL of DOX. Surprisingly, XPD cells did not presehis
arrest. However, after treatment with u@/mL (Figure 2B) there was no checkpoint
arrest in any of the cell lines studied, most pbyp®&ecause the cells enter in apoptosis
after such high DOX doses.
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Influence of Reactive Oxygen Species in DOX-induceapoptosis

Cardiotoxicity is an important side effect of DOKX clinical trials, and this is
probably mainly caused by free radicals releaser &0X treatment (Minotti et. al.,
2004; Outomuro et. al2006). To understand if free radicals were playengole in
apoptosis induction after DOX treatment, the ce#se kept in medium containing the
free radicals scavenger N-acetylcysteine (NAC) andlyzed by FACS. The results
(Figure 3) indicate that, in these cells, apoptoss not prevented by NAC. Thus, the
free radicals release does not seem to be invatvagoptosis induction by DOX.

DNA damage evaluation and repair

DNA damage induction and DNA repair efficiency hese cells was checked
by comet assay. The alkaline version of the comsayis used for the detection of
different types of DNA damage such strand-breakkslidabile sites, DNA-DNA and
DNA-protein cross-links (Collins, 2004).

Figure 4 shows that DOX induced DNA damage in aeependent manner for
all cell lines tested. All cell lines presentedrsiigant DNA damage level at the 0.6
ug/mL dose of DOX, when compared to the non-treatdts. Therefore this indicates
that DOX induces lesions on the DNA molecule theat be discriminated in alkaline
comet assays.

We also investigated the kinetics of removal oftrsdamages from the DNA of
treated cells (Figure 5). Different to what occwigh MMS, after 3 hours of post-
incubation with DOX, there was no reduction in BldA damage score in all cell lines.
Moreover, mutations in the XPD gene do not infllenie repair of DOX-induced
DNA damage, since there was no difference in tipaireefficiency of these cell lines
(Figure 5).

Formation of DSB by DOX treatment: yH2AX foci.

The identification ofyH2AX foci in the nuclei of DNA damaged cells has
provided a valuable and highly sensitive methodntnitor DSBs (Rogakou et. al.,
1998; MacPhail et. al.2003; Banath and Olive, 2003; Bouquet et. al., 200®
confirm the induction of DSBs by DOX, the nuclegd2AX foci formation was

determined by imunocytochemistry. In fact, DOX indsyH2AX foci formation in all
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cell lines in a time dependent manner (Figure Bderestingly, non-treated TTD and
XP/CS cell lines presented significant amounts 8BDwhich could be correlated with
the kind of mutation of these cells. After 6 hoaf<DOX treatment, all four cell lines,
showed high levels ofH2AX foci, although the formation of DSB in XP&ells seems
to be slower than the others cell lines studiedhisa work. As already suggested by
Banath and Olive (2003) these DSBs can be causadpmysomerase Il inhibition, as
this may form a ternary complex (DOX-DNA-topoll) weh would generate breaks in
the DNA moleculdMinotti et. al., 2004).

DISCUSSION

NER is a highly conserved repair mechanism involuedhe repair of UV-
induced lesions and other bulky ones, as chema@dli@s generated from exposure to
aflatoxine and other genotoxic agents (Christmanalg 2003), as well as in DSB (De
Silva et. al.,2000). DOX is a widely used drug in cancer therapginly for solid
tumors, leukemias and lymphomas (Outomet@l., 2006). This drug is known for its
topoisomerase Il inhibitor effect, however, othgpes of DNA damage have already
been reported, such as base adducts formation Bidddamage by the release of free
radicals (Minotti et. al., 2004; Cutts et. al., 808inaschi et. al., 2001).

The topoisomerase family of enzymes catalyzes theinding of DNA for
transcription and replication, involving the prosed the double strand DNA of the first
duplex and passing a second duplex through theiéaincleavage (Liu et. all983).
DNA topo Il is required by eukaryotic cells to seqte interwined catenated daughter
chromatids produced by DNA replication. Completeoamatid decatenation is required
for accurate chromatid segregation. DOX can prevehtomatid decatenation,
consequently leading to polyploid cell formatiore(Ding et. al., 2001). Skoufias et. al.
(2004) have showed that failure of DNA decatenaiioduced by topo Il inhibitor
caused metaphase arrest and that the arrest atcortlee absence of any evident DNA
damage. In this work, we did not observe 8n cetiniation after treatment with DOX,
but the arrest at G2 phase could be indicatingltiay on the decatenation process and,
consequently, accumulation of 4n cell (Figure 2)

XPD cells presented the highest death levels, eoimg to the other cell lines

after treatment with low concentrations of the d(Qd2 ng/mL) (Fig. 1A). This high
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sensitivity of XPD cells are probably the causeaafon arrest at G2, opposite to what
was observed with the other cell lines, which doeestrat G2. On the other hand,
treatment of these cells with high DOX concentrat{6.6 ng/mL) did not induce G2
arrest in any of the cells studied. As a conseque@fchis lack of arrest, the apoptosis
levels increased in all cell lines (Fig. 1B) in quemison to the treatment with 0.2
ug/mL. Surprisingly, after treatment with Ou§/mL, XP/CS cells were more sensitive
to apoptosis induction than XPD cells, confirmirmg\ous results that show that DOX
cell death-inducing mechanisms are strongly dep#nde the concentration used.
These results can be compared with the data obtafier UV treatment, where XPD
and XP/CS were more sensitive than TTD and norrelillioes to apoptosis induction
(Armelini et. al., 2004). However, in the preserdrky the concentration of the drug
was a key determinant to the sensitivity of thé loeds studied.

It has been shown that DOX can be pre-activatetbbiyaldehyde to yield the
doxoform compound, which consists of two drug moles bound together with three
methylene groups (Fenick et. al., 1997) and th& pre-activated form is more
cytotoxic than DOX (Taajes et. al., 1999). Swiftat (2006) showed that the cytotoxic
potential of DOX can be increased dramaticallyulté®g in the induction of apoptosis
under conditions previously regarded as nontoxicd dhnat the cytotoxic lesion
responsible for the enhancement of DOX-induced ahth seems to be a
formaldehyde-mediated DOX-DNA adducts. Although oesults show that the DNA
damage caused by DOX was dose-dependent, our cassays did not detect any
significant differences in the induction of lesidngs DOX among the cell lines studied,
possibly because we are not detecting adductsibytebhnique. Furthermore, we did
also not detect a reduction of the DNA damage antsocaused by DOX after 3 hours
of post-incubation. So, the differences in sengjtipresented in the different NER
deficient cell lines, as well as the wild-type MRE#&Is, are more likely to be caused by
other kind of DNA damage, that could not be detig alkaline comet assay, such as
DNA adducts.

The phosphorylation of H2AX has been used as a guettiod to monitor DSBs
formation (Rogakou et. al.,, 1998; MacPhail et. @D03; Banath and Olive, 2003;
Bouquet et. al.,, 2006). Kurz et. a2004) have showed that DOX induces the
phosphorylation of histone H2AX in Ser 139 usingpacentration of 0.Gg/mL. In this
work, we have also observed that DOX indugll2AX foci formation at 0.6ug/mL
dose, in both deficient and proficient XPD cellsian a time-dependent manner. The
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formation of these DSBs after DOX is probably rethto the inhibition of topoll,
which perturbs its re-ligation step, and eventuadlgults in the formation a ternary
complex (DNA-DOX-Topoll) that finally leads to DSt®rmation. Interestingly, TTD
and XP/CS presented foci formation even in nont&eaonditions, which could be
related to the kind of mutation presented by thesé lines. The TTD phenotype is
characterized by the deficiency of gene transanptand is generally considered as a
defective transcription syndrome (Bergmann and Ed901). XP/CS syndrome
presents XP and CS characteristics, and are ddfiaie nucleotide excision repair,
including the subpathway of transcription-couplegpair (Lehmann, 2001). A large
number of endogenous metabolites, like free rasdicale formed inside of the cell in
response to normal processes of cellular multipboa Thus, these spontaneous DSBs
can be due to a defect in DNA damage repair frodogenous metabolites.

Our results indicate that NER can be involved ia tamoval of DNA lesions
caused by DOX, whereas mutation in the XPD geneéctwresults in XP and XP/CS
features, could have a fundamental role on the ¥@Xsitivity. We believed that the
DOX mechanism of action in XPD-deficient cells dependent on the dose utilized, as
well as on the kind of DNA damage induced by thegdThe low strand breaks levels
observed after treatment with Qu8/mL DOX, detected by comet assay, could indicate
little participation of these damages in the indurctof apoptosis by DOX. The results
obtained with NAC show that the free radicals re¢edy DOX in this dose do not
participate on the cell death process either. AlgfinDOX induced a great number of
strands breaks after Oi&/mL DOX incubation, none of the cell lines werdealn
repair these DNA damages in 3 hours, thus we carcarrelate the difference in the
XPD-deficient cell lines sensitivity with the stirbreaks detected by comet assay.
Therefore, one might suggest that DNA-adducts ieduzy DOX could be responsible
for the different sensitivities observed among ¥D- mutated cell lines. However,
more experiments are necessary to demonstrate eéobamism involved in this death
process.

NER is classically known by its action on DNA darmaataused by UV, whereas
until this moment little is known about the respoé NER-deficient cell lines to anti-
tumoral drugs like DOX. To our knowledge, this e tfirst work demonstrating the
DOX sensitivity of XPD-deficient fibroblasts, muéat in different parts of the gene. We
believe that studies done in this direction arduoidamental importance, since repair

mechanisms play an important role in the mantai@asfcthe genomic integrity of the
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cells, which, in a tumor background, could be resjde for the resistance that they

present to certain anti-tumoral therapies.
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FIGURES LEGENDS

Figure 1. Apoptosis induction after treatment with DOX. Cell were treated either
with 0.2 ug/mL (A) or 0.6ug/mL (B) of DOX and analyzed by flow cytometry aet
indicated times with the drug The amount of apaptgsub-G1) cells induced are
indicated for XPD ), XP/CS ¢), TTD (A) and MRCS5 #) cells. Each value represents

the mean (+ standard error) of three individualezipents.

Figure 2. Cell cycle analysis after DOX treatmentXPD, XP/CS, TTD and MRC5
were treated with 0.2g/mL (A) and 0.6ug/mL (B) of DOX. At the times indicated cell
populations were collected and had their nucldaisd and stained with Pl for FACS
analysis. Each value represents the mean (x sthneaor) of three individual

experiments.

Figure 3. Free radicals are not involved in DOX-indiced apoptosis.XPD (A),
XP/CS (B), TTD (C) and MRC5 (D) cells were pre-tezh with 5 mM of N-
acetylcisteine (NAC) 30 minutes before and durmgtment with 0.21,9/mL of DOX.
Both adherent and detached cell populations welleated at the indicated times for

sub-G1 determination by FACS analysis.

Figure 4. DOX induced DNA damage in a dose dependemanner. The DNA
damage score induced after 3 hours of the treatimemMOX (at the indicated doses)
and MMS (8 x 10M) in XPD-deficient and proficient fibroblasts wastermined by
alkaline comet assay. One hundred randomly selemt#ld per sample were scored
visually according to tail intensity into five ckes (from undamaged, 0, to maximally
damaged, 4), and the DNA damage score determinedessibed in Material and
Methods.

Figure 5. Kinetics of DNA damage removal after DOXtreatment. The cells were
treated with DOX at the indicated doses and incdbatithout the drug for additional 1

or 3 h, before DNA damage score by alkaline corasaw, as in Figure 4.

Figure 6. Doxorubicin induces yH2AX foci in normal and XPD deficient
fibroblasts. The cell lines were treated either for 2 hours @t@dcolumns) or 6 hours
(right columns) with 0.g/mL of DOX and immediately stained with antiboghesific
for y-H2AX and DAPI (as describe in methods).
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V - DISCUSSAO GERAL

1. Andlise dos danos no DNA e do perfil antioxidartde pacientes com cancer de

mama

Segundo a Organizagdo Mundial da Saude (OMS), cec&na terceira causa de
Obitos no mundo, matando cerca de seis milhdesdsops por ano (Almeida et. al.,
2005). Decorrente desses resultados, somado aesnpotes do Insituto Nacional do
Céancer (INCA), torna-se evidente a preocupacadoapalpcdo com a emergéncia de
doencas como o cancer. Essa é uma das doencasagueanmrsam temor na sociedade,
principalmente pela direta relagdo com mortalidadelor, atribuida ao processo
tumoral. No Brasil, o cancer de mama é o cancer owaor incidéncia entre as
mulheres, sendo que a regido sul do pais contrifmmi 20% desse numero, perdendo
somente para o regido sudoeste, com mais de 50%.(me®.gov.br). Segundo os
dados apresentados pelo INCA, o qual mostrdist@ibuicdo proporcional do total de
mortes por cancer, segundo a localizacdo primasiduchor, em mulheres, para os
periodos entre 1979 e 1983 e entre 1995 e 1998ncec de mama € o causador do
maior niumero de mortes no estado do Rio GrandeutloeSo que mais assusta € o
aumento ocorrido entre esses peridos, passand@i@dra 15%. Assim, fica evidente
aimportancia desse tipo de tumor nesse estado.

Os fatores que se associam ao aumento do risee dentrair uma doenga s&o
chamados de fatores de risco. Para o cancer de,maggnas fatores, como tabagismo,
alcool, uso de contraceptivo oral, idade da menasgosicdo hormonal, assim como
fatores genéticos estdo associados com a predidpogd desenvolvimento desse tipo
de tumor (Dumitrescu e Cotarla, 2005). Em nosdoatten, ndo encontramos nenhuma
correlacdo direta entre os fatores de risco e emedvimento do cancer de mama
(capitulo 1). Apesar das pacientes com cancer dmama@presentarem uma maior
exposicao aos raios ultravioleta (UV) comparada® @s controles, e ndo relatarem
cuidados com protecdo, ndo se pode afirmar quents aorrelacdo direta entre a
exposicao desses individuos aos raios UV e o des@mento tumoral.

A suscetibilidade individual ao cancer € um faboportante no risco a doencas
e é influenciado por fatores do hospedeiro, comauacetibilidade a agentes
danificadores do DNA. A capacidade de reparo deslaio DNA € essencial para a

sobrevivéncia celular, assim como na resposta antege agressores e,
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conseqguentemente, no desenvolvimento dos processoerais. Atualmente, os
mecanismos de reparo tém recebido atencdo ndo tomelos aspectos ligados a
manutencdo da integridade gendmica, mas tambémpraxessos relacionados a
resiténcia de alguns tumores a terapia antitumdéwséim, a deteccdo de falhas em
processos de reparo torna-se de fundamental inmgeatdndo somente para o
diagndstico e caracterizacdo dos tumores, mas tangaéa possiveis estratégias de
terapia antitumoral (Madhusudan e Hickson, 2005).

A deteccdo e caracterizagdo dos tumores a pagtibidpsias teciduais sdo
procedimentos rotineiros no diagndstico de divetgmss de canceres. A descoberta e
utilizacdo de novos métodos e biomarcadores padeteccdo de individuos com
sucetibilidade de desenvolver tumores tém ganhatis€ entre os pesquisadores, uma
vez que a facilidade de analise, bem como o estdgialeteccdo da doenca séo
fundamentais para o sucesso da terapia antituragrala a sobrevida dos pacientes.

Para determinar, tanto os danos enddégenos no Diwdo a capacidade dos
linfécitos de pacientes com cancer de mama deaepadesdes induzidas pelo perdxido
de hidrogénio, nés utilizamos o ensaio cometaialzalm ensaio rapido, pratico e de
facil manuseio, o que pode possibilitar um reswoltade biomonitoramento de
genotoxicidade em curto tempo (Collins, 2004; Bten@chwaab et. al., 2005).
Estudos realizados com linfécitos de sangue p@iféde pacientes com cancer de
mama revelaram uma menor capacidade de reparosdeSisgas aos danos no DNA
induzidos por peréxido de hidrogénio e a drogatemiral doxorrubicina, quando
comparados com individuos sem tumores (Blasiaklgt2004). Os nossos resultados
confirmaram ndo somente essa menor capacidadepdeoras lesdes induzidas pelo
perdxido de hidrogénio (capitulo 1, figura 2A), aptambém mostraram um acumulo
de danos end6geno no DNA desses pacientes (capjtligura 1A). Outros autores ja
citaram esse acumulo endégeno em pacientes comerc&endo que esses individuos
apresentaram também um aumento dessas lesfeslgyds @clos de quimioterapia
(Nadin et. al., 2005). Este perfil, entretanto, fd@mbservado em nossos pacientes, uma
vez que os niveis de lesées no DNA foram semelbaatdes e apds alguns ciclos de
tratamento (capitulo 1, figura 1B).

Muitos indutores de les6es no DNA provém do prompnietabolismo celular,
como as espeécies reativas de oxigénio (ERO). Assamdo, é de fundamental
importancia o adequado funcionamento dos mecanisiesanutencao da integridade

gendmica. Além dos mecanismos de reparo de danD®AQ as enzimas antioxidantes
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desempenham um papel importante para manter os migeradicais livres na célula,
evitando um possivel desenvolvimento de estresslativo. A sucetibilidade de um
organismo ao estresse oxidativo depende do edailémtre a producéo de ERO e a
capacidade antioxidante. Ambas as enzimas SOD e @GA&Tionam como anti
carcionogénicos por inibirem o inicio e a promotrfaosformagdo do processo
carcinogénico (Kumaraguruparan et. al., 2005).

Os niveis de defesa antioxidante em tecidos tusid@&n sido largamente
estudados e correlacionados com o desenvolvimeatduthores. Varios autores
avaliaram a atividade das principais enzimas aiutamtes (SOD, CAT e GPx) em
tecidos tumorais, mostrando que nesses tecidognzazisnas SOD e GPx tém uma
atividade aumentada, quando comparado com tecaogignores (Oytun et. al., 2000;
Portakal et. al., 2000; Ray et. al., 2000; Kumaragaran et. al., 2002; Tas et. al.,
2005). Enquanto isso, outros estudos tém determinadtividade dessas enzimas no
plasma de sangue periférico de pacientes com caDseresultados sao contraditérios,
uma vez que muitos relatam um aumento na atividad8OD, CAT e GPx (Guven et.
al., 1999; Yeh et. al., 2005), enquanto outros &Khiet. al., 2002) mostraram uma
diminuicdo em tais atividades enzimaticas. Intenegsnente, em nossos resultados ndo
observamos uma diferenca significativa entre ddatde de SOD e CAT de pacientes
com cancer de mama em relagdo aos individuos ¢esitfcapituo 1, figura 3A e B,
respectivamente).

Alguns estudos mostraram que houve uma variacédndtvidual de lesées no
DNA nos pacientes com cancer, o que nos levou Baaymssiveis variagbes entre as
nossos pacintes com cancer de mama (Nadin eR0&l5; Blasiak et. al., 2004). Para
analisar tais variagdes, as pacientes foram daglientre as que apresentavam altos
niveis de lesdes no DNA (escore acima de 100) elasjypacientes que apresentavam
baixos niveis de danos no DNA (escore abaixo dé, B@dn objetivo de correlacionar
esses resultados com a atividade das enzimas idatibes. Nessa analise, foi possivel
verificar uma correlagédo entre os niveis de lesfedgenas no DNA de linfocitos
periféricos de pacientes com cancer de mama corerfid pntioxidante do plasma
desses individuos (capitulo 1, figura 4). Esseglteaos mostraram que pacientes com
altos niveis enddgenos de danos no DNA apresentanaanbaixa atividade de SOD
(capitulo 1, figura 4B). Estes resultados poderiagticar um acumulo de danos
oxidativos no DNA desses linfécitos, os quais podaovir do proprio metabolismo

celular. Um trabalho realizado por Liu et. al. (3pGdemostrou que uma menor
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capacidade antioxidante total de células coletpdapleurocentese de derrame pleural
maligno pode estar correlacionado ao maior nivelates no DNA apresentados pelos
linfécitos provindos desse derrame.

Atualmente, ndo ha testes/ensaios que possam mavratoesposta de doencgas a
quimioterapia. Medir a sensibilidade individual gaidrogas quimioterapicas, como
doxorrubicina, em que o DNA é o principal alvo, pod ajudar a melhorar a eficécia e
o limite de toxicidade de agentes antitumorais. edlizacdo de ensaios utilizando
linfécitos de sangue periférico, como 0 ensaio dan® ensaios bioquimicos (ex.
medida da atividade de enzimas antioxidantes), eo@deixiliar no monitoramento de
pacientes submetidos a drogas quimioterapicas,doano a outros métodos de terapia
(imunoterapia e radioterapia) e outras doencasa(itep Apesar de mais estudos serem
necessarios para confirmar a utilizagdo dessesiosns® biomonitoramento de
toxicidade de agentes utilizados em terapias, cardo cancer, a idéia de utilizarmos
ensaios com linfocitos de sangue periférico, o goalforneca o nivel de toxicidade de
uma droga, bem como a capacidade de reparo deslesDdONA dessas células,
favorece a utilizacdo desses ensaios para findagmastico e prognéstico, podendo
fornecer um aparato para novas estratégias demgatas, bem como indicar novos

alvos para a terapia do cancer.

2. Efeito da DOX em fibroblastos deficientes em regyo por excisdo de nucleotideos

Uma grande parte dos agentes antitumorais tem ebma molécula de DNA,
sendo que a eficacia destas drogas esta diretanuemtelacionada com a sua
capacidade de causar danos no DNA (Bonassa, 199&stithi, 2000; Blasiak et. al.,
2004). A doxorrubicina € um exemplo de droga que smpre a molécula de DNA
utilizada na quimioterapia de tumores. Ela é ot@assente conhecida por sua acgéo
inibitéria sobre a topoisomerase Il (topoll), o qugede que essa proteina religue as
fitas de DNA, causando DSB (Minotti et. al., 200Porém, esse ndo € o Unico
mecanismo de acao apresentado pela droga, sendestpugode formar adutos de
DNA, o que acarreta uma grande acao citotoxicayzimfilo a morte celular (Cutts et.
al., 2005). Apesar dessa droga apresentar umaegediodicia sobre tumores, como o de
mama, um efeito colateral severo apresentado patosnyacientes que recebem
guimioterapia com DOX é a cardiotoxicidade. Essatefé decorrente dos radicais

livres liberados pela droga, uma vez que tais éspédanificadoras atuam
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preferencialmente sobre o miocéardio (Minotti et, 2004; Outomuro et. al., 2006). A
partir do vasto mecanismo de acgdo apresentado [p@l, € esperado que varias
proteinas, das mais diversas vias de sinalizagégjam sendo ativadas em resposta aos
danos causados no DNA por esse agente quimioterapic

A XPD é uma proteina com fungdo helicase (5’ — @ytencente ao fator
transcricional TFIIH, o qual participa ndo sometiés processos transcricionais, como
também de mecanismos de reparo de danos no DNAp oonde excisdo de
nucleotideos. O gene XPD apresenta algumas cdstici@s muito interessantes, uma
vez que ele é considerado por alguns autores comgene e trés doengas. Isto provém
de mutagBes na sua sequéncia, onde a parte mufaddamental para determinar a
caracteristica fenotipica apresentada pelo pacidviteacbes no gene XPD estédo
correlacionadas ao desenvolvimento de Xerodermad®itpso (XP), Tricotiodistrofia
(TTD) e uma sindrome que combina caracteristicaddainca XP e da Sidrome
Cokayne (XP/CS) (Lehmann, 2001; Costa et. al., 2@&aver, 2005). Recentemente,
foi demonstradgue a proteina XPD possui um dominio ferro-enxafrgial parece ser
essencial para a sua atividade de helicase, bern poate explicar as caracteristicas
fenotipicas de vérias mutacgdes clinicamente retegadessa proteina (Rudolf et. al.,
2006).

O NER e outros mecanismos de reparo de danos o tBiN sido largamente
estudados com o objetivo de desenvolver novos aiwokeculares para a terapia
antitumoral, uma vez que 0os mecanismos de rep#fio egetamente correlacionados
com a resisténcia de muitos tumores as estratdgigarapias. Componentes do NER e
MMR estdo envolvidos no reconhecimento e reparadigos de DNA induzidos por
cisplatina (Madhusudan e Hickson, 2005). Nossadteetos mostraram o envolvimento
do NER no reparo de lesdes induzidas pela DOX, waaque células XPD e XP/CS
apresentaram uma maior sensibilidade a droga quemmparados com as linhagens
celulares TTD e MRCS5 (fibroblasto normal). Estesuttados de sensibilidade estdo de
acordo com a sensibilidade apresentada por esgamgéns a exposicdo a raios UV,
onde XPD apresentou a maior sensibilidade segueda XP/CS (Armelini et. al.,
2005). Porém, em nosso estudo, a dose de DOX addizZfoi fundamental para
determinar a sensibilidade das linhagens (cap2uligura 1).

Nossos resultados indicam que o mecanismo de dedBOX em células
deficientes no gene XPD é acompanhado por dand3N#, uma vez que todas as

linhagens celulares apresentaram lesdes detegpaiimasensaio cometa alcalino, bem
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como a formacédo dioci de yH2AX, um indicativo de DSB. N&o foi verificada uma
diminuicdo no escore visual de danos no DNA (ensaibeta), apos 3 horas de pos
incubagédo sem a droga, o que indica que as linsag&o sdo capazes de reparar as
lesdes induzidas pela DOX, diferentemente do obslerpara o MMS. Esses resultados
sugerem que os outros tipos de danos causadoS¥r @ quais ndo foram detectados
pelo ensaio cometa alcalino, como adutos de DNAlepam estar envolvidos nos
processos de morte celular induzido por DOX nakalyens celulares deficientes e
proficientes em XPD.

Foram realizados também alguns ensaios visaneéontiear o envolvimento de
radicais livres liberados pela DOX nos processosnuete celular nas linhagens
deficientes em NER. Nossos resultados indicarameameaima dose baixa de DOX, ndo
houve envolvimento de radicais livres nos procesosnorte celular induzidas pela
droga (figura 3, capitulo 2). Esses dados refomgavamente a idéia de que a diferenca
de sensibilidade dessas linhagens celulares podst@r sendo determinada pela
formacéo de adutos de DNA, o que também estarieaindo um envolvimento de NER
no processo de remocao dessas lesdes.

Os resultados obtidos nesse trabalho, somados empsntes trabalhos: 1)
estudos enDroshophila Melanogasterque mostraram que as lesdes causadas pela
DOX séo preferencialmente reparadas pelo processonbinacional (Lehmann et. al.,
2003); 2) ao estudo realizado e®accharomyces -cerevisiaglemonstrando o
envolvimento da proteina Ssl2p (pertecente ao fedascricional TFIIH e que participa
dos processos de transcricdo e de NER) na protemdina a toxicidade da DOX
(Furuchi, et. al., 2004); 3) envolvimento do NERfaanacédo de DSB (De Silva et. al.,
2000), de remocao de danos causados pela DOX,|@spdarepresentado na figura 10.
Apo6s a formacdo de um aduto de DNA pela DOX, adepmas do NER seriam
recrutadas (incluindo a proteina XPD); para exeeutaa remocdo da lesdo; esse
processo gera quebras no DNA, as quais canalizagatAo para O processo
recombinacional. Na auséncia de NER o reparo deskdss poderia ser deficitario o
que levaria a morte celular. Esse modelo tambéraptiea a acdo de DOX sobre a
toposimerase I, uma vez que essa inibicdo levamdcao de DSB, as quais poderiam
ser reparadas diretamente pelo processo recomt@dcindo sendo interferido pela
auséncia de proteinas do NER. Isto poderia expdicaraior sensibilidade das células
mutadas em XPD a DOX, salientando a importancitdal do gene mutado, uma vez

que XPD e XP/CS foram mais sensiveis do que TTD RCH Embora todas as
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linhagens deficientes em XPD sdo mutadas na exdestaiC-terminal do gene, apenas
XP/CS é mutada em um dominio helicase (DNA/DNA eAIRNA) da proteina XPD
(Armelini, et. al. 2004). Além disso, esse mecawisaforca a idéia de que os adutos de
DNA formados pela DOX séo cruciais para a citotimldde celular induzida pela droga
e ainda, mostra um possivel envolvimento de NERes#&téncia de certas linhagens

celulares a DOX.
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Figura 10. Modelo proposto para o mecanismo de acada DOX. Esse modelo
desmostra o possivel mecanismo de reparo aos daridSA causados pela DOX, bem

como os processos de inducao a morte celular.
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VI - CONCLUSOES

1. Capitulo 1

* As pacientes com cancer de mama apresentam um kc@iguificativo de
danos enddgenos no DNA, bem como uma deficiénci@tando nos processos
de reparo de lesbes induzidas por peroxido de didhio e por um agente
alquilante (MMS), quando comparados com individegr® tumores.

» De forma geral, ndo foi observada diferenca sigaiiva entre a atividade das
enzimas antioxidantes (SOD e CAT) das pacientes camser de mama e 0s
individuos do grupo controle.

 H& uma correlacdo direta entre danos endogenoadeisvno DNA e perfil
antioxidante, onde as pacientes com altos niveidat®@s endégenos no DNA

apresentam uma baixa atividade de SOD.

2. Capitulo 2

* As linhagens celulares XPD e XP/CS apresentaram mmiar sensibilidade a
DOX, sendo que a dose foi fundamental para detamairsensibilidade dessas
linhagens.

* Todas as linhagens celulares, exceto XPD, apresemtparada em G2 apds
tratamento com a menor dose de DOX (@anL).

* Na dose de 0,Gg/mL todas as linhagens celulares estudadas apaesenum
aumento nos niveis de apoptose, o que acarretomaambloqueio do ciclo
celular em G2.

* Na&o foi observado participagéo de radicais livilesrados pela DOX na dose de
0,2ug/mL, nos processos de morte celular induzidos grelga.

 DOX induziu danos significativos no DNA tanto erbréiblastos proficientes
quanto deficientes em XPD na dose dep@/nL.

* Nenhuma das linhagens celulares apresentou dinrdimuigs niveis de danos no

DNA, apos 3 horas de pos-incubagéo sem a droga.
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DOX induz a formacédo déoci de yYH2AX em todas as linhagens de maneira

tempo dependente.
As linhagens TTD e XP/CS apresentarémei de yH2AX em células néo

tratadas.
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VIl - CONSIDERACOES FINAIS

Observando o vasto aumento na incidéncia de c@nter a populagdo mundial,
especialmente no estado do Rio Grande do Sul, assimo a busca por novos métodos
de diagnostico e de novos alvos moleculares pdratamento dessas doencas, Nnosso
trabalho conseguiu fortalecer a idéia de que déditos de sangue periférico podem
auxiliar no monitoramento de genotoxicidade a sedt@gas antitumorais, assim como
reforcou a utilizacdo de metodologias simples, camensaio cometa para tais fins.
Além disso, os resultados apresentados nessatdgg@elindicam que a proteina XPD
esta envolvida na remocgé@o de danos no DNA caugzlasDOX, o que poderia estar
correlacionado com a resisténcia de certos tumamoegatamento com DOX. Assim,
nossos estudos seguem a tendéncia das pesquisasnatias com terapia antitumoral,
onde se buscam novos alvos moleculares, 0s quaitasmvezes, estdo inseridas em
mecanismos da manutecéo da integridade gendmice 68 mecanismos de reparo de
danos no DNA.
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VIII - PERSPECTIVAS

Capitulo |

» Verificar possiveis polimorfismos em genes relaatos ao cancer de mama,
como BRCA1 e BRCA2, XPD e ERCC2.

* Acompanhar a cinética de reparo de DNA nos liné&citlas pacientes por
tempos mais longos, como 12 e 24 horas.

» Verificar a expressédo de algumas polimerases caifp @ polk nos linfocitos

das pacientes.

Capitulo Il

» Determinar a participacdo de adutos de DNA, forreguigla DOX, na inducao
de morte celular em fibroblastos deficientes em XP&m outros genes da via
NER.

» Determinar a participacéo do processo replicacidaahducéo de morte celular
induzida pela DOX nos fibroblastos deficientes@ipientes em NER.

» Verificar a presenca de danos oxidativos nesshadiens de fibroblastos apds o
tratamento com DOX.

» Testar a sensibilidade de linhagens deficientesnenanismos de reparo a

outros agentes quimioterapicos.
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