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Resumo 
 

 Aspectos genômicos, funcionais e clínicos de síndromes de predisposição 

hereditária ao câncer associadas aos genes TP53, BRCA1 e BRCA2 foram 

abordados nesta tese. No contexto do gene TP53, em que mutações germinativas 

causam Síndrome de Li-Fraumeni (SLF), nosso objetivo principal foi estudar as 

consequências funcionais e clínicas de algumas mutações encontradas em 

famílias brasileiras, especialmente a mutação fundadora R337H. Nossos 

resultados demostram que células normais (fibroblastos) de indivíduos portadores 

de mutações em TP53 caracterizam-se por alterações redox, com altos níveis de 

espécies reativas de oxigênio (ERO) associados a um processo persistente de 

reparo de DNA, provavelmente devido a um aumento do dano oxidativo. Também 

foi observada alta atividade no reparo de sítios apurínicos e apirimidínicos (sítios 

abásicos), um tipo de dano de DNA causado, principalmente, por ERO. Devido a 

bem estabelecida relação entre estresse oxidativo e inflamação, 28 marcadores 

inflamatórios, incluindo citocinas, quimiocinas e fatores de crescimento, foram 

dosados em plasma de indivíduos portadores da mutação R337H e controles. Um 

aumento significativo na dosagem de IL-12, bem como uma tendência de maiores 

níveis de IL-8, IL-17 e IFN-y foram encontrados no grupo R337H, sugerindo 

atividade inflamatória. A fim de verificar o impacto de substâncias antioxidantes 

sobre o fenótipo bioquímico de estresse oxidativo, indivíduos portadores da 

mutação R337H e controles foram suplementados com N-acetilcisteína, 

Idebenona e Coenzima Q10, e parâmetros oxidativos foram avaliados antes e 

após o período de suplementação (14 dias). Nossos resultados apontam para um 

efeito da Coenzima Q10 e Idebenona na correção bioquímica de estresse 

oxidativo, visto que a suplementação com ambas substâncias foi capaz de 

diminuir os níveis de lipoperoxidação lipídica. Além dos estudos funcionais e 

clínicos acerca da mutação R337H, análises moleculares relacionadas ao papel 

de genes modificadores de fenótipo e de uma nova variante associada a SLF 

foram realizadas. Observamos que 7/129 (5.4%) indivíduos com fenótipo clínico 

de SLF/LFL e negativos para mutações em regiões codificantes de TP53 são 

portadores de uma nova variante germinativa rara, rs78378222[C]. Achados 

adicionais relacionados a conservação evolutiva e impacto funcional desta 
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variante, tanto em fibroblastos quanto em tumores, confirmam sua patogenicidade 

e apontam para um mecanismo de haploinsuficiência de p53. Além disso, também 

foi observado a contribuição de um polimorfismo na região promotora do gene 

MDM2 (SNP309) na idade do primeiro diagnóstico de câncer em portadores da 

mutação R337H. Já em relação ao conjunto de resultados relacionados à BRCA1 

e BRCA2 apresentados nesta tese, 39 tumores de mama de pacientes com 

mutações germinativas nos genes BRCA1 (n=29) e BRCA2 (n=10) foram 

sequenciados no intuito de identificar o perfil de variação no número de cópias de 

DNA e mutações somáticas. A partir do sequenciamento massivo e paralelo foi 

possível concluir que a grande maioria destes tumores apresenta perda do alelo 

selvagem de BRCA1 ou BRCA2, sendo que este parece ser um evento inicial na 

carcinogênese da maioria destas neoplasias. Além disso, mutações clonais em 

TP53 foram observadas em uma parcela significativa dos casos, sendo estas, 

provavelmente, anteriores a perda do alelo selvagem de BRCA1/2. A identificação  

de tumores que preservam o alelo selvagem de BRCA1 ou BRCA2, ou ainda que 

perdem este de maneira subclonal, levanta questões sobre o impacto de novas 

drogas que apresentam como alvo terapêutico os mecanismos de recombinação 

homóloga.   
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Abstract 
 

 In this work, we aimed to study genomic, functional and clinical aspects of 

cancer predisposition syndromes associated to germline mutations in the TP53, 

BRCA1 and BRCA2 genes. With regard to TP53, in which germline mutations are 

associated to Li-Fraumeni syndrome (LFS), we were mainly interested in 

understanding the clinical and biological consequences of TP53 germline 

mutations found in Brazilian families, with special attention to R337H mutation. 

Our results show that normal cells (fibroblasts) from LFS subjects have an 

hyperoxic phenotype characterized by high reactive oxygen species (ROS) levels, 

associated to a tendency for slower DNA repair and more persistent DNA damage. 

Interestingly, all mutant p53 fibroblasts showed higher repair activity of 

apurinic/pyrimidinic (AP) sites, a DNA lesion caused mainly by intensive ROS 

exposure. Given the well-described relationship between oxidative stress and 

inflammation, we then simultaneously quantified 25 cytokines, chemokines and 

growth factors in plasma of R337H mutation carriers and controls. We found 

significant higher levels of IL-12, as well as a tendency for increased IL-8, IL-17 

and IFN-y, in mutation carriers when compared to controls, suggesting 

inflammatory activation. In order to verify the impact of antioxidants on oxidative 

stress, we supplemented R337H mutation carriers and controls with N-

acetylcysteine, Idebenone and Coenzyme-Q10 and oxidative parameters were 

measured before and after supplementation period (14 days).  Our findings 

highlight to a benefit of supplementation with Coenzyme Q10 and Idebenone, 

since that both were able to decrease lipid peroxidation in R337H mutation carriers 

group. In addition to functional e clinical studies presented here, we also aimed to 

study the impact of genetic modifiers on clinical manifestation of R337H carriers as 

well as the contribution of a new rare TP53 germline variant in LFS. In this context, 

we observed that 7 out of 129 (5.4%) subjects with clinical phenotype without 

TP53 germline mutations in the TP53 coding regions were carriers of a new 

functional variant, the rs78378222[C]. Further results related to the evolutionary 

conservation and functional impact of rs78378222[C] in both fibroblasts and in 

tumors confirm the pathogenicity of this variant and suggest a mechanism of 

haploinsufficiency. Finally, polymorphism analysis revealed an impact of the 
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MDM2 SNP309 on age at first tumor in R337H mutation carriers. Regarding 

BRCA1 and BRCA2, we sequenced 39 breast tumors from patients carrying 

BRCA1 (n=29) and BRCA2 (n=10) germline mutations in order to determine the 

repertoire of copy number alterations and somatic mutations of these tumors. By 

using ultra-deep sequencing of bulk-tumor and normal tissue, we observed that 

most of these tumors were characterized by somatic inactivation of BRCA1 and 

BRCA2 wild-type allele, which were likely to be an early genetic event in 

carcinogenesis. Moreover, TP53 somatic mutations were highly recurrent and all 

clonal, and we concluded that they likely precede BRCA1 or BRCA2 inactivation, 

as the latter was subclonal in some cases. The identification of tumors that 

preserved the BRCA1 or BRCA2 wild-type allele at all, or in which loss of the wild-

type allele was restricted to subpopulations of cancers cells, raises concerns 

regarding response to drugs targeting homologous recombination deficiency in 

these tumors.  
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Capítulo I. Introdução 

 

1. Predisposição hereditária ao câncer 
  

 A carcinogênese é definida como o processo pelo qual células normais 

transformam-se em células neoplásicas. Este processo decorre da aquisição de 

múltiplas alterações genéticas e epigenéticas em genes reguladores de processos 

biológicos, tais como ciclo celular, senescência, apoptose, sobrevivência, 

diferenciação, angiogênese, motilidade e metabolismo (Hanahan and Weinberg, 

2011). Apesar do número exato de alterações moleculares necessárias para os 

processos de iniciação e progressão de tumores variarem entre indivíduos e, 

também, de acordo com o tipo de neoplasia, estudos genômicos recentes 

demonstraram que o número médio de mutações é relativamente pequeno, com a 

presença de 2-6 eventos mutacionais ocorrendo na maioria dos canceres 

(Kandoth et al., 2013).  

 A maioria dos tumores em humanos é de etiologia multifatorial, surgindo 

como resultado de interações complexas entre genes e ambiente. No entanto, 

uma pequena parcela dos diagnósticos, mas não menos importante, está 

associada a uma predisposição herdada devido a alterações em genes de 

predisposição a câncer de alta penetrância (Hodgson, 2008).  Estima-se que para 

a maior parte dos tumores malignos conhecidos, 5 a 10% seja de etiologia 

hereditária. Além disso, 20-30% dos casos correspondem a agrupamentos de 

tumores que ocorrem em uma mesma família, também conhecidos como tumores 

familiais. Apesar dos fatores etiológicos destes casos serem de difícil 

identificação, acredita-se que mutações em genes de baixa penetrância e 

exposição a fatores de risco ambientais expliquem esta parcela de casos (Lindor 

et al., 2008). 

 Genes de predisposição ao câncer são aqueles que, na presença de 

mutações germinativas, conferem alto ou moderado risco de desenvolvimento de 

tumores. No caso da predisposição hereditária ao câncer de mama, dentre os 

mais conhecidos e estudados estão TP53, BRCA1, BRCA2, CHEK2 e PALB2 

(Figura 1). Atualmente, mais de 100 genes associados a mais de 50 diferentes 

síndromes de predisposição ao câncer já foram identificados (Rahman et al., 
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2007). A maioria destas síndromes está associada a mutações de perda de 

função em genes supressores tumorais e apresenta herança autossômica 

dominante, o que confere um risco de 50% aos familiares de primeiro grau de um 

indivíduo portador de mutação, de também ser portador (Tucker and Friedman, 

2002). 

 No ano de 1971, a partir do uso modelos matemáticos, o geneticista Alfred 

Knudson estudou uma série de casos de retinoblastoma, um tumor da retina que 

acomete principalmente crianças. Sua hipótese, conhecida como hipótese dos 

dois eventos mutacionais (do inglês, two-hit model), sugeria que ambos os alelos 

de um gene supressor de tumor precisariam ser inativados para a ocorrência do 

retinoblastoma (Knudson, 1971). Mais de 10 anos depois, o gene RB1 foi 

descoberto como sendo a causa deste tipo de tumor e a hipótese dos dois 

eventos foi confirmada experimentalmente (Fung et al., 1987). Hoje, o modelo de 

Knudson é ainda utilizado para explicar o surgimento de tumores na grande 

maioria das síndromes de predisposição ao câncer associadas a mutações 

germinativas em genes supressores de tumor. Neste modelo, os dois eventos 

podem ser somáticos nas formas não hereditárias ou então, o primeiro evento 

pode ser uma mutação herdada (germinativa) e o segundo evento uma mutação 

somática nas formas hereditárias da doença. 

 Algumas características fenotípicas específicas presentes em um único 

indivíduo e/ou família são ferramentas úteis para a identificação de indivíduos 

com alta probabilidade de mutações em genes de predisposição ao câncer.  

Dentre estas características estão: (1) história familiar incluindo vários casos de 

um mesmo tipo de câncer e/ou vários casos de diversos (e relacionados) tipos de 

câncer na família; (2) diagnóstico de câncer em idade jovem; (3) ocorrência de 

múltiplos tumores primários em um mesmo indivíduo; (4) presença de 

multifocalidade ou bilateralidade do tumor; (5) tumores com histologia rara, entre 

outras (Alpert and Haffty, 2004; Hartmann et al., 1999; Narod and Offit, 2005; 

Rebbeck et al., 2002). 
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Figura 1. Genética do risco de câncer. Esta figura mostra os diferentes tipos de variantes 

genéticas, de acordo com a frequência alélica populacional e tamanho do efeito (penetrância). 

Também são mostrados alguns exemplos de genes associados a Síndromes de Predisposição 

Hereditária ao câncer (adaptado de Manolio et al., 2009). 

 

1.2 Gene TP53 

1.2.1 Síndrome de Li-Fraumeni  

  No ano de 1969, a partir da análise de centenas de prontuários médicos e 

atestados de óbito de crianças norte-americanas diagnosticadas com 

rabdomiossarcoma, uma neoplasia maligna da musculatura esquelética, Frederick 

Pei Li e Joseph F. Fraumeni Junior, ambos médicos norte-americanos, 

observaram que 4 famílias apresentavam um padrão de alta ocorrência de 

sarcomas na infância e câncer de mama (CM) em idade jovem (Li and Fraumeni, 

1969a).  A observação destas famílias com agrupamentos de tumores pouco 

frequentes e com idades ao diagnóstico relativamente mais precoces do que o 

observado na população geral, fez com que Li e Fraumeni propusessem uma 

nova síndrome de predisposição hereditária ao câncer - a Síndrome de Li-

Fraumeni (SLF) (LFS, OMIM# 151623) (Li and Fraumeni, 1969b).  
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 A definição inicial do espectro de tumores da SLF foi realizada a partir de 

critérios específicos, também chamados de critérios clássicos. Baseado na 

história familiar dos indivíduos, estes critérios incluem: um indivíduo diagnosticado 

com sarcoma em idade jovem e dois familiares de primeiro e/ou segundo grau 

diagnosticados com osteossarcomas, sarcomas de partes moles, CM em 

mulheres na pré-menopausa, tumores de sistema nervoso central, carcinoma 

adrenocortical (CAC) ou leucemias agudas. Desta forma, a SLF foi caracterizada, 

inicialmente, pela concentração familiar de sarcomas de partes moles, sarcomas 

ósseos, tumores de sistema nervoso central, CAC e CM. Estes foram descritos 

como os tumores centrais da SLF, também denominados “core tumors” do 

fenótipo (Li and Fraumeni, 1982; Malkin et al., 1990). 

Posteriormente, outros estudos encontraram famílias com tumores além 

daqueles inicialmente descritos, tais como melanoma, carcinoma 

bronquioloalveolar de pulmão, câncer gástrico e de próstata, tumores de células 

germinativas e tumor de Wilms (Frebourg et al., 2001; Hartley et al., 1989; 

Masciari et al., 2011). Estas neoplasias estão incluídas nas formas variantes da 

síndrome, coletivamente denominadas de Síndrome de Li-Fraumeni-Like (LFL). 

Em decorrência destes achados, alguns outros critérios menos restritivos como os 

de Birch, Chompret e Eeles foram propostos para indicar a investigação da SLF e 

LFL (Birch, 1994; Eeles, 1995; Frebourg et al., 2001). Atualmente, na maioria dos 

países os critérios de Chompret são utilizados na indicação da realização do teste 

genético para diagnóstico molecular da síndrome.  

 Apesar do mecanismo molecular associado com a SLF e LFL não ter sido 

identificado até o final da década de 80, análises de segregação indicavam que a 

doença tinha uma etiologia genética (Willians and Strong, 1987). Mutações 

inativadoras no gene TP53 já haviam sido encontradas em osteossarcomas 

esporádicos, sarcomas de partes moles, leucemias e carcinomas de mama, todos 

estes tumores presentes na SLF e LFL (Nigro et al., 1989a). Além disso, 

camundongos transgênicos com p53 mutado também apresentavam incidência 

aumentada para os mesmos tumores citados anteriormente (Lavigueur et al., 

1989). A partir destes achados, no ano de 1990 o sequenciamento gênico de 

TP53 em indivíduos com o fenótipo clínico de SLF permitiu a identificação de 
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mutações nos éxons 5-8 do gene, mostrando assim que mutações germinativas 

em TP53 estavam associadas à predisposição ao câncer em uma significativa 

proporção das famílias com os critérios clínicos para SLF (Malkin et al., 1990).  

 O conhecimento adquirido nestas quase cinco décadas de estudos levou a 

inúmeros avanços no entendimento da doença. Estudos investigando a 

penetrância de câncer, por exemplo, demonstraram que portadores de uma 

mutação germinativa no gene TP53 apresentam, em média, 50% de chance de 

desenvolver câncer antes dos 40 anos de idade, comparado com 1% da 

população geral da mesma faixa etária. Além disso, 90% dos portadores de 

mutações são diagnosticados com pelo menos um câncer até os 60 anos de 

idade (Birch et al., 1998). Estudos de correlação genótipo-fenótipo também 

demonstraram que o grau da perda de função de algumas mutações está 

associado a idade de diagnóstico de alguns tumores. Estes resultados têm 

impacto importante no manejo de pacientes portadores de mutações em TP53 

(Petitjean et al., 2007).  

 Atualmente, o diagnóstico molecular da SLF/LFL, realizado através da 

análise molecular do gene TP53, é indicado para pacientes que preencham os 

critérios clínicos de diagnóstico, especialmente o clássico e o de Chompret 

(Olivier et al., 2002). Embora critérios menos estritos, como os de Eeles possam 

ser utilizados, a probabilidade de se identificar uma mutação germinativa é maior 

em indivíduos com critérios mais estritos e menor em famílias com critérios mais 

abrangentes e menos rigorosos.  

 

1.2.2 Mutações no gene TP53 

Alterações somáticas em TP53 ocorrem em praticamente todos os tipos de 

câncer. Em melanomas metastáticos, leucemias e tumores do colo de útero, 

mutações somáticas em TP53 ocorrem em apenas 5% dos casos, ao contrário do 

que ocorre em tumores de ovário, câncer colorretal e esôfago, em que a 

frequência de mutações chega a 50% ou mais (Olivier et al., 2010; Petitjean et al., 

2007). Apesar da baixa frequência de mutações encontradas no câncer do colo 

do útero associado ao vírus do HPV, por exemplo, hoje sabe-se que uma proteína 
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codificada pelo próprio vírus, a proteína E6, interage diretamente com p53, 

inativando-a. Assim, o vírus HPV não impõe pressão seletiva para a perda de p53 

por mutações, mas sim, por um mecanismo diferente (Thomas et al., 1999). Estes 

achados sugerem que a inativação de p53 durante a carcinogênese é uma 

condição necessária para a ocorrência de uma grande parcela dos tumores 

humanos.  

Ao contrário da maioria dos genes supressores tumorais envolvidos em 

síndromes hereditárias de predisposição ao câncer, que são inativados 

principalmente por pequenas ou grandes deleções e mutações de perda de 

sentido, mutações inativadoras no gene TP53 são prioritariamente do tipo sentido 

trocado (do inglês, missense). Esse tipo de mutação permite a produção de uma 

proteína completa, estável e com a aquisição de propriedades oncogênicas 

(Hainaut and Hollstein, 2000). 

Aproximadamente 86% das mutações no gene TP53 encontram-se entre 

os códons 125 e 300, sendo que destas, aproximadamente 88% são mutações do 

tipo troca de sentido. Esta região gênica compreende os éxons 5, 6, 7 e 8, que 

codificam o domínio de ligação ao DNA (DLD) de p53. Curiosamente, mutações 

que ocorrem fora deste domínio, são em sua maioria do tipo sem sentido e de 

perda de sentido. Além disso, 30% das mutações ocorrem em seis códons 

preferenciais (175, 245, 248, 249, 273 e 282), todos eles localizados no DLD 

(Olivier et al., 2010) (Figura 2). 
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Figura 2. Mutações somáticas em TP53. (a) Gráfico representando as frequências de cada 

classe de mutações somáticas identificadas no gene TP53 de acordo com o banco de dados da 

Agência Internacional de Pesquisa em Câncer (IARC). (b) Domínios da proteína p53, salientando 

seus códons correspondentes, bem como as regiões mais frequentemente alteradas em tumores. 

TA, domínio de transativação; PR, região rica em prolinas; DBD, domínio de ligação ao DNA; Tet, 

domínio de tetramerização; Reg, domínio regulatório C-terminal (Brosh and Rotter, 2009). 

 

O padrão de mutações germinativas encontrado em famílias com SLF e 

LFL é bastante similar ao de mutações somáticas identificadas em tumores, com 

a maioria delas sendo do tipo sentido trocado (~77%) e ocorrendo nos mesmos 

hotspots. Além disso, apesar de poucos estudos terem investigado a frequência 

de grandes deleções na síndrome, acredita-se que em torno de 10% dos casos 

apresentam deleções completas do gene TP53. Estudos de correlação genótipo-

fenótipo sugerem que estas alterações estão associadas a características mais 

agressivas relacionadas à manifestação da doença (Bougeard et al., 2003). 

 

1.2.3 A mutação germinativa TP53 R337H no Brasil 

No ano de 2001, um grupo de pesquisadores do Paraná identificou a 

mutação germinativa R337H (p.Arg337His, substituição de uma Arginina por uma 

Histidina no códon 337 do éxon 10 do gene TP53) em 35 de 36 pacientes com 
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Carcinoma Adrenocortical (CAC). Apesar deste tipo de neoplasia ser um 

indicativo de SLF e LFL, a frequência e os tipos de câncer observados nas 

famílias dos pacientes não eram típicos das síndromes e em duas famílias não 

havia outros casos de câncer. Além disso, a análise da capacidade de 

transativação de p53-R337H revelou grande similaridade com p53 selvagem ao 

expressá-las em fibroblastos e linhagens de osteossarcoma (Ribeiro et al., 2001). 

A partir desses achados os autores propuseram que R337H tratava-se de uma 

mutação de baixa penetrância para câncer e com efeito tecido-específico, estando 

relacionada unicamente com a ocorrência de CAC. 

Em um estudo subsequente realizado por DiGiammarino et al. (2002) a 

estrutura e estabilidade de p53-R337H foi avaliada através de análise 

cromatográfica. Os resultados demonstraram que estruturalmente p53-R337H e 

p53 selvagem eram muito similares. No entanto, observou-se que a isoforma 

mutada tornava-se menos estável com o aumento do pH, sendo que 

aproximadamente 70% do total de proteínas encontrava-se desnaturada em pH 8, 

enquanto que p53 selvagem só era desnaturada em altas temperaturas. O estudo 

também sugeriu que na p53 selvagem uma ponte de sal formava-se entre a 

Arg337 e Asp352. Esta interação seria fundamental para a dimerização e 

posterior formação do tetrâmero. A substituição de uma arginina por uma histidina 

na posição 337 introduziria diferenças químicas nesta região, levando a uma 

desestabilização da ponte de sal e desestruturação do tetrâmero (DiGiammarino 

et al., 2002) (Figura 3). 
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Figura 3. Estabilidade e estrutura tridimensional de p53-R337H. A esquerda são mostrados 

gráficos de estabilidade. (a) a figura mostra que à 37°C em pH 8 aproximadamente 70% dos 

tetrâmeros de p53-R337H estão desnaturados. Ao contrário, em (c) p53 selvagem torna-se 

desnaturada apenas em temperaturas superiores à 50°C. (b) Estrutura tridimensional do domínio 

de oligomerização de p53, destacando a posição 337 e a posição 352, que formam uma ponte de 

sal responsável pela estabilização do tetrâmero. A mudança por uma Histidina na posição 337 

desestabiliza a proteína (Modificado de DiGiammarino et al., 2002). 

 

Em 2006, o mesmo grupo do Paraná pesquisou a história familiar de 30 

famílias de 41 crianças com CAC do Sul do Brasil. A penetrância de CAC entre 

portadores de R337H foi estimada em 9.9%, sugerindo que outros fatores ainda 

não identificados podem interferir no potencial tumorigênico da alteração genética 

(Figueiredo et al., 2006).  

 Palmero et al. (2008) conduziram um estudo de frequência da mutação 

R337H em 750 mulheres assintomáticas participantes de um programa de 

rastreamento mamográfico em Porto Alegre. A mutação foi encontrada na 

linhagem germinativa de duas mulheres (frequência de 0.3%) que não 

apresentavam história pessoal de câncer. No entanto, ao se analisar a história 

familiar verificou-se que ambas pertenciam à mesma família e que esta 

apresentava história de tumor gástrico, câncer de pâncreas, CM, câncer de 

pulmão, câncer de cabeça e pescoço e de endométrio. Apesar disso, a família 

como um todo não preenchia critérios para a LFS e LFL e não havia nenhuma 
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criança afetada por câncer, apesar de irmandade numerosa (Palmero et al., 

2008). Posteriormente, no seguimento desta família foi realizado um diagnóstico 

de carcinoma adrenocortical em uma criança com menos de um ano e portadora 

da mutação de R337H. 

Achatz et al. (2007), descreveram pela primeira vez a frequência da 

mutação R337H em famílias que preenchiam definições clínicas da LFS e LFL. 

Os autores demonstraram que metade das famílias com mutação germinativa 

identificada em TP53 apresentavam a mutação pontual R337H na linhagem 

germinativa. Apesar do espectro tumoral ser bastante similar entre famílias com 

R337H e famílias com outras mutações localizadas no DLD, indicando que a 

mutação estava associada a outros tumores além de CAC, a frequência de CAC 

foi duas vezes maior em famílias com R337H (Achatz et al., 2007). 

Trabalhos recentes publicados pelo nosso grupo de pesquisa apontam 

para algumas características e peculiaridades importantes de R337H em relação 

a outras mutações de TP53. Primeiro, ao contrário do observado no CM 

desenvolvido por pacientes com mutações germinativas no DLD de TP53, em que 

63-83% superexpressam a proteína HER2, em casos R337H esta frequência cai 

para 22.7%, similar a frequência desse fenótipo em amostras não selecionadas 

de câncer de mama (Fitarelli-Kiehl et al., 2015). Segundo, em um estudo 

conduzido por Giacomazzi et al. (2014) uma alta prevalência de R337H (8.6%) foi 

encontrada em pacientes com CM e não selecionadas por história familiar, 

sugerindo que R337H pode ter uma contribuição importante para a alta incidência 

de CM no Brasil (Giacomazzi et al., 2014). Por fim, Paskulin et al. (2015) 

demonstraram a presença de um mesmo haplótipo ancestral de origem Ibérica 

em todos os portadores de R337H. No mesmo estudo, a mutação foi datada em 

2.000 anos, apontando para uma origem anterior à migração europeia ao Brasil 

(Paskulin et al., 2015).  

No estado do Paraná, o rastreamento da mutação R337H é realizado no 

âmbito da triagem neonatal desde dezembro de 2005. Entre os primeiros 171,649 

recém-nascidos vivos testados, 461 (aproximadamente 0.3%) apresentaram a 

mutação em heterozigose (Custódio et al., 2013). 
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1.2.4 p53: estrutura e função  

O gene TP53 (OMIM 191170) está localizado no braço curto do 

cromossomo 17 (17p13.1) e é composto por onze éxons, sendo o primeiro não 

codificante. O produto proteico de TP53, a proteína p53, codifica uma molécula 

(monômero) composta por 393 aminoácidos (Linzer and Levine, 1979). Para que 

a proteína p53 se torne ativa, sendo capaz de ligar-se diretamente ao DNA e 

exercer sua função como um fator de transcrição, é sabido que os monômeros de 

p53 precisam, inicialmente, se dimerizar e, posteriormente, formar um tetrâmero 

(dímero de dímeros) (Kitayner et al., 2006).  

   Cada monômero de p53 esta organizado em domínios bem definidos. Na 

região N- terminal da molécula (códon 1-62) encontram-se dois domínios de 

transativação (Transactivation Domain 1 - TDA1 -, e Transactivation Domain 2 – 

TDA2) responsáveis pela regulação da maquinaria de transcrição de genes 

regulados positivamente por p53. A seguir (resíduos 63-97), encontra-se um 

domínio rico em prolinas (Proline Rich Region – PRR) envolvido na interação 

proteína-proteína e na função pró-apoptótica de p53. Na região central está 

localizado o domínio de ligação ao DNA - DLD (DNA Binding Domain – DBD) 

(resíduos 94-312), uma região altamente conservada evolutivamente e que 

interage diretamente com sequências nucleotídicas específicas de genes alvos. 

No DLD estão a grande maioria das mutações somáticas encontradas em 

tumores e, também, na linhagem germinativa de pacientes com SLF/LFL. Por fim, 

a região C- terminal é formada por um domínio de oligomerização 

(Oligomerization Domain – OD) (resíduos 325-355), fundamental para 

dimerização e posterior tetramerização, e por um domínio básico não estruturado 

importante para a fosforilação de p53 (Hollstein and Hainaut, 2010; Levine, 

1997a). 

Mais de trinta anos atrás, p53 foi identificada por sua capacidade de 

interação com o antígeno T do vírus SV40 e, também, por ser frequentemente 

detectada em altos níveis em células tumorais, sendo assim classificada como 

uma proteína oncogênica (Lane and Crawford, 1979; Linzer and Levine, 1979). 

Essa visão perdurou por quase uma década, até que alguns trabalhos 

demostraram que p53 selvagem funcionava como uma proteína supressora de 
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tumor e indicando que os primeiros trabalhos haviam, na verdade, estudado 

tumores com p53 mutante (Weisz et al., 2007). Evidências adicionais acerca da 

real função de p53 em neoplasias vieram de estudos demonstrando que tanto 

mutações somáticas quanto germinativas eram seguidas por inativação do alelo 

selvagem (perda de heterozigosidade, condizente com a hipótese de dois eventos 

mutacionais relacionada aos genes supressores tumorais), o que sugeria que a 

inativação completa de p53 era condicional para o desenvolvimento de uma 

grande parcela dos tumores (Brosh and Rotter, 2009).  

De todas as proteínas supressoras de tumor, poucas são tão versáteis e 

exercem funções tão antagônicas como p53. Conhecida como “guardiã do 

genoma”, p53 é uma proteína nuclear expressa em praticamente todos os tecidos 

de forma latente. Sua principal função é atuar na resposta a dano de DNA por 

impedir a proliferação de células que sofreram alguma alteração em seu material 

genético. Seu principal mecanismo de ação é como fator de transcrição que, em 

condições fisiológicas, apresenta uma meia-vida de aproximadamente 5 a 20 

minutos (Hollstein et al., 1991; Levine, 1997b; Nigro et al., 1989b).  

Mecanismos que levam a estresse celular, tais como dano ao DNA, 

hipóxia, estresse oxidativo, sinalização oncogênica, encurtamento telomérico, 

estresse ribosomal e privação de nutrientes estão entre os mais bem conhecidos 

mecanismos ativadores de p53. Diante de tais condições celulares, p53 se 

acumula no núcleo e, de acordo com natureza e intensidade do estresse, tipo 

celular e “background genético”, determina o tipo de resposta celular a ser 

desencadeado. As respostas celulares mediadas por p53 mais bem conhecidas e 

caracterizadas são: apoptose, parada de ciclo celular, reparo do DNA, vias 

metabólicas, senescência e inibição de angiogênese e metástase (Horn and 

Vousden, 2007) (Figura 4).        
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Figura 4. Mecanismos ativadores da proteína p53 e suas atividades supressoras de tumor. 

p53 tem como função integrar respostas celulares (em azul) a diferentes tipos de estresse (em 

vermelho). Cada uma das vias de sinalização mediadas por p53 é ativada pela expressão de 

diferentes proteínas (em laranja) (Modificado de Vousden and Lane, 2007). 

 

 Em condições fisiológicas, p53 encontra-se em baixos níveis celulares, 

tendo como principal regulador negativo a proteína mdm2. A formação do 

complexo p53/mdm2 possibilita o redirecionamento da p53 do núcleo para o 

citoplasma, onde mdm2 age como uma ubiquitina-ligase, possibilitando a 

degradação de p53 pelo proteossomo (Moll and Petrenko, 2003).  

 

p53 na regulação do metabolismo energético e oxidativo  

Reprogramação metabólica foi descrita como uma característica importante 

das células neoplásicas, visto que a desregulação nos processos de proliferação 

e sobrevivência celular requerem ajustes do metabolismo energético. Neste 

contexto, estudos pioneiros conduzidos por Otto Warburg mostraram que mesmo 

sob condições aeróbicas, células tumorais limitam seu metabolismo energético a 

glicólise, processo esse conhecido como Efeito Warburg (Hanahan and Weinberg, 

2011).  Para compensar a baixa produção de ATP gerada pela via glicolítica em 

relação àquela produzida pela fosforilação oxidativa mitocondrial, tem sido 
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demonstrado que células tumorais aumentam sua captação de glicose, em parte, 

por aumentar a expressão de GLUT1 (DeBerardinis et al., 2008). Além disso, o 

processo de reprogramação do metabolismo energético de células tumorais tem 

sido associado a mutações nos genes MYC, RAS e TP53 (Jones and Thompson, 

2009).  

Mais recentemente, diversos estudos demonstraram o papel de p53 como 

um antagonista do Efeito Warburg. Essa função metabólica deve-se, 

principalmente, ao fato de p53 diminuir a captação celular de glicose, induzir a 

expressão de genes inibidores da via glicolítica e favorecer a respiração 

mitocondrial (Aylon and Oren, 2011) (Figura 6).  Além disso, p53 também regula 

indiretamente o metabolismo energético através da via de mTOR. Sob condições 

de estresse metabólico, p53 ativa AMPK, TSC2 e PTEN, genes que por sua vez 

regulam negativamente mTOR (Feng et al., 2005). 

 

 

 

Figura 5. Regulação metabólica desempenhada por p53. (a) p53 inibe glicólise e ativa 

fosforilação oxidativa. Genes regulados positivamente e negativamente estão em verde e  laranja, 

respectivamente. (b) p53 induz a transcrição de inúmeros inibidores de mTOR, regulando assim 

negativamente o crescimento celular (Aylon e Oren, 2011).  

 

 Além de funções relacionadas a regulação do metabolismo energético, 

mais recentemente alguns estudos demonstraram que sob determinadas 
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condições fisiológicas p53 exerce funções muito distintas das descritas 

anteriormente. Sablina et al. (2005) demonstraram que tanto o silenciamento de 

p53 por diferentes mecanismos, como a superexpressão de mutantes 

oncogênicas (p53 Arg175His), aumentavam significativamente a produção de 

espécies reativas de oxigênio (ERO) quando comparado a células com p53 

selvagem. O bloqueio da expressão de p53 também foi seguido por uma 

diminuição ou ausência da expressão de algumas enzimas antioxidantes, como 

GPx1 e SESN2, aumento na oxidação do DNA, mutagênese e  anormalidades no 

cariótipo, mais comumente aneuploidias. Por fim, o estudo demonstrou que 

camundongos knock-out (TP53-/-) suplementados com N-acetilcisteina eram 

significativamente menos propensos a tumores do que os mesmos animais sem a 

suplementação (Sablina et al., 2005).  

 Alguns estudos anteriores já haviam identificado o papel de p53 na 

modulação da expressão de enzimas com funções antioxidantes, tais como 

superóxido dismutase 2 mitocondrial (SOD2) (Hussain et al., 2004), glutationa 

peroxidase 1 (GPX1) (Tan et al., 1999), aldeído desidrogenase 4, membro A1 

(ALDH4A1) (Yoon et al., 2004), e sestrinas (HI95 e PA26) (Budanov et al., 2004). 

 

p53 na resposta a dano de DNA  

 A habilidade de promover parada de ciclo celular e apoptose é um 

mecanismo eficiente de proteção contra tumores. Neste contexto, a indução de 

dano de DNA, como por exemplo quebras bifilamentares do DNA, ativa a proteína 

ATM que por sua vez induz a expressão de ATR cinase. ATR, e sob 

determinadas condições ATM, são capazes de diretamente fosforilar p53, 

protegendo-a da degradação. p53 ativada tem como alvo transcricional p21. 

Dentre as inúmeras funções desempenhadas por p21 está o controle do ciclo 

celular e a capacidade de suprimir sinais proliferativos e de crescimento na 

presença de algum dano de DNA (Roos and Kaina, 2006).  

Indução de apoptose é um dos mais bem conhecidos efeitos biológicos de 

p53 (Oren, 2003). A indução e/ou repressão por p53 selvagem de dezenas de 

genes envolvidos na regulação da via apoptótica, tanto na via intrínseca quanto 
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extrínseca, é bem descrita.  Na via extrínseca, que envolve a sinalização 

extracelular através de receptores mediadores de morte, p53 selvagem ativa a 

expressão de alguns genes codificantes de receptores de morte celular, tais como 

APO1/FAS/CD95 e KILLER/DR5 (Wu et al., 2000).  Já na via intrínseca, que 

integra múltiplos sinais intracelulares, p53 desempenha funções dependentes e 

independentes da transcrição de genes.  Dentre os genes regulados 

transcricionalmente por p53, estão PUMA, NOXA e BAX. Juntamente com a 

proteína anti-apoptótica Bcl2 estes genes alteram a integridade da membrana 

mitocondrial externa, permitindo a liberação de fatores apoptóticos, tais como 

citocromo C (Shamas-Din et al., 2011). Dentre os mecanismos de morte celular 

que independem da transcrição de genes, esta a desregulação do reparo do DNA 

por excisão de bases e a consequente morte celular por acúmulo de lesões no 

material genético (Gatz and Wiesmüller, 2006).  

A proteína p53 também desempenha um função importante na indução de 

senescência em resposta a estresse. Alguns estudos demonstraram que tanto 

ativação oncogênica quanto o encurtamento de telômeros desencadeiam 

senescência induzida por p53. Lesões pré-cancerosas, que surgem 

constantemente em inúmeras células do corpo humano, parecem ser 

eficientemente desviadas da progressão maligna pelo mecanismo de senescência 

envolvendo a sinalização de p53. Além disso, já foi demonstrado que carcinomas 

e sarcomas utilizam preferencialmente esta via, em detrimento da via de 

apoptose, mesmo sendo esta uma resposta que atua muito mais na estabilização 

do que na eliminação de um tumor (Deng et al., 2008; Ventura et al., 2007; Xue et 

al., 2007). Assim como ocorre com as vias de sinalização mediadas por p53 

citadas anteriormente, senescência resulta de mudanças na expressão de 

inúmeras proteínas, tais como o inibidor do ativador de plasminogênio tipo 1 (PAI-

1) (Leal et al., 2008). Já foi demonstrado que a supressão de tumor por defeitos 

na via de apoptose (mutação R172P em TP53) é dependente da ativação de p21 

e senescência (Cosme-Blanco et al., 2007). 

Em modelos animais foi observado que a expressão de p53 mutante leva a 

uma perda na habilidade de indução de parada de ciclo celular, mas não de 
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apoptose, o que ainda os mantêm protegidos contra o desenvolvimento de 

tumores espontâneos (Toledo et al., 2008).  

 

1.2.5 p53 mutante e seus efeitos biológicos   

Mutações no gene TP53 podem ser classificadas em duas principais 

classes, de acordo com seu efeito na estabilidade termodinâmica da proteína.  A 

primeira classe, as chamadas mutações de perda de contato (DNA-contact 

mutations), inclui principalmente as mutações que interferem na capacidade de 

p53 ligar-se ao DNA, como o que ocorre com as mutações R248Q e R273H. Já o 

segundo grupo engloba as mutações que causam distorções conformacionais 

locais, tais como R249S e G245S, ou globais, como R175H e R282W 

(conformational mutations). Classicamente, estas mutações levam a perda de 

função, evidenciada por defeitos na parada de ciclo celular, reparo do DNA e 

apoptose  (Bullock and Fersht, 2001).  

Mutações que levam a alterações na capacidade de ligação ao DNA 

também conferem, na sua grande maioria, um efeito dominante negativo da 

proteína mutante sobre a proteína selvagem, fenômeno este dependente da 

hetero-oligomerização de monômeros selvagens e mutantes. No entanto, no caso 

de p53, em que perda de heterozigosidade é frequentemente observada durante 

a progressão de tumores, este mecanismo parece ser transiente (Rivlin et al., 

2011).  

Além de perda de função e atividade dominante negativa, algumas 

mutações também foram associadas a ganho de propriedades oncogênicas 

(ganho de função). As primeiras evidências de mutações de ganho de função em 

TP53  vieram de estudos em que formas mutantes da proteína induziam formação 

de tumores em camundongos. Posteriormente, vários outros trabalhos 

demonstraram a capacidade em induzir proliferação celular, causar resistência a 

drogas, invasão, angiogênese e inflamação. Além disso, mecanismos de ganho 

de função explicam, pelo menos em parte, o pior prognóstico encontrado em 

tumores com mutações somáticas de TP53 (Oren and Rotter, 2010).  
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Figura 6. Figura mostrando os principais mecanismos associados a mutações no gene 

TP53. DN, Dominante negativo (adaptado de Brosh e Rotter, 2009). 

 

Até o momento, o impacto funcional de mutações em TP53 foi estudado de 

diferentes maneiras, incluindo estudos de transativação, capacidade de indução 

de parada do ciclo celular e apoptose, habilidade da proteína mutante exercer 

efeito dominante negativo, sensibilidade à temperatura, etc. A investigação mais 

abrangente realizada até o momento foi feita por Kato et al. (2003). Neste estudo, 

a análise sistemática de todas as 2,314 possíveis mutações de troca de sentido 

em TP53 demonstrou que 36% dos mutantes são funcionalmente inativos, com 

grande parte destes localizados no DLD de p53. Da mesma forma, alterações no 

domínio de tetramerização de p53 foram altamente suscetíveis a inativação 

funcional, ao contrário das alterações na região N- e C- terminal da proteína, que 

raramente afetam a função de p53 (Kato et al., 2003).  

 

1.2.6 Impacto de mutações na Síndrome Li-Fraumeni  

Apesar de alguns esforços na tentativa de elucidar os mecanismos de 

doença na SLF e LFL, pouco se sabe sobre os aspectos patofisiológicos da 
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predisposição ao câncer em indivíduos acometidos pela doença. Na ultima 

década, apesar de alguns estudos terem demostrado alterações em diferentes 

processos biológicos em portadores de mutações em TP53 (Figura 10), poucos 

avanços relacionados a novas abordagens terapêuticas para este subgrupo de 

pacientes foram obtidos. Além disso, devido em parte a raridade da síndrome, a 

maioria dos estudos são esparsos e, muitas vezes, puramente descritivos.    

 

              

            Figura 7. Consequências de mutações germinativas em TP53 em diferentes mecanismos 

celulares (Macedo e Ashton-Prolla, manuscrito em preparação).   

 

Conforme descrito anteriormente, p53 desempenha um papel central nos 

mecanismos de resposta à dano e reparo de lesões de DNA. Alterações na via de 

reparo por excisão de nucleotídeos (Nucleotide Excision Repair, NER), 

principalmente por defeitos no reparo de dímeros de pirimidina causados por 

exposição a UVB,  já foram identificadas em fibroblastos de pacientes com a SLF 

(Zhu et al., 2000). Da mesma forma, defeitos no reparo de quebras bifilamentares 

de DNA, evidenciados através dos altos níveis da proteína Ɣ-H2AX após indução 

de dano por radiação ionizante (RI), também já foram encontrados em células de 

pacientes (Mirzayans et al., 2006). Além das evidências in vitro em relação ao 



 32 

comprometimento de vias de reparo de DNA e radiossensibilidade, alguns relatos 

de caso também sugerem aumento no risco de um segundo tumor, após o 

tratamento com radioterapia, em pacientes com SLF. Assim, apesar de alguns 

resultados contraditórios, tem sido sugerido que o tratamento radioterápico deve 

ser evitado para pacientes com SLF, apesar da fragilidade das evidências a favor 

ou contra um efeito claramente deletério (Wong and Han, 2014; Heymann et al., 

2010; Limacher et al., 2001). 

Alguns estudos também relataram maior frequência de alterações 

cromossômicas numéricas e estruturais em células de portadores de mutações 

em TP53 quando comparado a células de indivíduos sem mutações neste gene 

(Boyle et al., 1998). Evidência de instabilidade genômica por alterações no perfil 

de número de cópias de DNA (maiores índices de perdas e ganhos de regiões 

cromossômicas) também foi encontrada em pacientes com SLF quando 

comparado a controles (Shlien et al., 2008).  

A função dos telômeros na estabilidade genética e proteção contra tumores 

já é bem descrita (O'Sullivan and Karlseder, 2010). Em algumas famílias com 

SLF, foi observado aumento na incidência de câncer e na severidade das 

manifestações clínicas em sucessivas gerações. Trkova et al. (2007) 

demonstraram pela primeira vez uma associação entre comprimento telomérico e 

alterações em p53. Neste estudo foi observado telômeros significativamente mais 

curtos em portadores de mutações em TP53 quando comparado a não portadores 

de idades correspondentes, com uma diferença mais pronunciada entre crianças 

(Trkova et al., 2007). No mesmo ano, Tabori et al. (2007) observou este mesmo 

padrão entre pacientes Li-Fraumeni com e sem diagnóstico prévio de câncer. 

Comprimento telomérico como um mecanismo de antecipação genética foi 

sugerido neste mesmo estudo, visto que crianças com SLF apresentavam 

telômeros mais curtos do que adultos com a doença (Tabori et al., 2007).  

 Mais recentemente, alguns trabalhos demostraram alterações metabólicas 

em pacientes com SLF/LFL. Em um estudo publicado por nosso grupo de 

pesquisa foi demonstrado que portadores da mutação R337H, em relação ao 

grupo de não portadores, apresentou um aumento significativo no dano oxidativo 

tanto a proteínas (P = 0.035) quanto a lipídios (P < 0.0001). Além disso, a análise 
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do perfil antioxidante demonstrou que os indivíduos positivos para R337H 

apresentavam baixos níveis de ácido ascórbico (P < 0.0001), e um aumento no 

conteúdo total de antioxidantes não enzimáticos (P = 0.007). Estes achados foram 

independentes da história pessoal de câncer, o que indica que as alterações 

encontradas são um efeito direto da mutação e não da manifestação da doença 

(Macedo et al., 2012). Posteriormente, Wang et al. (2013) reforçaram o impacto 

de mutações de DLD em TP53 na fisiologia mitocondrial, visto que células de 

pacientes com SLF apresentaram significativo aumento no consumo de oxigênio 

e, também, na biomassa mitocondrial (Wang et al., 2013).  

 

1.3 Genes BRCA1 e BRCA2 

1.3.1 Epidemiologia do câncer de mama  

O CM é o tipo de câncer mais frequente entre as mulheres em todo o 

mundo, seja em países desenvolvidos ou não. No último levantamento global 

realizado no ano de 2012 foram estimados 1,67 milhões de novos casos dessa 

neoplasia em todo o mundo, representando, no total, 25% de todos os tumores 

diagnosticados em mulheres. A incidência de CM varia entre as diferentes regiões 

do mundo, com as maiores taxas na Europa Ocidental (96/100 mil) e as menores 

na África Central e na Ásia Oriental (27/100 mil) (Ferlay et al., 2015;  GLOBOCAN 

2012).  

Nos Estados Unidos, estima-se que 231.840 mulheres foram diagnosticadas 

com CM em 2015, o que corresponde a 14% de todos os casos de câncer do 

país. Além disso, estima-se que houve mais de 40 mil mortes decorrentes da 

doença. Embora a idade média ao diagnóstico nos EUA seja de 61 anos, 20% 

dos casos de CM são diagnosticados em mulheres abaixo dos 50 anos de idade, 

enquanto 40% dos casos são diagnosticados em mulheres acima dos 65 anos 

(Siegel et al., 2015).  

No Brasil, o Instituto Nacional de Câncer (INCa) estima que 57.960 novos 

casos  de CM serão diagnosticados em 2016, com taxas de incidência 

aproximadas de 71/100 mil no Sudeste, 70/100 mil no Sul, 51/100 mil no Centro-

Oeste, 36/100 mil no Nordeste e 21/100 mil na região Norte do país (INCA 2014; 
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INCA 2016). Do total de casos diagnosticados, estima-se que 14.388 casos 

evoluam a óbito (INCA 2016). As taxas de mortalidade por CM permanecem 

elevadas muito provavelmente porque a doença ainda é diagnosticada em 

estádios avançados, diferente do que acontece em países desenvolvidos, como 

os EUA, onde 60,8% das mulheres recebem o diagnóstico quando a doença 

ainda é localizada.  

Em relação a sobrevida, na população mundial, a sobrevida média após 

cinco anos do diagnóstico é de 61% (SEER, 2016). Nos EUA, a sobrevida livre de 

doença em cinco anos é de 98,5% para pacientes com doença localizada, 84,9% 

para doença regional e 25,9% para doença em estágio avançado. Além do 

estágio da doença, outros fatores como grau de diferenciação tumoral, status de 

receptores hormonais e status HER2 também influenciam na taxa de sobrevida 

(SEER, 2016).  

 

1.3.2 Câncer de mama hereditário associado a mutações em BRCA1 e 
BRCA2 

Apesar do CM ser classicamente considerado uma doença multifatorial, o 

que significa que tanto fatores genéticos quanto ambientais estão envolvidos na 

manifestação da doença, estudos de ligação gênica em famílias com múltiplos 

casos de CM e evidência de transmissão vertical, resultaram na identificação de 

dois genes de alta penetrância: BRCA1 e BRCA2 (Miki et al., 1994; Wooster et al., 

1995). Hoje, estima-se que pelo menos 10% de todos os casos de CM seja de 

etiologia hereditária. Estes decorrem, fundamentalmente, por mutações 

germinativas nos genes BRCA1 e BRCA2. 

São várias as síndromes de predisposição hereditária ao câncer que 

incluem alto risco para CM, sendo que a Síndrome de Predisposição Hereditária 

ao Câncer de Mama e Ovário ou HBOC (do inglês, Hereditary Breast and Ovarian 

Cancer) é a mais bem conhecida. HBOC é uma síndrome de alta penetrância com 

padrão de herança autossômico dominante e associada a mutações herdadas 

nos genes BRCA1 e BRCA2. Estima-se que 5-7% de todos os casos de câncer 

mama estejam associados à HBOC (Roy et al., 2012). Já em mulheres com 
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história pessoal de CM, aproximadamente 30% e 29% apresentam mutações 

herdadas em BRCA1 e BRCA2, respectivamente (Figura 7) (Castéra et al., 2014).  

 

 

 

Figura 7. Genes associados ao CM hereditário. Distribuição de mutações em genes de 

predisposição ao câncer identificadas em uma coorte de mulheres com CM (Castéra et al., 2014).  

 

Os primeiros estudos realizados em famílias com forte história familiar 

estimaram o risco de desenvolvimento de CM em até 85% e 84% para portadores 

de mutações em BRCA1 e BRCA2, respectivamente (Easton et al., 1995; Ford et 

al., 1995). Mais recentemente, estudos avaliando pacientes independentemente 

de suas histórias familiares, demonstraram que este risco é relativamente menor, 

sendo de aproximadamente 60% para portadoras de mutações em BRCA1 e 30-

56% para BRCA2, até os 70 anos de idade (Struewing et al., 1997; Thorlacius et 

al., 1997). 

Câncer de mama em pacientes portadoras de mutação ocorre, em geral, 

mais precocemente do que na população em geral, e não raramente acomete as 

duas mamas. Adicionalmente, mulheres com mutações em BRCA1 tem um risco 

elevado de desenvolver tumores de ovário, trompas de falópio e/ou peritônio 

(Brose et al., 2002; Finch et al., 2006). Portadores de mutações em BRCA1 ou 

BRCA2 também apresentam um risco maior de desenvolver tumores de próstata 

e pâncreas (Ferrone et al., 2009; Levy-Lahad and Friedman, 2007).  
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Mutações germinativas em BRCA2 também estão associadas a um aumento 

de aproximadamente 8% no risco de desenvolvimento de tumores da mama ao 

longo da vida em homens. Embora estes tumores correspondam a menos de 1% 

dos casos de CM, uma proporção significativa dos casos de CM masculino 

surgem em um contexto de história familiar de câncer de mama e ovário (Lynch et 

al., 1998). Já a associação entre mutações em BRCA1 e o risco de 

desenvolvimento de CM em homens é menos clara (Tai et al., 2007).    

Quando em homozigose, mutações germinativas em BRCA2 causam 

anemia de Fanconi. Esta é uma síndrome de instabilidade cromossômica que, 

entre outros sintomas, predispõe ao desenvolvimento de diversos tumores 

(Howlett et al., 2002). Mais recentemente relatos de caso revelaram pacientes 

homozigotos para mutações germinativas em BRCA1, com fenótipos graves, 

semelhantes à anemia de Fanconi (Domchek et al., 2013; Sawyer et al., 2015) 

 

1.3.3 BRCA1 e BRCA2: estrutura e função  

BRCA1 é um gene supressor de tumor localizado no braço longo do 

cromossomo 17, na posição 17q21, e contém 24 exons, sendo 22 codificantes. O 

alelo selvagem produz um RNA mensageiro de 7,8 kb (LRG_292t1), que codifica 

a proteína breast cancer type 1 susceptibility protein (BRCA1), que por sua vez é 

composta de 1.863 aminoácidos organizados em diferentes domínios proteicos, 

como um RING-finger próximo à cadeia N-terminal, dois domínios de localização 

nuclear no exon 11, e o domínio BRCT na porção C-terminal (Miki et al., 1994; 

Narod and Foulkes, 2004; Narod and Offit, 2005). 
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Figura 8. Domínios funcionais de BRCA1 e BRCA2. O esquema mostra os sítios de interação 

de BRCA1 com BRCA2 e destas com diversas outras proteínas essenciais para a manutenção da 

integridade genômica (Retirado de West, 2003). 

 

 O gene BRCA2 está localizado no braço longo do cromossomo 13, na 

posição 13q12.3, e foi relacionado ao CM em 1995 (Wooster et al., 1995). O gene 

contém 27 exons, todos codificantes, e distribuídos em aproximadamente 70.000 

pb. O alelo selvagem produz um RNA mensageiro de 10,4 kb (LRG 293t1), que 

codifica uma proteína de 3.418 aminoácidos, a breast cancer type 2 susceptibility 

protein (BRCA2) (Tavtigian et al., 1996; Wooster and Weber, 2003).  

Apesar da ampla variedade de funções exercidas por BRCA1 e BRCA2 em 

inúmeros processos biológicos, classicamente ambas proteínas tem sido 

descritas por seu papel primário no reparo de quebras bifilamentares do DNA por 

recombinação homologa (RH) (Moynahan et al., 1999; Moynahan et al., 2001). A 

RH é  um processo complexo e que envolve inúmeras proteínas, muitas delas já 

conhecidas por seu papel na suscetibilidade ao CM.  

A primeira etapa da RH envolve o reconhecimento das quebras 

bifilamentares de DNA por ATM e ATR, que então fosforilam e ativam CHEK2, 

p53, BRCA1 e H2AX. BRCA1, por sua vez, juntamente com BARD1 e BRIP1, 

atuam como organizadores das demais proteínas no sítio de quebra. Um 

complexo formado pelas proteínas MRE11, RAD50 and NBS1 degrada regiões 

específicas adjacentes ao local da quebra, permitindo assim que a proteína RPA 

ligue-se a uma extremidade 3’ livre. Nesta etapa do processo a proteína BRCA2 é 

recrutada com o auxílio de PALB2, permitindo a localização de RAD51 no sítio de 

dano ao DNA. A partir disso, ocorre a invasão da fita de DNA no cromossomo 

homólogo, que então serve de molde para a síntese de material genético. A RH é 

considerada um mecanismo de reparo de DNA conservativo, com alta taxa de 

fidelidade (Walsh, 2015). 

 

1.3.4 O conceito de letalidade sintética entre BRCA e PARP1 

A maioria das novas terapias desenvolvidas para pacientes com mutações 

herdadas em BRCA1 ou BRCA2 exploram o fato destes tumores apresentarem 
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completa deficiência no mecanismo de reparo de quebras bifilamentares de DNA 

por RH (Evers et al., 2010). Apesar dos avanços e dos inúmeros estudos clínicos 

que encontram-se em andamento,  atualmente o tratamento para o CM 

diagnosticado neste subgrupo de pacientes ainda baseia-se na expressão de 

receptores hormonais e de HER2, exatamente como ocorre com casos 

esporádicos da doença (Maxwell and Domchek, 2012). Já para o câncer de ovário 

associado a alterações em BRCA1 e BRCA2, Olaparib (AZD2281 ou Lynparza), 

uma droga usada no contexto de deficiência de RH, já está aprovada pelo FDA.   

 O conceito de letalidade sintética tem sido a base para o desenvolvimento 

das novas drogas direcionadas para tumores que surgem em pacientes 

diagnosticados com HBOC. Este fenômeno baseia-se na completa deficiência das 

proteínas BRCA1 ou BRCA2, que ocorre em decorrência de uma mutação 

germinativa (primeiro evento) acoplada a inativação somática do alelo selvagem 

(segundo evento), ou a partir de dois eventos somáticos, em conjunto com a 

inibição farmacológica de uma segunda proteína (Figura 9). Neste contexto, as 

drogas que encontram-se em fases mais adiantadas de estudos clínicos são as 

chamados inibidoras de PARP (Dedes et al., 2011).     

 

          

Figura 9. Mecanismo de letalidade sintética. Figura exemplificando o conceito de letalidade 

sintética entre a deficiência da proteína BRCA1 ou BRCA2  e a inibição farmacológica de PARP 

(Ashworth et al., 2011). 
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As PARPs são uma grande família de enzimas, que dentre outras funções, 

desempenham um papel central no reparo de quebras bifilamentares de DNA 

através da via de reparo por excisão de bases (Base Excision Repair, BER) 

(Ashworth, 2008). Em 2005 duas publicações simultâneas demonstraram o 

impacto da inibição da enzima PARP1 (poli ADP-ribose polimerase 1) em células 

com deficiência completa de BRCA1 e BRCA2 (Bryant et al., 2005; Farmer et al., 

2005). O tratamento destas células com Olaparib induziu altos índices de 

instabilidade genômica, parada de ciclo celular e de apoptose.  

 Atualmente, Niraparib (MK-4827), BMN 673 e Rucaparib (AG014699) são 

exemplos de drogas que encontram-se em diferentes fases de testes clínicos, e 

assim como Olaparib, baseiam-se no contexto de letalidade sintética entre BRCA 

e inibição de PARP (Sandhu et al., 2013). 

 

      1.3.4 Imunofenótipo e genômica do CM associado a mutações em 
BRCA1/2 

Carcinoma ductal invasor da mama representa o tipo histológico de câncer 

mais comum em portadores de mutações em BRCA1 e BRCA2 (Honrado et al., 

2006). Tumores diagnosticados em pacientes com mutações em BRCA1 

apresentam, geralmente, altos índices mitóticos, frequente comprometimento de 

linfonodos axilares e alto grau (aproximadamente 80% dos casos). Já tumores 

desenvolvidos por portadores de mutações em BRCA2 são mais heterogêneos, 

com aproximadamente 40% e 50% destes sendo de grau 2 e 3, respectivamente.  

Apesar do primeiro evento mutacional (mutação germinativa) que confere a 

predisposição ocorrer em genes com funções relacionadas, tumores da mama 

diagnosticados em portadores de mutações em BRCA1 e BRCA2 apresentam 

imunofenótipos distintos. Nos casos de CM relacionados a BRCA1, 

aproximadamente 70-80% são negativos para a expressão do receptor de 

estrógeno (RE), receptor de progesterona (RP) e para HER2, sendo assim 

classificados como triplo-negativos. Já casos relacionados a BRCA2 são 

majoritariamente positivos para RE (Mavaddat et al., 2012).  Além disso, alguns 

trabalhos relatam frequências similares para a expressão de RE e RP entre o 

casos associados a BRCA2 e esporádicos (Palacios et al., 2005).  
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Por muito tempo se especulou a possível relação entre fenótipo triplo-

negativo do CM e alterações no gene BRCA1. Apesar de muitas questões ainda 

não terem sido respondidas, alguns estudos in vitro demonstraram uma regulação 

direta do RE por BRCA1 (Gorski et al., 2009). Além disso, também foi 

demonstrado experimentalmente que estes tumores originam-se de células 

progenitoras do lúmen mamário, e que estas são fundamentalmente negativas 

para a expressão do RE (Molyneux et al., 2010). Alguns autores sugerem que os 

casos de CM associados a BRCA1 e positivos para a expressão do RE (20-30% 

dos casos) não estão relacionados a deficiência de BRCA1, mas sim, constituem 

doenças de caráter esporádico.   

Apesar de poucos trabalhos terem avaliado a composição das alterações 

somáticas presentes nos tumores associados aos genes BRCA1 e BRCA2, 

algumas características já são conhecidas. Estudos realizados utilizando 

sequenciamento de nova geração (do inglês Next Generation Sequencing, NGS) 

demonstraram, em um pequeno número de casos, que do ponto de vista 

molecular estes tumores são bastante heterogêneos. O único gene que parece 

estar mutado em alta frequência (80%) entre os casos associados a BRCA1 é 

TP53 (Crook et al., 1997; Martins et al., 2012). Amplificação do oncogene MYC 

também ocorre em uma parcela significativa dos casos associados tanto a 

BRCA1 quanto a BRCA2 (Palacios et al., 2003).   

Em um estudo realizado por Martins et al. (2012) a cronologia dos eventos 

moleculares do CM desenvolvido por portadores de mutações germinativas em 

BRCA1 foi investigada ao nível de células únicas (single cell approach). Através 

da análise de três principais marcadores moleculares, que incluiu mutações no 

gene TP53, perda da proteína PTEN e perda do alelo selvagem de BRCA1 (perda 

de heterozigosidade), foi demonstrado que o primeiro evento mutacional mais 

provável nestes tumores é a inativação de PTEN. Mutações em TP53 constituem 

o segundo evento mutacional mais frequente seguido por perda de 

heterozigosidade de BRCA1. O estudo também sugeriu que estes resultados 

teriam importante impacto terapêutico, visto que apenas uma pequena parcela 

dos casos apresentou perda do alelo selvagem de BRCA1 como um primeiro 

evento mutacional. Para o CM relacionado a BRCA2, até o momento nenhum 
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estudo investigou as características moleculares e a evolução clonal destes 

tumores (Martins et al., 2012).  
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Capítulo II. Justificativa e objetivos 
 

Os avanços científicos e tecnológicos da genômica revolucionaram não 

somente as áreas básicas do conhecimento, mas também, de forma translacional, 

a prática clínica. Estes avanços estão sendo aplicados diretamente nas sessões 

de aconselhamento genético, permitindo um acompanhamento mais efetivo dos 

pacientes, testes genéticos mais precisos e rápidos, delineamento de novas 

estratégias terapêuticas e a proposição de medidas redutoras de risco. Além 

disso, o surgimento de alguns consórcios internacionais como o TCGA (do inglês, 

The Cancer Genome Atlas) estão contribuindo substancialmente para a 

identificação de novos drivers de câncer e alvos terapêuticos para tipos 

específicos de neoplasias. Apesar dos avanços, poucos são os estudos que 

focam, especificamente, naqueles tumores de etiologia hereditária. Como 

consequência, tratamentos específicos para este subgrupo de pacientes são 

escassos.  Da mesma forma, estudos funcionais que visam elucidar os 

mecanismos patofisiológicos associados a mutações são realizados apenas para 

uma parcela pequena das alterações identificadas.   

No sul do Brasil, a presença de uma mutação fundadora encontrada em 

0.3% da população geral, a mutação R337H,  está relacionada a um aumento do 

risco para uma série de neoplasias do espectro da SLF/LFL. Apesar dos avanços 

no entendimento de aspectos clínicos em portadores de R337H e outras 

mutações em TP53, pouco se conhece de mecanismos funcionais associados ao 

efeito destas alterações. Além disso, estudos prévios do nosso e de outros grupos 

de pesquisa apontam para alterações bioenergéticas em pacientes com LFS/LFL, 

sendo que alguns autores sugerem que o uso de substâncias antioxidantes 

potencialmente  teriam um efeito na profilaxia do câncer nesta síndrome.  

Já em relação ao câncer de mama associado aos genes BRCA1 e BRCA2, 

alguns estudos prévios demonstraram que uma parcela destes tumores pode não 

apresentar perda somática do alelo selvagem de BRCA1 no tumor e, em outros 

casos, essa inativação pode ser subclonal. Visto que inativação completa de 

BRCA1 ou BRCA2 (dois eventos mutacionais) é necessária para deficiência 

completa do processo de reparo de DNA por RH e, consequentemente, resposta 

ao tratamento com inibidores de PARP e platinas, a identificação da frequência 
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destas alterações torna-se fundamental para predição de resposta terapêutica 

destes tumores. Além disso, estudos avaliando a composição genômica e grau de 

heterogeneidade intratumoral ainda são escassos para o câncer de mama 

hereditário associado aos genes BRCA1 e BRCA2.   

  

 Sendo assim, objetivo geral desta tese foi investigar diferentes aspectos 

genéticos/genômicos, funcionais e clínicos relacionados a mutações germinativas 

nos genes TP53, BRCA1 e BRCA2. O conteúdo apresentado aqui teve como foco 

de pesquisa duas síndromes hereditárias de predisposição ao câncer distintas, 

cada qual com seus objetivos específicos descritos a seguir: 

 

Estudo da Síndrome de Li-Fraumeni (Capítulos III-VI) 

- Investigar o papel de uma variante genética na região 3’UTR do gene TP53 em 

famílias com critérios clínicos para SLF/LFL; 

 

- Estudar o papel de alguns polimorfismos genéticos sobre a heterogeneidade das 

manifestações clínicas encontradas em portadores da mutação R337H;  

 

- Estudar o perfil metabólico e de resposta a dano de DNA em fibroblastos 

primários de pacientes portadores da mutação R337H e clássicas no gene TP53; 

 

- Avaliar  o perfil de dano de DNA e de citocinas pro e anti-inflamatórias em 

plasma de pacientes portadores da mutação TP53  R337H e controles saudáveis; 

 

- Estudar o efeito da suplementação com substâncias antioxidantes sobre o 

fenótipo bioquímico de estresse oxidativo em pacientes portadores da mutação 

TP53 R337H. 

 

Estudo do câncer de mama hereditário associado aos genes BRCA1 e 

BRCA2 (Capítulos VII e VIII) 

- Revisar aspectos clínico-histopatológicos bem como genéticos e funcionais do 

câncer de mama hereditário associado aos genes BRCA1, BRCA2 e PALB2; 



 44 

 

- Caracterizar o perfil mutacional, de variação no número de cópias e estabelecer 

a frequência clonal dos eventos somáticos em tumores de mama associados a 

mutações germinativas nos genes BRCA1 e BRCA2; 
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O trabalho desenvolvido durante o período de doutorado apresentado 

nesta tese resultou em seis artigos científicos, sendo que quatro deles foram 

desenvolvidos no Brasil, e focados em diferentes aspectos da Síndrome de Li-

Fraumeni (capítulos III-VI). Os outros dois artigos, sendo um de revisão e o outro 

original, foram elaborados durante o período de doutorado sanduíche no Memorial 

Sloan Kettering Cancer Center em Nova Iorque, e estão relacionados a análise 

genômica do câncer de mama hereditário associado aos genes BRCA1 e BRCA2 

(capítulos VII e VIII).   
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Capítulo III. Rare germline variant (rs78378222) in the TP53 3' UTR: Evidence 
for a new mechanism of cancer predisposition in Li-Fraumeni syndrome. 
 

Artigo publicado no periódico Cancer Genetics em 2016. 
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Capítulo IV. p53 signaling pathway polymorphisms, cancer risk and tumor 
phenotype in TP53 R337H mutation carriers. 

 
Artigo a ser submetido ao periódico Gene. 
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Abstract 

Li-Fraumeni and Li-Fraumeni-like syndrome (LFS/LFL) are clinically 

heterogeneous cancer predisposition syndromes characterized by diagnosis of 

early-onset and often multiple cancers with variable tumor patterns and incomplete 

penetrance. To date, the genetic modifiers described in LFS/LFL have been 

shown to map to either TP53 or its main negative regulator, MDM2. Additionally, 

all studies were focused on families with different TP53 germline mutations. 

Hence, in this study we explored the effect of the most studied polymorphisms of 

p53 pathway genes on cancer risk, age at first diagnosis and tumor type of 

individuals carrying the founder TP53 mutation R337H (n=136) and controls 

(n=186). Cancer-affected carriers had been diagnosed either with adrenocortical 

carcinoma (ACC, n=29) or breast cancer (BC, n=43). Allelic discrimation using 

TaqMan assay was used for genotyping MDM2 SNP 309 (rs2279744) as well as 

MDM4 (rs1563828) and USP7 (rs1529916) polymorphisms. We found significantly 

higher MDM2 SNP 309 GG genotype and G allele frequencies in the LFS cohort 

than in controls. Furthermore, median age at first diagnosis was earlier in GG 

carriers (MDM2 SNP309) when compared to other genotypes for both cancers 

(ACC: age 1 year vs. 2 years; BC: age 35 years vs. 43 years, respectively), 

although not statistically different. The allelic and genotypic frequencies for all 

SNPs did not differ between cancer affected and unaffected carriers, neither 

between patients with ACC or BC. In conclusion, our results suggest that MDM2 

SNP 309 may contribute to the LFL phenotype and also to an earlier age at 

diagnosis of ACC and BC cancer in carriers of the R337H founder mutation.  

 
 
 
 
 
 
 
 
 
 
 
 

Key words: TP53, R337H, Li-Fraumeni Syndrome, genetic modifiers, 
polymorphisms. 
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Introduction 
 

Li-Fraumeni Syndrome (LFS) and its variant, Li-Fraumeni-like Syndrome 

(LFL), are clinically heterogeneous cancer predisposition syndromes characterized 

by an autosomal dominant inheritance pattern, diagnosis of early-onset cancers 

and multiple primary tumors. The core tumors of LFS/LFL are bone and soft-tissue 

sarcomas, central nervous system tumors, breast cancer (BC) and adrenocortical 

carcinoma (ACC) (Li and Fraumeni, 1969b; Li and Fraumeni, 1969a; Li et al., 

1988). Currently, germline mutations in the TP53 gene are the only known genetic 

alterations underlying LFS/LFL (Malkin et al., 1990). 

In Southern and Southeastern regions of Brazil, a specific mutation in the 

TP53 gene, R337H (c.1010G>A, p.ArgR337His), has been reported to occur at a 

high frequency both at population level and among individuals with clinical criteria 

for LFS/LFL (Achatz et al., 2007; Palmero et al., 2008; Custódio et al., 2013). 

Carriers display a wide range of cancers, within and beyond the spectrum of core 

tumors of the syndrome, but tumor penetrance appears to be lower than that 

observed in carriers of DNA-binding domain (DBD) mutations (Ribeiro et al., 2001; 

Achatz et al., 2007; Palmero et al., 2008; Giacomazzi et al., 2013). The Arginine 

residue at codon 337 is a critical part of an alpha-helix motif involved in the protein 

oligomerization. Functional data have shown that the replacement of arginine by 

histidine disrupts the tetramer form in a pH-dependent manner, making the domain 

unable to oligomerize in conditions of slightly elevated pH (DiGiammarino et al., 

2002). Some authors have suggested that this peculiarity could explain, at least in 

part, the reduced penetrance observed in R337H carriers (Malkin, 2011) 

The p53 protein acts as a transcriptional factor that, in response to stress, 

regulates the expression of an array of different genes involved in growth arrest, 

DNA repair, apoptosis, metabolism and senescence (Vousden and Prives, 2009). 

Variations in p53 (multiple protein isoforms and/or mutant proteins) and in their 

partners are thought to underlie the wide range of clinical manifestations observed 

in the syndrome both within and between families. For instance, single nucleotide 

polymorphisms (SNPs) in the TP53 and MDM2 genes, a negative regulator of p53, 

have been associated to earlier age at cancer diagnosis in carriers of TP53 

germline mutations (Bougeard et al., 2006; Marcel et al., 2009).  



 61 

Although significant progresses have been made in our understanding of 

the molecular biology of p53 and clinical/epidemiologic features of LFS/LFL, 

knowledge on risk modifiers and its effect on phenotype are still incomplete. Thus, 

in the present study we aimed to investigate whether selected SNPs in MDM2, 

MDM4 and USP7 were associated with cancer risk, age at first diagnosis and 

specific tumor types in carriers of the germline TP53 mutation R337H. 

  

Material and Methods 

Subjects 

For this study a total of 136 subjects were recruited from families attending 

Cancer Risk Evaluation clinics in the Hospital de Clinicas de Porto Alegre (Porto 

Alegre, Brazil), Hospital do Câncer A.C. Camargo (São Paulo, Brazil) and Hospital 

do Câncer de Barretos (Barretos, São Paulo). The LFL group included cancer-

unaffected R337H mutation carriers (n=60); R337H mutation carriers with a 

previous diagnosis of ACC (n=29); and R337H mutation carriers with a previous 

diagnosis of BC (n=43). In addition, a control group consisted of cancer-unaffected 

individuals with no family history of cancer in first or second degree and without 

the R337H mutation (n=186). Controls were recruited from a community based BC 

prevention program in Southern Brazil (Caleffi et al., 2009). The institutional ethics 

committees of participating institutions approved the study and all participants 

provided written informed consent before recruitment.   

 

Polymorphism analyses 

 Genomic DNA was extracted from white blood cells or non-tumoral tissue 

using commercial kits (Illustra Blood genomicPrep Mini Spin Kit, GE Healthcare 

and DNA FFPE Kit, FFPE Qiagen). Mutation testing was previously performed 

using Sanger sequencing of the entire coding region (exons 2-11) of TP53 

according to standard protocols 

(p53.iarc.fr/download/tp53_directsequencing_iarc.pdf).  

 TaqMan allelic discrimination analyses were performed according to 

Applied Biosystems standard protocols (Applied Biosystems, Carlsbad, USA). The 

analyzed SNPs were as follows: MDM4 rs1563828 (C_9493064_10), USP7 
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rs1529916 (C_9688119_1), and MDM2 rs2279744 for which a custom-made 

TaqMan assay was made, using forward primer 5′-

CGGGAGTTCAGGGTAAAGGT-3′, reverse primer 5′-

ACAGGCACCTGCGATCATC-3′, VIC probe 5′-CTCCCGCGCCGAAG-3′ and FAM 

probe 5′-TCCCGCGCCGCAG-3′ (Applied Biosystems). PCR cycling reactions 

were performed on an ABI StepOne System (Applied Biosystems) and consisted 

of initial denaturation at 95°C for 15 min, 40 cycles with denaturation 95°C for 15 s, 

and then annealing and extension at 60°C for 1 min. 

Statistical analyses 

 Descriptive statistics was used to determine allelic and genotypic 

frequencies. Differences in the genotype distribution and Hardy-Weinberg 

equilibrium were assessed by chi-square analysis. Comparison of the age at first 

cancer diagnosis according to polymorphism status was assessed by the non-

parametric Kruskal-Wallis and Mann–Whitney tests. A p-value of less than 0.05 

was considered statistically significant. SPSS V.18.0 (SPSS Inc., Chicago, IL) was 

used for data handling and for all analyses. 

 

Results 

Clinical characteristics of TP53 R337H carriers and non-carriers enrolled in 

the study are shown in Table 1. Of the 136 carriers, 60 (44%) were cancer-

unaffected, 29 (21%) had a previous diagnosis of ACC, 43 (32%) of BC and 4 

(3%) developed other tumors. As expected, the median age of ACC diagnosis was 

earlier (2.5 years; InterQuartile Range (IQR) 1.0-6.7) than that found in BC cases 

(42 years; IQR 36-50). In cancer-unaffected and controls, the median age at 

recruitment was 33 (IQR 24-45) and 52 (IQR 47-57), respectively.  

The genotypic and allele frequencies of MDM2, MDM4 and USP7 SNPs 

among R337H carriers (with and without cancer) and controls are presented in 

Table 2. First, we compared the distribution of genotypes and alleles between all 

R337H mutation carriers, regardless of personal history of cancer, and non-

carriers (control group). The genotypic and allelic distribution between groups did 

not differ significantly for MDM4 and USP7 SNPs. In contrast, MDM2 SNP309 
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(T>G) was significantly associated to presence of the mutation for both, allelic 

(p=0.014) and genotypic (p=0.042) frequencies.  

Second, we analyzed the overall impact of each SNP on cancer risk in the 

group of R337H mutation carriers, irrespective of the cancer type. No statistically 

significant differences in the allelic and genotypic frequencies of each SNP were 

found between R337H carriers with and without cancer, indicating similar 

frequencies among these groups (Table 2). Since the mean age at recruitment of 

cancer-unaffected R337H mutation carriers was earlier than that found in the BC 

group, meaning that some of these subjects may still develop BC, when we 

investigated the role of the SNPs on cancer risk we considered two different 

scenarios: 1) cancer unaffected versus all cancer-affected; and 2) cancer 

unaffected versus ACC group. Similar allelic and genotypic frequencies were 

observed in these comparisons.  

Moreover, median age at first diagnosis was earlier in GG carriers (MDM2 

SNP309) when compared to others genotypes for both cancers (age of 23 years 

vs 37 years), and also separately (ACC: age of 1 year vs 2 years; BC: age of 35 

years vs 43 years, respectively, although with no significant difference. For MDM4 

and USP7 gene SNPs, we did not find any pattern regarding to age at first 

diagnosis (Table 3). 

Finally, we investigated the distribution of genotypes/alleles of the three 

SNPs according to tumor type among cancer-affected R337H mutation carriers.  

Although there were no differences on genotypic and allelic frequencies between 

ACC- and BC-affected carriers (Table 4) for any of the polymorphisms 

investigated, the USP7 rs1529916 AG genotype was found in about 52% of ACC 

cases in comparison to 30% of the BC cases. Hardy-Weinberg equilibrium was 

achieved for all polymorphisms in both cases and control group.  

 

Discussion  

Mdm2, Mdm4 and Usp7 are three critical p53 regulators. Mdm2 and Mdm4 

degrade p53 through the binding and polyubiquitination of the protein, blocking its 

activity as transcriptional factor (Lee and Gu, 2010). On the other hand, Usp7 play 

a role as a deubiquitinase, regulating the stability of p53 and the p53-binding 
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protein Mdm2. (Li et al., 2004; Brooks et al., 2007; Perry, 2010). Given the central 

role of these proteins on p53 signaling, in this study we investigated the impact of 

the most studied SNPs in the MDM2, MDM4 and USP7 genes on clinical 

manifestation (cancer risk, age at first diagnosis and tumor type) of TP53 R337H 

mutation carriers.  

To date, only a few genetic alterations have been shown to modify the 

LFS/LFL phenotype. Among these, a 16 bp duplication in the TP53 gene, PIN3 

(polymorphism intron 3), has been described as the germline variant with 

strongest modifier effect. In a study published by Marcel et al. the authors have 

found that cancer diagnosis occurred 19 years later in TP53 germline mutation 

carriers with the 16 bp duplicated allele (Marcel et al., 2009). With regard to SNPs 

in TP53-related genes, although conflicting results, several publications have 

demonstrated the impact of MDM2 SNP309 (T>G), a SNP located in the promoter 

region of MDM2, on earlier age of tumor onset in LFS patients carrying 

predominantly TP53 DBD mutations (Ruijs et al., 2007; Tabori et al., 2007; Pinto et 

al., 2009; Renaux-Petel et al., 2014).  

Here, although not statistically significant, MDM2 G/G genotype was found 

in higher frequency in ACC cases, usually a tumor of early-onset, than BC cases 

(27.6% vs. 15.4%, respectively). In the same way, age at diagnosis was lower in 

MDM2 SNP309 GG carriers when compared to other genotypes. The fact that 

none statistically significant differences were observed between these 

comparisons might be explained by the lack of statistic power. In this context, it 

would be required to genotype at least thirty-five subjects in each genotype in 

order to identify a difference of 10 years in the age at diagnosis, taking into 

account the dispersal of ages observed in this study (with 80% power and 5% 

alpha). We can also hypothesize that MDM2 SNP309 has a limited contribution 

when isolated assessed. In fact, Renaux-Petel et al. have only observed an effect 

of MDM2 SNP309 GG genotype on age of tumor onset when haplotype analyses 

were performed. The authors showed that MDM2 SNP309 along with MDM2 

SNP285 (MDM2 285-309 G-G) develop tumors 5 years earlier than patients 

harbouring other haplotypes (Renaux-Petel et al., 2014). In contrast, Wu et al. 

using a robust and reliable statistical method to evaluate cancer risk attributable to 
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a measured hereditary susceptibility gene in family studies did not find a 

statistically significant interaction between MDM2 SNP309 G allele and TP53 

mutation on cancer incidence (Wu et al., 2011). 

Interestingly, we observed an enrichment of the MDM2 SNP309 G allele in 

the R337H mutation carriers group (regardless of personal history of cancer) when 

compared to controls (p=0.014), suggesting that this SNP may contribute to the 

LFL phenotype in families carrying the R337H germline mutation. Similar to our 

findings, Ruijs et. al showed higher percentage of SNP309 homozygotes (G/G) in 

TP53-negative LFS and LFS-related patients when compared to the general 

populations. The authors suggested that SNP309 G polymorphism act as an 

additional disease-causing factor (Ruijs et al., 2007). 

We also did not observe a significant association between MDM4 

rs1563828 and USP7 rs1529916 polymorphisms with cancer risk, age at first 

diagnosis and tumor type in R337H mutation carriers. Although we have found a 

higher frequency of USP7 rs1529916 AG genotype in ACC cases, its potential role 

on cancer type in R337H mutations should be investigated in a larger series of 

patients and with other TP53 germline mutation in order to confirm its potential role 

as a genetic modifier. If confirmed, these findings may have important clinical 

implications.  

 Our study has several limitations that must be considered in the 

interpretation of the results. Although the relatively small sample size, due to the 

rarity of the syndrome, this is one of the largest cohorts used in the context of 

genetic modifiers of LFS/LFL. In addition, we investigated just one SNP of each 

gene and the haplotype analyses have not been performed at this time. Finally, 

differently of MDM2 SNP309, the mechanistic basis of a potential negative effect 

of MDM4 and USP7 on p53 signaling remains unknown. On the other hand, a 

positive aspect of our study is the homogeneity of the cases. Here, all patients 

were carriers of a particular germline mutation, the TP53 R337H. Due the 

particularities found in the clinical presentation of DBD mutation and R337H 

carriers, we believe that different SNPs in genes of the p53 pathway may affect the 

p53 function in different ways. To our knowledge, this is the first study to 

investigate genetic modifiers in LFL patients carrying the same germline mutation.  
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The information about polymorphisms with modifier effect of the LFS/LFL 

phenotype may have important implications in the cancer risk assessment. 

Although several reports showing the impact of MDM2 SP309 on clinical 

manifestations of LFS families carrying mostly TP53 DBD mutations, our data 

indicate that this functional SNP may also play a role on age at first diagnosis in 

patients carrying the R337H germline mutation. The enrichment of G allele and 

GG genotype in LFL patients, regardless of personal cancer history, also suggest 

that MDM2 SP309 may have an additive impact on LFL phenotype. Haplotype 

analyses as well as a larger number of patients are needed in order to confirm our 

findings  

 

 

Table legends: 

 

Table 1. Clinical features of TP53 R337H carriers and controls. 

 

Table 2. Distribution of MDM2, MDM4 and USP7 polymorphisms among TP53 

R337H mutation carriers (affected or not by cancer) and controls. 

 

Table 3. Distribution of mean age at first cancer diagnosis according to both 

polymorphism genotypes and cancer type.  

 

Table 4. Distribution of MDM2, MDM4 and USP7 polymorphisms in TP53 R337H 

carriers, according to tumor type.  
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Table 1. 

   
 Controls

ACC BC Cancer-unaffected

Number of patients 29 43 60 186

Age at diagnosis/recruitment,

Median (IQR) 2.5	(1-6.7) 42 (36-50) 33 (IQR 24-45) 52 (IQR 47-57)

* four patients developed other tumors

R337H mutation carriers 

 

 

 

Table 2.  

Polymorphisms Controls

P cancer 

vs. no 

cancer

P cases 

vs. 

controls

non cancer cancer

MDM2

TT 18 (30.0) 25 (34.7) 79 (42.5) 0,600 0.042

TG 26 (43.3) 33 (45.8) 83 (44.6)

GG 16 (26.7) 14 (19.4) 24 (12.9)

TG + GG 42 (70.0) 47 (65.3) 107(57.5) 0.697 0.074

G 0.483 0.427 0.352 0.014

MDM4

TT 12 (20.0) 16 (21.3) 25 (13.5) 0.799 0.115

TC 28 (46.7) 38 (50.7) 87 (47.0)

CC 20 (33.3) 21 (28.0) 73 (35.5)

TC+TT 40 (66.7) 54 (72.0) 112 (60.5) 0.630 0.119

T 0.433 0.466 0.370 0.217

HAUSP

AA 5 (8.3) 5 (6.6) 13 (7) 0.792 0.983

AG 26 (43.3) 30 (39.5) 75 (40.5)

GG 29 (48.4) 41 (53.9) 97 (52.4)

GA + AA 31 (51.7) 35 (46.1) 88 (47.6) 0.633 0.954

A 0.300 0.263 0.273 0.648

TP53 R337H carriers (cases)

N(%)
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Table 3. 

Polymorphisms Adrenocortical carcinome   Breast cancer   All cancer cases   

  n (%) Median (IQR) P n (%) Median (IQR) P n (%) Median (IQR) P 

MDM2                   

TT 8 (28.5) 2 (0.7-5.25) 0.415* 
15 

(38.5) 43 (37-48) 0.638* 23 (34.3) 37 (3-46) 0.481* 

TG 13 (46.5) 3 (1.5-10.5)   
18 

(46.2) 42 (35-52)   31 (46.3) 32 (6-44)   

GG 7 (25.0) 1 (1.0-5.0)   6 (15.4) 35 (25-60)   13 (19.4) 23 (1-41)   

TG + GG 20 (72.4) 2,5 (1.5 - 9.2) 0.412** 
24 

(61.5) 41 (32-56) 0.452** 44 (65.3) 28 (3.2-42) 0.534* 

MDM4                   

TT 4 (14.3) 2.5 (1.2-38.2) 0.620* 
11 

(26.2) 44 (19-57) 0.891* 15 (21.4) 40 (22-50) 0.456* 

TC 15 (53.6) 2 (1-6)   
19 

(45.2) 42 (37-50)   34 (48.5) 36 (2-43)   

CC 9 (32.1) 5 (0.8-11)   
12 

(28.6) 40 (36-54)   21 (30.0) 32 (5.5-42)   

TC+TT 19 (67.9) 2 (1-6) 0.487** 
30 

(71.4) 42 (36-50) 0.770** 49 (70.0) 36 (3-45.5) 0.667** 

HAUSP                   

AA 2 (7.1) 3-22 0.446* 3 (7.0) 36-39 0.821* 5 (7.0) 39 (19.5 - 42.5) 0.442* 

AG 14 (50.0) 1.5 (1-10.2)   
13 

(30.2) 40 (36-54)   27 (38.0) 29 (1-42)   

GG 12 (42.9) 3 (1-5.7)   
27 

(62.8) 43 (32 -47)   39 (55.0) 36 (6-46)   

GA + AA 16 (57.1) 2 (2.40.2) 0.888** 
16 

(37.2) 39.5 (36.2 - 37.7) 0.900** 32 (45.1) 36 (2-42) 0.293** 

Interquartile Range (IQR)                   

**Mann-Withney test                   

*Kruskal-Wallis Test                   
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Table 4.  

Polymorphisms 
Adrenocortical 

carcinoma Breast cancer P 

MDM2       

TT 7 (27.6) 15 (38.5) 0.408 

TG 13 (44.8) 18 (46.2)   

GG 8 (27.6) 6 (15.4)   

TG + GG 21 (72.4) 24 (61.5) 0.498 

MDM4       

TT 5 (17.2) 11 (26.2) 0.672 

TC 15 (51.7) 19 (45.2)   

CC 9 (31) 12 (28.6)   

TC+TT 20 (69.0) 30 (71.4) 1,000 

HAUSP       

AA 2 (6.9) 3 (7.0) 0,172 

AG 15 (51.7) 13 (30.2)   

GG 12 (41.4) 27 (62.8)   

GA + AA 17 (58.6) 16 (37.2) 0,122 
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Abstract 

Background: Li-Fraumeni Syndrome (LFS) is a familial cancer predisposition 

syndrome associated with TP53 germline mutations and characterized by high risk 

for multiple early-onset cancers. While many TP53 mutations occur at hotspot 

within the DNA biding domain of the protein, studies in families from Southern and 

Southeastern Brazil have identified a frequent penetrant founder TP53 mutation, 

R337H, occurring in the C-terminal oligomerisation domain. Here we have 

investigated redox metabolism and DNA damage response, two essential 

biological processes controlled by p53, in primary fibroblasts of Brazilian LFS 

subjects carrying R337H or classical “hotspot” TP53 mutations. Methods: Primary 

fibroblast cultures from patients with TP53 genotypes R337H/WT (n=3), 

R337H/R337H (n=1), G245S/WT (n=1), R273H/WT (n=1) and from subjects with 

wild-type TP53 (controls, n=3) were studied. DNA damage was induced using 

UVB (0.2 W/m2) or ionizing irradiation (IR) (1 Gy). DNA damage responses were 

assessed using a multiplexed enzymatic DNA repair assay on biochip and redox 

metabolism was analyzed with high-resolution respirometry and conventional 

methodologies. Results: Compared to wild-type controls, fibroblasts with mutant 

TP53 appeared to have higher levels of Reactive Oxygen Species (ROS) and this 

effect was more marked for R337H/R337H cells than for cells harboring 

heterozygote mutations. Increased mitochondrial respiration was seen exclusively 

in fibroblasts of a patient carrying a hotspot mutation (R273H). DNA repair 

activities in response to UV or IR damage showed that activities in R337H 

heterozygote cells were essentially comparable to control cells, whereas 

R337/R337H cells exhibited significantly increased repair activities at 24h after 

damage, suggesting the persistence of significant DNA damage in these cells. 

Interestingly, all mutant p53 fibroblasts showed higher repair activity of 

apurinic/pyrimidinic (AP) sites, a DNA lesion caused mainly by intensive ROS 

exposure. Conclusions: These results show that normal cells from LFS subjects 

have an hyperoxic phenotype characterized by high ROS levels, associated with a 

tendency for slower repair and more persistent DNA damage.  These results 

suggest that anti-oxidant prevention may have an impact to reduce cancer risk in 

LFS.  
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Introduction 

 Li-Fraumeni syndrome (LFS) is a rare hereditary disorder that greatly 

increases the risk of developing several early-onset cancers, including sarcoma, 

brain tumours, adrenal cortical carcinoma and early breast cancer1. The only 

known genetic defect underlying LFS is germline TP53 mutation, which is 

commonly found in about 30% of the families matching current clinical criteria2. 

The vast majority of germline TP53 mutations are distributed in highly conserved 

regions encoding exons 5-8, corresponding to the DNA-binding domain (DBD) of 

p53 (http://www-p53.iarc.fr/index.html). The main mutational hotspots are R175, 

G245, R248, R249, R273 and R282, all resulting in missense substitutions that 

directly hamper DNA binding3.  

 It is estimated that germline TP53 mutations occur at an average frequency 

of 1/10,000-1/25,000 births4. In Southern and Southeastern Brazil, however, a 

founder TP53 mutation has been detected in many families that show 

predisposition to at least some of the cancers of the LFS spectrum5,6. This 

mutation, R337H (c.1010G>A, p.Arg337His), is thought to occur in about 1/300 

births in Southern Brazil7,8. Unlike hotspot mutations, it affects an arginine residue 

located in the oligomerisation domain (OD) of p53. This domain mediates the 

association of p53 into tetramers, the preferred configuration for high-affinity 

binding to DNA9. Structure prediction and biochemical studies suggest that R337H 

precludes correct p53 oligomerisation at intracellular pH in the higher physiological 

range (7.5-8.0)10,11. However, the precise mechanistic impact of this mutation on 

p53 protein activities is still unknown. 

 The p53 protein is a crucial tumor suppressor which regulates multiple anti-

proliferative pathways in response to diverse stress signals, including genotoxic 

damage, physical stress, oncogene activation and nutrient or oxygen 

deprivation12. The protein is a transcription factor which binds to response 

elements (REs) in regulatory regions of multiple target genes, including genes 

mediating cell cycle arrest, apoptosis, autophagy, senescence, and DNA repair13. 

In recent years, it has emerged that p53 is a major regulator of cell bioenergetic 

metabolism that promotes oxidative phosphorylation, dampens glycolysis, and 

controls the intracellular production of ROS 14-16, raising the hypothesis that 

http://www-p53.iarc.fr/index.html
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constitutive TP53 deficiency in LFS may cause a metabolic cancer-prone 

syndrome. Indeed, mice with disrupted trp53 alleles show severe impairment of 

oxidative metabolism. Quite surprisingly, however, TP53 mutation carriers have 

increased mitochondrial function and oxidative phosphorylation of skeletal muscle 

as compared to non-carrier controls17. Compatible with these observations, we 

have observed that R337H mutation carriers had increased indicators of plasma 

protein and lipid damage associated with altered anti-oxidant balance, as 

compared to non-carriers18. Thus, presence of a germline TP53 mutation appears 

to cause a baseline defect in redox metabolism, which in turn may increase the 

formation of oncogenic DNA damage, thus increasing the probability of developing 

early cancer. 

In this study, we have used primary fibroblasts derived from TP53 mutation 

carriers to investigate the impact of constitutive germline TP53 mutation on p53-

dependent responses regulating oxidative metabolism and DNA repair.  We have 

used fibroblasts derived from patients carrying typical hotspot p53 mutations 

(R273H, R245G) as well as from patients carrying the Brazilian founder mutation 

R337H. Although germline TP53 mutation is usually inherited as an heterozygous 

trait (one mutant and one wild-type allele), in Brazil, the high population 

prevalence of R337H causes rare cases of bi-allelic (homozygous) mutations 

inherited from parents who are both carriers8, and we have also used primary 

fibroblasts derived from such a patient. To investigate DNA damage responses, 

we have applied innovative biochip assays for measuring excision/synthesis and 

base-excision repair activities towards several common types of DNA lesions 

(Exy-SPOT and Glyco-SPOT assays, LX Repair, Grenoble, France). Our results 

further demonstrate that germline TP53 mutation causes disruption of baseline 

redox metabolism and results in imbalance in DNA repair, and that the extent of 

these effects may differ between hotspot mutations in the DNA-binding domain 

and R337H mutation in the C-terminal oligomerisation domain. 

 

Material and methods 

Subjects, fibroblast cultures and ethical aspects 
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 Primary fibroblast cultures were obtained by skin biopsy. Briefly, skin 

fragments of 2 mm in diameter from 9 different individuals were collected under 

aseptic conditions and immediately transferred to sterile Petri dishes containing 

HAM-F10 cell culture medium plus 20% fetal bovine serum (FBS). These 

fragments were cut into several pieces and then transferred to the polystyrene cell 

culture flask Falcon T25 type containing HAM-F10 cell culture medium plus 20% 

FBS. When cells from the skin fragments presented adequate growth, they were 

detached from the bottom of the flask with 0.25% trypsin-EDTA and transferred to 

two new sterile flasks containing DMEM cell culture medium plus 10% FBS and 

kept in incubators at 37 °C. 

 TP53 genotypes of the eight individuals biopsied were: R337H/WT (n=2), 

R337H/R337H (n=1), G245S/WT (n=1), R273H/WT (n=1) and WT/WT (n=3). All 

individuals recruited for this study had been previously ascertained as being 

carriers or non-carriers of TP53 germline mutations by standard sequencing 

protocols (http://www-p53.iarc.fr/Download/TP53_DirectSequencing_IARC.pdf). All 

patients were in remission and/or asymptomatic for at least 36 months at the time 

of inclusion in the study. The study was approved by the Institutional Ethics 

Committee of Hospital de Clínicas de Porto Alegre under protocol number 10-

0405. All participants were recruited only after informed consent (provided by legal 

representatives in the case donors aged less than 18 years).  

 

Cell culture and DNA damage induction 

Fibroblasts (3-6 passages) were grown in humidified incubators at 5% CO2 

and 37°C and maintained in DMEM medium that was prepared with 1% 

penicillin/streptomycin and supplemented with 10% fetal bovine serum (all 

reagents were from Gibco Laboratories, USA). Cultured cell flasks from each 

subject with distinct TP53 genotypes were exposed either to UVB (0.2W/m2) or 

ionizing radiation (IR) at a dose of 1 Gy (treated cells) or not irradiated (untreated 

controls). Treated cells were used for DNA damage response experiments and 

untreated cells were used for metabolism analyses as well as for DNA damage 

response experiments.  

 

http://www-p53.iarc.fr/Download/TP53_DirectSequencing_IARC.pdf
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ROS production and Mitochondrial density 

ROS production was measured by immunofluorescence using the DCF-DA 

(20, 70-dichlorodihydrofluorescein diacetate) probe19,20. Briefly, the culture 

medium was removed and 10 µM DCF-DA was added. Fluorescence was 

measured in a plate reader (Spectra Max GEMINI XPS, Molecular Devices, USA) 

with excitation at 485 nm and emission at 520 nm. Mitochondrial density was 

obtained by using MitoTracker Orange CMTMRos (Molecular probes M-7510, 

Oregon, USA). Briefly, cells were washed in PBS 1X and then incubated for 30 

min in growth medium containing 300nM of probe. After staining the solution was 

replaced by fresh prewarmed media21. Cells were visualized in a fluorescence 

microscope (BX51; Olympus, Tokyo, Japan). 

 

Cellular oxygen consumption 

Cellular oxygen consumption was quantified by high-resolution respirometry 

using the Oroboros® Oxygraph-2K (Oroboros Instruments, Innsbruck, Austria). 

Respiration was measured at 37ºC with about 0,7-1,5 million intact fibroblasts in 

each chamber containing 2 mL of DMEN (without fetal bovine serum). Flux control 

ratios (FCRs) were calculated to express respiratory control independent of 

mitochondrial content and cell size. FCRs were normalized for maximum flux in a 

common reference state, to define theoretical lower and upper limits of 0.0 and 

1.022. 

 

DNA repair activities and data treatment 

The fibroblasts from each individual were plated in six 125cm2 flasks for 

DNA damage response experiments. Two flasks were treated with UVB, two 

treated with IR and the two remaining were used as untreated controls. Twenty-

four hours after treatments, cells were trypsinized and pelleted by centrifugation at 

2000 rpm for 10 min. The pellets were suspended in DMEM medium with 10% 

DMSO and frozen in liquid nitrogen until the preparation of cell extracts. Cell 

nuclear extracts were prepared as previously described23 and protein content was 

determined using the BCA kit (Interchim, Montlucon, France). Two distinct repair 

assays were performed using two different biochips23,24. The first assay (Exy-
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SPOT) enables the quantification of excision/synthesis repair activities towards six 

different lesions, including: photoproducts (cyclobutane pyrimidine dimers and 6-4 

photoproducts; CPD-64), 8-oxoguanine (8-oxoG), alkylated bases (AlkB), cisplatin 

adducts (CisP), abasic sites (AbaS) and cytosine and thymine glycols (glycol)23. 

The second assay (Glyco-SPOT) enables the quantification of base- excision 

repair activities for the following target lesions: 8-oxoguanine paired with A, A 

paired with 8-oxoguanine, ethenoadenine, thymine glycol, uracil (paired either with 

G or A), hypoxanthine and abasic site24. Results were expressed as the ratio of 

(fluorescence intensity) FI obtained for each lesion and treatment condition 

between the treated (T) and non-treated (NT) samples. Raw values from DNA 

repair intensity estimates were transformed in order to share the scale among the 

different assays and Z scores were calculated relative to the average of subgroups 

tested in each case. Unsupervised clustering analysis was performed in R 

(https://www.r-project.org/) and a multi-scale resampling approach accessed the 

stability of the clustering using the package pvclust25 which executes a bootstrap 

analysis (n=1000) and counts how many times a given cluster can be observed 

from the bootstrap subsamples (the approximate unbiased p-values (AU) and 

bootstrap probability p-values (BP) are expressed as percentages and indicate 

how strongly the cluster is supported by the data). 

 

Protein analysis by Western Blot 

Treated (IR) and untreated fibroblasts were collected and lysed 24 hours 

after DNA damage induction and prepared for western blotting as previously 

described, with minor modifications18,26. Primary antibodies used were: 

Glutathione peroxidase 1 (1:500, Cell Signalling, Beverly, MA), Superoxide 

dismutase 2 (1:1000, Cell Signal ling, Beverly, MA), Apurinic/apyrimidinic (AP) 

endonuclease (1:500, Cell Signal ling, Beverly, MA) and TP53-inducible glycolysis 

and apoptosis regulator (TIGAR) (1:500, Santa Cruz Biothecnology). β-actin 

(1:70000) was used as an endogenous control and the band density was analyzed 

using the ImageJ software. 

 

 

https://en.wikipedia.org/wiki/Endonuclease
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Results 

Baseline cell metabolism analysis  

 Figure 1a summarizes the characteristics of the primary fibroblasts donors 

who participated to this study, including their TP53 genotypes. The age of the 

donors ranged from 14 to 55 years. Carriers of R337H included one carrier without 

cancer diagnosed at the age of 41 years and two carriers who developed adrenal 

cortical carcinoma in early childhood. Among these two patients, one was 

heterozygote and the other homozygote for the mutation. Schematic diagram 

(Figure 1b) and tridimensional structure (Figure 1c) of the p53 protein indicating 

domains and mutation location are also shown. The familial and clinical profile of 

this patient has been documented elsewhere. Of note, this patient does not appear 

to show a more severe clinical pattern than heterozygote mutation carriers.  

 To study the functional impact of different p53 mutants on baseline cell 

metabolism (minimal stress from cell culture in the absence of irradiation 

treatments), we first investigated several parameters of mitochondrial physiology 

in primary fibroblast cultures from patients carrying distinct TP53 mutations and 

from controls. As shown in Figure 2a, fibroblasts expressing p53 mutant had 

higher baseline levels of Reactive Oxygen Species (ROS) than fibroblasts with 

wild-type p53. The increase in ROS levels as compared to controls was lower for 

heterozygote carriers (average: +33% in R337H heterozygotes, +50% in 

heterozygote carriers of hotspot mutations, p=0.013 and p=0.199, respectively). In 

contrast, a much higher increase (+159%, p=0.009) was seen in the fibroblasts 

from the homozygote R337H carrier. Additionally, SOD2 and GPX1, two 

antioxidant proteins, were detected at consistently higher levels in R337H 

homozygote (both) and heterozygote (only SOD2) fibroblasts, suggesting 

antioxidant response to increased ROS production (Figure 2b).  

 We next performed high-resolution respirometry (HRR) in intact cells to 

examine mitochondrial function. Although some variations were detected, all 

parameters (routine, ATP-linked, extramitochodrial, reserve and maximal 

respiration as well as H+ leak) were essentially similar in fibroblasts from R337H 

heterozygote and homozygote carriers, as compared to controls. In the R273H 

heterozygote fibroblasts, however, all parameters were significantly increased, 
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demonstrating a clear increased in mitochondrial oxidative activity (Figure 2c and 

d). Notably, mitochondrial density was consistently increased in fibroblasts from 

TP53 mutation carriers than in fibroblasts from noncarriers (Figure 2e). Overall, 

these results suggest that constitutive TP53 mutation is associated with an 

increase in intracellular ROS production, which may in turn result from enhance 

mitochondrial oxidative activity. While this effect is marginal in R337H 

heterozygote cells, probably due to partial compensation by the remaining wild-

type TP53 allele, it is much stronger in homozygote mutant cells, probably due to 

the compound effect of the biallelic mutation.  

  

DNA repair analysis in response to DNA damage 

 In a previous study, we have shown increased ROS-induced damage to 

lipid and proteins in the plasma of TP53 mutation carriers18. To determine whether 

increased ROS levels may also impact on DNA repair in response to DNA 

damage, we next studied the impact of germline mutations on DNA damage 

response in primary fibroblasts submitted to UVB or ionizing radiation (IR). DNA 

repair was analyzed using biochip-based assays that detect and quantify the 

capacity of cell extracts to perform the repair of specific lesions in DNA fragments 

immobilized on a matrix (see methods). Using these assays, we investigated 

nucleotide excision repair (NER) activities (CPD and 6-4PPs, Pso lesions) and 

base excision repair (BER) activities (8oxoG, AlkB, AbaS and glycol lesions) in 

untreated cells and after UVB or IR-induced DNA damage. Principal Component 

Analysis (PCA) analysis of the DNA repair of different lesions in distinct conditions 

is shown in Figure S1. The axis of the analysis successfully discriminated the 

fibroblasts by separating the three cellular conditions: non-treated, UVB and IR, 

indicating that treatments were effective.  

 Results for NER activities (Exy-Spot assay, Figure 3a and b) clearly 

distinguished between two different types of responses to DNA damage among 

the tested primary fibroblast cultures. With UV (Figure 3a), WT/WT (control) and 

R337H/WT fibroblasts retained constant or even slightly decreased DNA repair 

activities for all lesions 24h after treatment. In contrast heterozygote hotspot 

mutants and the R337H homozygote fibroblasts showed increased DNA repair 
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activities 24h after treatment. With IR (Figure 3b), only R337H homozygote 

fibroblasts showed increased DNA repair activities 24h after treatment, in contrast 

to all heterozygote fibroblasts as well as controls showing the same DNA repair 

activity as at baseline (untreated fibroblasts).  

 Results for BER activities showed that DNA repair activities 24h after 

treatment were identical to baseline for all lesions except apurinic/pyrimidinic (AP) 

sites (THF-A), at type of DNA lesions caused mainly by ROS attack, in TP53 

mutated fibroblasts when compared to controls (Figure 4a-c). In contrast to  

WT/WT fibroblasts in which unchanged repair activity after UVB and IR treatments 

was observed, p53 mutant cell showed high repair activity of THF-A, indicating 

that in the latter cells a substantial DNA damage response was still ongoing at 24h 

after treatment.  Western blot analysis of Ape1 protein levels, the enzyme that 

recognizes abasic sites, revealed that in response to DNA damage (IR), Ape1 was 

downregulated in mutant p53 fibroblasts when compared to controls (Figure 4d). 

 

Discussion 

 It is well known that p53 is a tumor suppressor protein that responds to 

multiple stress signals by inducing cell cycle arrest, apoptosis and senescence13. 

In recent years, a number of studies have shown that in addition to these 

functions, p53 also operates as a regulator of cell oxidative metabolism and 

energy production27-29 Although hundreds of studies have characterized the role of 

the wild-type p53 and its multiple tumor suppression activities30-32, the functional 

impact of mutant p53, especially those found in Li-Fraumeni patients, is not 

completely understood. Thus, here we aimed to characterize the functional impact 

of TP53 germline mutations identified in Brazilian families, especially the R337H 

founder mutation. Our data indicate an hyperoxic phenotype characterized by high 

ROS levels, associated with a tendency for slower repair and more persistent DNA 

damage in normal cells (fibroblasts) from LFS patients. 

 Recently, we have shown that subjects who carry the TP53 R337H in their 

germline have higher levels of several parameters of oxidative stress as well as 

alterations in their antioxidant content in plasma when compared to subjects who 

do not carry a TP53 mutation18. In the present study, we provided further evidence 
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of oxidative imbalance in Li-Fraumeni syndrome. The increased ROS production 

found in all mutant p53 fibroblasts when compared to controls corresponds at cell 

level to the hyperoxic phenotype previously observed in blood. Although not 

common to all mutated p53 cells, GPX1 and SOD2 protein expression appear to 

be higher in mutant cells than in controls, with a remarkable GPX1 expression in 

fibroblasts from the R337H homozygote carrier. These results suggest an 

antioxidant response to increased ROS production. Our findings are also in 

agreement to the initial description of the wild-type p53 role on ROS 

downregulation. In this study Sablina et al. demonstrated that wild-type p53 up 

regulates several genes with antioxidant functions, including GPX1 and sestrins. 

The authors also found that mutant p53 increased intracellular ROS leading to 

genomic instability and karyotype abnormalities33. Taking together, these findings 

indicate that R337H and at least some DBD (e.g R273H) mutations result in a 

hyperoxic phenotype probably due to an antioxidant deficiency.  We can also 

conclude that this effect is attenuated by the remaining TP53 wild-type, so that it is 

subtle in R337H heterozygote cells, but remarkable in R337H homozygote 

fibroblasts.  

  The role of p53 in mitochondrial respiration and glucose metabolism is 

emerging15. Several studies have found that p53 can limit glycolytic flux through a 

number of mechanisms, such as gene repression of glucose transporters, insulin 

receptor, phosphoglycerate mutase (PGM) and TP53-induced glycolysis and 

apoptosis regulator (TIGAR). On the other hand, p53 seems to promote oxidative 

phosphorylation (OXPHOS), therefore, favoring the use of TCA for energy 

production16. Wang et al. demonstrated increased mitochondrial function 

associated to high levels of mitochondrial transcription factor A (TFAM) and the 

synthesis of cytochrome c oxidase 2 (SCO2), two mitochondrial biogenesis 

regulators, in cultured lymphocytes and myoblasts from p53 DBD mutation 

carriers. Increased mitochondrial function was also supported by studies in LFS 

mouse model (Wang et al., 2013). Thus, our study was designed to verify whether 

this metabolic phenotype is also found in a mutant outside of the DBD of p53, such 

as R337H. Although all p53 mutant fibroblasts appear to have higher mitochondrial 

biomass, in agreement with previous findings17, substantial oxygen consumption 
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was not seen in R337H heterozygote and homozygote cells, but in R273H 

fibroblasts (DBD mutation). Moreover, while R33H7 heterozygote cells showed 

similar profile to wild-type p53 cells in most of parameters, R337H homozygote 

fibroblasts were characterized by lower production of ATP and higher H+ Leak 

(linked to ROS production). As expected, all parameters except reserve respiration 

capacity were higher in the DBD p53 mutated fibroblasts, meaning that these cells 

are using almost all of their maximal respiration to produce the same percentage 

of ATP than wild-type or R337H heterozygote cells. Thus, our results suggest that 

DBD mutations are associated to an increase in the oxygen consumption rate 

(gain-of-function), while R337H (OD mutation) is associated exclusively to 

antioxidant function deficiency (loss-of-function).  

 Although several in vitro studies have been performed to predict response 

and potential consequences of radiation exposure in LFS/LFL patients34-36, to the 

best of our knowledge this is the first study to investigate repair of specific DNA 

lesions/pathways in a context of inherited p53 defects. Here, we observed distinct 

DNA repair patterns, according to DNA damage inducing treatment used and 

TP53 genotype. Fibroblasts carrying a DBD mutation (G245S) showed a poor 

DNA repair capacity for all lesions in response to both UVB and IR. In fact, the 

G245S mutant protein has been shown to cause a local conformation distortion 

and it is unable to bind to p53 target response elements37,38. Several other studies 

also reported impaired apoptotic response and G1/G2 arrest after DNA damage 

induced by radiation in LFS patient-derived cells carrying DBD mutations39-41. With 

regard to R337H mutation, DNA damage seems to persist 24 hours after 

treatment, with a more pronounced DNA repair activity in homozygote cells. In 

contrast, p53 wild-type fibroblasts repair DNA very quickly and are back to 

baseline at a time mutant cells are still repairing DNA lesions. Although our 

functional analyses reveal differences between R337H homozygous and 

heterozygous fibroblasts, from a clinical point of view TP53 R337H homozygote do 

not have a more severe disease phenotype than do heterozygote carriers5. Overall 

DNA damage response experiments show that DNA repair is slower and maybe 

partial in LFS fibroblasts. It may be due to ROS damage overwhelming the DNA 

repair machinery, but additional experiments are needed in order to confirm it.  
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 The Glyco-SPOT assay revealed a higher excision rate of 

apurinic/pyrimidinic (AP) sites (THF-A) in all mutant p53 fibroblasts when 

compared to their wild-type counterparts. Interestingly, AP sites are DNA lesions 

caused mainly by ROS attack42, so this  aligned with our observation of increased 

ROS production in p53-mutated cells. Although we have observed increased AP 

sites repair in p53 mutant fibroblasts, Ape1 (Apurinic/Apyrimidmic Endonuclease 

1) expression, a protein that plays a central role in base excision repair (BER) 

pathway, appeared to be downregulated in response to IR in cells from Li-

Fraumeni patients. In fact, it has been shown recently that DNA damage 

accumulation activates p53, which in turn triggers a downregulation of APE1 

(Poletto et al., 2016).  

 Our data provide evidence to suggest that R377H (OD) is associated with 

impaired redox homeostasis and sustained DNA repair activity, with a remarkable 

hyperoxic phenotype in R337H homozygote fibroblasts. Moreover, while the TP53 

R337H mutant appears to impair exclusively the antioxidant function of p53, a 

DBD mutation (R273H) also cause gain-of-function in terms of oxygen 

consumption rate. Although we observed similarities in the DNA damage response 

from R337H heterozygotes when compared to wild-type TP53 cells, R337H 

homozygous fibroblasts show an entirely different DNA repair response. These 

findings provide further evidence of a defective bionergetic profile in LFS, which 

may in turn be associated to cancer development. 
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Figure S1.  

                         

Figure S1. Principal component analysis (PCA). Correlation circle of principal 

component analysis (PCA) performed on the interaction between the different 

DNA lesions and treatments. Neighboring arrows reflect strong correlations 

between the different lesions in the same treatment. IR (Ionizing radiation); NT 

(non-treated). 
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Figure 1. Clinical features of subjects and mutation location in carriers.  (a) 

Patient information including family, gender, current age, genotype, cancer type 

and age at diagnosis. # indicate dead. Schematic diagram (b) and tridimensional 

structure (c) of p53 protein, indicating domains and mutations evaluated in this 

study (G245S, R273H and R337H).  
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Figure 2. Mitochondrial physiology parameters. (a) ROS production. Each bar 

represents the mean ± standard deviation for experiments performed in triplicate, 

*P<0.05 (b) TIGAR, GPX1 and SOD2 expression in baseline conditions (c) Flux 

Control Rate (FCR) showing reserve, ATP-linked respiration as well as H+ leak (d) 

Panel showing the rates of oxygen consumption by fibroblasts controls (n=2), 

WT/R337H (n=2), R337H/R337H (n=1) and WT/R273H (n=1) (e) Immunostaining 

showing mitochondrial density in fibroblasts from subjects carrying different TP53 

mutations.  
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Figure 3. DNA damage response (Exy-SPOT). Heatmap and clustering analysis 

of Exy-SPOT assay showing DNA damage response after (a) UVB treatment (b) 

IR treatment. AU, Approximate Unbiased p-values; BP, Bootstrap Probability p-

values. 
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Figure 4. DNA damage response (Glyco-SPOT). (a) Box-plot showing the repair 

of different DNA lesions in wild-type and mutated p53 fibroblasts in nontreated and 

after UVB and IR treatment. Heatmap and clustering analysis of Glyco-SPOT 

assay showing DNA damage response after (b) UVB treatment (c) IR treatment. 

(d) Ape1 protein expression. 
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Capítulo VI. Inflamação e efeito de substâncias antioxidantes sobre o 
fenótipo bioquímico de estresse oxidativo em portadores da mutação 
R337H. 

 
Dados em preparação. 
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Os resultados apresentados nesta sessão da tese encontram-se em fase de 

análises laboratoriais e não serão apresentados no formato de artigo.  No 

entanto, uma breve introdução sobre o tema, descrição de nossa hipótese 

de pesquisa, bem como os objetivos do estudo e resultados preliminares 

serão descritos, como segue abaixo. A discussão referente aos achados 

deste capítulo será apresentada na discussão final da tese (página 173). 

 

 Motivados pelo estudo de Sablina et al. (2005), que demostrou pela 

primeira vez a função central de p53 na regulação do metabolismo celular redox, 

nós recentemente investigamos parâmetros de estresse oxidativo em plasma de 

indivíduos portadores da mutação R337H (denominado P) em comparação com 

indivíduos não portadores de mutações no gene TP53 (denominado NP). Dentre 

os principais achados, foi demonstrado que o grupo P apresentava um aumento 

significativo no dano oxidativo tanto a proteínas (P = 0.46 ± 0.10, NP = 0.23 ± 

0.05, P = 0.035) quanto a lipídios (P = 160.5 ± 0.88, NP = 40.20 ± 0.71, P < 

0.0001) em relação ao grupo NP. Além disso, a investigação de parâmetros 

antioxidantes demonstrou que P apresentam baixa dosagem de ácido ascórbico 

(P = 2.33 ± 0.15, NP = 3.84 ± 0.15, P < 0.0001) e um aumento no conteúdo total 

de antioxidantes não enzimáticos (P = 1.47 ± 0.04, NP = 1.30 ± 0.04, P = 0.007), 

sugerindo uma resposta antioxidante adaptativa ao estresse metabólico. Estes 

achados foram independentes da história pessoal de câncer, indicando que as 

alterações encontradas são um efeito direto da mutação e não da manifestação 

da doença. Nossos resultados demonstraram, pela primeira vez, que uma 

mutação em TP53 estava associada a uma perda da função antioxidante de p53, 

induzindo assim, um fenótipo bioquímico de estresse oxidativo.  De maneira 

complementar, os resultados apresentados no capítulo V desta tese (estudo 

funcional da mutação R337H) confirmaram estes achados a nível celular. 

 Sendo assim, nosso objetivo neste estudo foi verificar o efeito da 

suplementação com diferentes substâncias antioxidantes (N-acetilcisteína, 

Coenzima Q10 e Idebenona) sobre o fenótipo bioquímico de estresse oxidativo 

identificado em portadores da mutação R337H. Para tanto, um estudo clínico do 

tipo randomizado, duplo-cego e placebo-controlado foi delineado. No total foram 
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recrutados 30 indivíduos, sendo 14 portadores da mutação R337H e 16 não 

portadores de mutações em TP53. Coletas de sangue periférico para isolamento 

de plasma foram realizadas antes e após o período de suplementação (14 dias). 

A fim de verificar o potencial efeito destas substâncias, biomarcadores de dano 

oxidativo a proteínas, como conteúdo de carbonilas e ácido ditionitrobenzóico 

(DTNB), e lipídios, incluindo conteúdo de malondialdeído (MDA) e ácido 

tiobarbitúrico (TBA-RS), foram avaliados nestes dois momentos.  

 Além disso, devido a bem descrita associação entre estresse oxidativo e 

inflamação, 30 marcadores inflamatórios, incluindo citocinas, quimiocinas e 

fatores de crescimento, foram dosados em plasma antes do início das 

suplementações.  

 

 

 

Figura 1. Figura esquemática mostrado o delineamento do estudo. Parâmetros inflamatórios 

foram dosados apenas na coleta 1 e marcadores de estresse oxidativo nas coletas 1,2,3,4.  

 

 

 

 

 

 

 

 

 

 

 

 

    Coleta 1 

Fase 1  

Coleta 2 

Fase 1  
Coleta 3 

Fase 2  
Coleta 4  
Fase 2 

N-acetilcisteína x Placebo Coenzima Q10 x Idebenona 

t=0 t=0 t=14 dias t=14 dias 

Wash out:  
7 dias 



 98 

Tabela 1. Características clínicas dos indivíduos portadores da mutação R337H e 

controles recrutados para o estudo.   

      R337H carriers Controls 

      (N=14) (N=16) 

   Mean (Min - Max) 

Age   42,7 (20,1 - 63,8) 53,4 (22,7 - 73,8) 

   N (%) 

Gender     

 Female  9 (64) 15 (94) 

 Male  5 (36) 1 (6) 

Previous cancer diagnosis   

 Yes  0 (0) 11 (69) 

 No  14 (100) 5 (31) 

Smoking     

 Never  12 (86) 11 (69) 

 Current  0 (0) 0 (0) 

 Past  2 (14) 5 (31) 

In-use medications    

 Yes  12 (86) 13 (81) 

 No  2 (14) 3 (19) 

Affected by adverse effects   

 Phase I  8 (57)
1
 8 (50)

3
 

 Phase II  6 (43)
2
 4 (25)

4
 

Adhesion (%)   Mean (Min - Max) 

 Phase I  95,2 (78 - 100) 93,8 (82 - 100) 

  Phase II   92,7 (62 - 100) 94,1 (78 - 100) 

 
(1) Six cases with effects possibly non-related to treatment; in one case the causal 
relation cannot be excluded, and in one case the relationship between treatment 
and effect was not described. 
(2) Two patients with effects possibly non-related to treatment. Two patients did 
not attend to this phase. 
(3) Four patients with effects possibly non-related to treatment and two with effects 
non-related to treatment. In two patients the causal relation cannot be excluded. 
(4) Two patients without information regarding adverse effects. One patient had an 
adverse effect possibly related to treatment, and other one had an effect related to 
treatment. In two cases the relationship between treatment and effect was not 
described. One patient did not attend to this phase. 
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Tabela 2. Dosagens de citocinas, quimiocinas e fatores de crescimento em 

portadores da mutação R337H e controles.  

Controls R337H carriers p

n=21 n=18 (Mann-Whitney Test)

Median (IR 25-75)/ Median (IR 25-75)/

(Mean ± SD) (Mean ± SD)

FGF-Basic 7.20 (3.9-12-13) 9.69 (3.24-18.36) 0.352

IL-1b 7.83 (4.61-15.40) 7.82 (2.90-15.45) 0.685

G-CSF 136.2 ± 65.53 161.8 ± 60.28 0.226†

IL-10 11.46 (3.32-34.36) 11.60 (2.43-41.24) 0.789

IL-13 12.48 (11.30-21.24) 11.84 (8.10-36.06) 0.837

1L-6 4.16 (1.82-7.18) 4.89 (2.15-9.90) 0.573

IL-12 143.7 ± 46.07 202.7 ± 50.97 0.001*†

RANTES 1,300.78 (454.73-2,875.54) 11,487.30 (559.25-3,307.93) 0.398

EOTAXIN 33.19 (20-39.72) 28.14 (16.94-37.42) 0.499

IL-17 4.67 (3.56-8.30) 7.45 (4.77-11.69) 0.199

MIP-1a 39.56 (32.44-49.71) 45.07 (39.76-49.68) 0.155

GM-CSF 1.20 (0.56-6.32) 2.72 (0.43-14.26) 0.545

MIP-1b 52.07 (32.01-87.91) 54.35 (42.34-72.01_ 0.899

MCP-1 225.41 (185.42-284.56) 241.33 (246.60-256.60) 0.888

IL-15 54.33 (25.99-95.73) 54.32 (37.21-118.26) 0.642

EGF 13.34 (6.85-21.92) 10.93 (9.24-27.26) 0.642

HGF 156.26 (108.62-190.77) 176.79 (120.38-263.30) 0.304

VEGF 3.74 (2.43-4.56) 3.51 (1.38-5.66) 0.579

IFN-Y 41.36 (19.64-50.17) 49.24 (34.51-51.99) 0.147

IFN-a 5.69 (3.40-7.93) 6.87 (5.66-8.56) 0.220

IL-1RA 121.57 (83.36-201.40) 140.34 (124.00-230.07) 0.176

TNF-a 3.72 (2.05-6.35) 3.85 (3.14-5.12) 0.455

IL-2 3.51 (2.57-6.25) 4.08 (3.26-9.53) 0.367

IP-10 21.83 (13.04-34.19) 21.70 (15.82-32.83) 0.778

IL-2R 179.84 (119.13-256.27) 193.51 (158.45-280.75) 0.266

MIG 74.58 (33.16-86.75) 66.23 (48.74-92.11) 0.978

IL-4 4.29 (2.66-6.49) 4.02 (2.99-6.42) 0.858

IL-8 9.59 (8.53-13.00) 11.77 (9.26-16.26) 0.091

IR Interqualtile Range; p<0.05; † Student’s T Test

Cytokines and growth 

factors

 

 
 Abaixo são apresentados os resultados da primeira fase do ensaio clínico 

(Fase 1) em que portadores e não portadores da mutação R337H foram 

randomizados quanto ao uso de N-acetilcisteína (900mg/dia) ou placebo 

(900mg/dia). Conforme mencionado anteriormente, conteúdo de carbonilas, 

DTNB, TBA-RS e MDA foram dosados antes e após 14 dias de suplementação.  
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All data are expressed in mean ± standard error (SE) and the level of significance was set at 0.05.  P<0.05 (*). 
Number of analyzed samples: Controls/NAC, n=9; R337H/NAC, n=7; Controls/Placebo, n=8; R337H/Placebo, 
n=6. Legend: before and after period of supplementation. 
 
 

 
All data are expressed in mean ± standard error (SE) and the level of significance was set at 0.05.  P<0.05 (*). 
Number of analyzed samples: Controls/NAC, n=9; R337H/NAC, n=7; Controls/Placebo, n=6; R337H/Placebo, 
n=7. Legend: before and after period of supplementation. DTNB, (5,5'-dithiobis-(2-nitrobenzoic acid). 

 
 

 
All data are expressed in mean ± standard error (SE) and the level of significance was set at 0.05.  P<0.05 (*). 
Number of analyzed samples: Controls/NAC, n=8; R337H/NAC, n=7; Controls/Placebo, n=7; R337H/Placebo, 
n=7. Legend: before and after period of supplementation. MDA, Malondialdehyde.  
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All data are expressed in mean ± standard error (SE) and the level of significance was set at 0.05.  P<0.05 (*). 
Number of analyzed samples: Controls/NAC, n=9; R337H/NAC, n=6; Controls/Placebo, n=8; R337H/Placebo, 
n=7. Legend: before and after period of supplementation. TBA-RS, Thiobarbituric Acid Reactive Substances.  
 
 
 Na segunda fase do ensaio clínico (Fase 2) portadores e não portadores da 

mutação R337H foram randomizados quanto ao uso de Coenzima Q10 

(1200mg/dia) ou Idebenona (900mg/dia). Da mesma forma que na primeira fase 

do estudo, conteúdo de carbonilas, DTNB, TBA-RS e MDA foram dosados antes e 

após 14 dias de suplementação.  

 
 

 
All data are expressed in mean ± standard error (SE) and the level of significance was set at 0.05.  P<0.05 (*). 
Number of analyzed samples: Controls/Idebenone, n=6; R337H/Idebenone, n=5; Controls/Coenzyme Q10 
n=8; R337H/Coenzyme Q10, n=7. Legend: before and after period of supplementation. 
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All data are expressed in mean ± standard error (SE) and the level of significance was set at 0.05.  P<0.05 (*). 
Number of analyzed samples: Controls/Idebenone, n=8; R337H/Idebenone, n=5; Controls/Coenzyme Q10, 
n=6; R337H/Coenzyme Q10, n=7. Legend: before and after period of supplementation. DTNB, (5,5'-dithiobis-
(2-nitrobenzoic acid). 
 

 

 
All data are expressed in mean ± standard error (SE) and the level of significance was set at 0.05.  P<0.05 (*). 
Number of analyzed samples: Controls/Idebenone, n=8; R337H/Idebenone, n=4; Controls/Coenzyme Q10, 
n=7; R337H/Coenzyme Q10, n=7. Legend: before and after period of supplementation. MDA, 
Malondialdehyde.  
 
 

 
All data are expressed in mean ± standard error (SE) and the level of significance was set at 0.05.  P<0.05 (*). 
Number of analyzed samples: Controls/Idebenone, n=8; R337H/Idebenone, n=5; Controls/Coenzyme Q10, 
n=8; R337H/Coenzyme Q10, n=7. Legend: before and after period of supplementation. TBA-RS, 
Thiobarbituric Acid Reactive Substances 
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Capítulo VII. Pathology of BRCA1/2 and PALB2 related cancer. 
 

Artigo a ser publicado no periódico Endocrine-related cancer em 2016 (convite ao 
Dr. Jorge Reis-Filho). 
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Abstract 

Germline mutations in BRCA1 and BRCA2 (BRCA1/2) genes confer high risk of 

developing tumors, most notably breast and ovarian cancer. Since the cloning of 

these tumor suppressor genes more than two decades ago, a significant amount 

of research has been done. More recently, monoallelic loss-of-function mutations 

in PALB2 (Partner and Localizer of BRCA2) have also been shown to increase the 

breast cancer risk. The recognition of BRCA1, BRCA2 and PALB2 as proteins 

involved in the DNA double-strand break repair by homologous recombination 

(HR) and of the impact of complete loss of BRCA1/2 within tumors have allowed 

the development of novel therapeutic approaches for this subgroup of patients. 

Despite the advances, especially in the translation of PARP inhibitors to clinic, key 

gaps remain. Now, new roles for BRCA1/2 are emerging and old concepts, such 

as the classical two-hit hypothesis for tumor suppression have been questioned, at 

least for some BRCA functions. Here we review aspects regarding the cancer 

predisposition, cellular functions, histological and genomic findings in BRCA1/2 

and PALB2-related tumors, as well as describe an up-to-date of the evolution and 

challenges faced by PARP inhibitors from bench to bedside.   
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BRCA1/2 and PALB2 genes: mutations and associated phenotypes 

BRCA1/2 and PALB2-associated phenotypes 

Hereditary Breast and Ovarian Cancer (HBOC) syndrome is a highly 

penetrant autosomal dominant disorder accounting for 5-7% of breast cancers 

(BCs) and 8-13% of epithelial ovarian cancers (EOCs), caused by germline 

mutations in either BRCA1 or BRCA2 genes (Liu, et al. 2012; Roy, et al. 2012). In 

BRCA1 mutation carriers the average cumulative risks of breast and ovarian 

tumors by the age of 70 years is 65% and 39%, respectively, whereas in BRCA2 

mutation carriers the corresponding estimates are 45% and 11% (Antoniou, et al. 

2003). Additionally, women who carry BRCA1 germline mutations also have 

increased risk of developing fallopian tube and peritoneal cancers (Brose, et al. 

2002; Finch, et al. 2006); men carrying BRCA1 or BRCA2 mutations have a higher 

risk of prostate cancer(Levy-Lahad and Friedman 2007); and patients with BRCA1 

or BRCA2 mutations also may be at increased risk of pancreatic cancer 

(Consortium 1999; Ferrone, et al. 2009; Thompson, et al. 2002). More recently, 

monoallelic loss-of-function mutations in PALB2 (Partner and Localizer of BRCA2) 

were found to confer predisposition to cancer, with a mean risk of BC in females of 

35% by 70 years of age (Antoniou, et al. 2014; Rahman, et al. 2007). Based on 

data from different populations, PALB2 germline mutations appear to account for 

approximately 1.1% of all familial aggregation of BC (Rahman et al. 2007). PALB2 

has also been reported as a susceptibility gene for pancreatic cancer (Jones, et al. 

2009b; Slater, et al. 2010; Tischkowitz, et al. 2009). 

BRCA1, BRCA2 and PALB2 germline mutations also contribute for risk of 

developing male breast cancer (MBC) (Levy-Lahad and Friedman 2007; Rahman 

et al. 2007; Thompson et al. 2002). Although corresponding for less than 1% of all 

BC cases, a significant proportion of MBCs arise in a setting of familial BC 

(Anderson and Badzioch 1992; Hemminki and Vaittinen 1999; Weiss, et al. 2005). 

Pathogenic germline mutations in BRCA2 and PALB2 have been found in 5-40% 

(Basham, et al. 2002; Ding, et al. 2011; Thorlacius, et al. 1997) and 1-2% (Ding et 

al. 2011), respectively, of all MBCs. On the other hand, the association between 

BRCA1 germline mutations and MBC is not very well established, although several 

studies have demonstrated that BRCA1 germline mutations may contribute to a 

http://www.cancer.gov/Common/PopUps/popDefinition.aspx?id=CDR0000045687&version=Patient&language=English
http://www.cancer.gov/Common/PopUps/popDefinition.aspx?id=CDR0000386215&version=Patient&language=English
http://www.cancer.gov/Common/PopUps/popDefinition.aspx?id=CDR0000445079&version=Patient&language=English
http://www.cancer.gov/Common/PopUps/popDefinition.aspx?id=CDR0000044521&version=Patient&language=English


 107 

small fraction of MBC cases (Csokay, et al. 1999; Ottini, et al. 2009; Sverdlov, et 

al. 2000). Frank et al. reported BRCA1/2 germline mutations in 28% of men with 

BC, of which a substantial proportion (8 of 22) occurred in BRCA1(Frank, et al. 

2002). 

Unlike what found in hereditary BC, in which monoallelic mutations are 

associated to increased predisposition to several tumors, another genetic disorder 

is caused by biallelic mutations in a set of DNA repair genes, including BRCA1/2 

and PALB2 (Howlett, et al. 2002; Reid, et al. 2007; Sawyer, et al. 2015). Fanconi 

anemia (FA) is a rare recessive genetically heterogeneous chromosomal instability 

disorder characterized by congenital and developmental abnormalities and a for 

high predisposition to cancers (especially leukemia) (Tischkowitz and Hodgson 

2003). FA is divided into several complementation groups according to mutated 

gene (Mathew 2006). Biallelic mutations in BRCA2 (also referred as FANCD1) 

gene are identified in around 3-5% of FA cases and are associated to a high risk 

of very aggressive embryonal tumors in early childhood (mostly medulloblastomas 

and nephroblastomas) and/or acute leukemia (Meyer, et al. 2014; Reid, et al. 

2005). The cumulative probability of any tumor in these patients was found to be of 

97% by age 5.2 years (Alter, et al. 2007). Reid et al., identified PALB2 (also 

referred as FANCN) pathogenic mutations in families affected with FA and 

childhood cancer, characterizing a new subtype of the disease (Reid et al. 2007).  

More recently, it has been reported that biallelic BRCA1 mutations also cause a 

Fanconi anemia-like phenotype (Sawyer et al. 2015). 

 

BRCA1/2 and PALB2 mutations 

Located on the long arm of chromosome 17 at 17q21 (Miki, et al. 1994), the 

BRCA1 tumor suppressor gene is composed of 24 exons encoding for a protein of 

1863 amino acids (Connor, et al. 1997; Teng, et al. 2008). BRCA2 gene maps to 

chromosome 13 (13q12.3) (Connor et al. 1997) and consists of 27 exons coding 

for 3418 amino acids (Tavtigian, et al. 1996). The largest exon in both genes is 

exon 11, which harbors the vast majority of the mutations identified in patients with 

BC. Most of them are frameshift mutations resulting in missing and nonfunctional 

proteins (Al-Mulla, et al. 2009). 

http://www.au-kbc.org/research_areas/bio/projects/bcinfo/glossary/glos.html#dic13
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The overall prevalence of BRCA1/2 mutation carriers is estimate to be from 

1 in 400 to 1 in 800, but varies considerably between ethnic groups (Whittemore et 

al. 1997; Ford et al. 1995). For instance, in the Ashkenazi Jewish population two 

common mutations in the BRCA1 gene (c.68_69delAG, formerly known as 

185delAG, and c.5266dupC, also known as 5382insC) and one common mutation 

in BRCA2 gene (c.5946delT, formerly known as 6174delT) are highly prevalent 

(approximately 2%) (Gabai-Kapara, et al. 2014; Struewing, et al. 1997). The most 

common types of deleterious mutation found in BRCA1/2 are small frameshift 

deletions or insertions, nonsense and splice site mutations (Borg, et al. 2010). 

Interestingly, the genomic regions of both BRCA1 and BRCA2 genes are 

composed by a very high density of repetitive DNA elements, comprising 

approximately 47% of BRCA1 (42% Alu sequences and 5% non-Alu repeats) and 

BRCA2 (20% Alu and 27% LINE and MER repetitive DNA) sequence (Welcsh and 

King 2001). Given these characteristics, it is not surprising that Alu-mediated 

genomic rearrangements within both genes have been observed. Nevertheless, 

large rearrangements have been estimated to occur in 0-40% of carriers, 

depending of the population, and should be investigated when initial sequencing 

analysis not sensitive for their detection are reported as negative (Ewald, et al. 

2009).  

A large number of rare germline variants has been reported throughout both 

genes according to the Breast Cancer Information Core website (BIC) 

(approximately 1800 mutations in BRCA1 and 2000 mutations in BRCA2), and the 

vast majority have not been reported as recurrent (Breast Cancer Information 

Core; www.research.nhgri.nih.gov/bic). Moreover, in the absence of any clearly 

pathogenic variant, around 15% of DNA sequencing of the BRCA1 and BRCA2 

genes result in the identification of Variants of Uncertain Significance (VUS), which 

include missense changes, small in-frame deletions or insertions, as well as 

alterations in non-coding or in untranslated regions (Plon, et al. 2008). 

Identification of VUS has become a major challenge when tailoring genetic 

counseling and disease prevention strategies related to HBOC syndrome (Cheon, 

et al. 2014).  

http://www.research.nhgri.nih.gov/bic
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The spectrum of PALB2 mutations is similar to that found in BRCA1 and 

BRCA2 genes, in which protein truncating mutations are distributed throughout the 

coding regions. However, in contrast to its partners, there is no evidence of the 

pathogenicity of missense mutations and their role in BC predisposition (Southey, 

et al. 2013). Interestingly, in the Finnish population only one single mutation in 

PALB2 was described (c.1592delT). This founder mutation occurs in 0.2% of the 

general populationand it is associated with a 6-fold increased risk of BC (Erkko, et 

al. 2008; Erkko, et al. 2007; Haanpää, et al. 2013). 

 

Biological functions and impact of mutations  

BRCA1/2 and PALB2 functions 

Few years after the discovery of BRCA1 and BRCA2 genes, many studies 

were able to show aspects regarding the physical and functional interactions made 

by BRCA proteins in several biological processes, especially in the DNA damage 

response and maintenance of the chromosomal stability (Venkitaraman 2001). 

Although BRCA1 and BRCA2 have clearly different biochemical functions, the 

precise mechanisms by which these proteins protect chromosome integrity in not 

completely understood. The differences in terms of intracellular localization during 

the cell cycle, the complexity of partners that have been reported to interact with 

BRCA proteins and the dynamic nature of these properties according to cellular 

signals suggest that BRCA1 and BRCA2 belong to a subset of proteins that work 

as “hubs” (Venkitaraman 2014). More recently, the functional interaction of PALB2 

and BRCA proteins as well as its role in DNA damage response has been partially 

revealed (Xia, et al. 2006; (Sy, et al. 2009) 

The protein products of the BRCA1 and BRCA2 genes have been 

recognized as crucial for an effective DNA repair of double-strand breaks (DSBs) 

(Moynahan, et al. 1999; Moynahan, et al. 2001). DSB is one of the most cytotoxic 

types of DNA damage and potentially trigger genome rearrangements and cell 

death (Stracker, et al. 2013). The DSB repair is mainly played by homologous 

recombination (HR) and nonhomologous end-joining (NHEJ), two DNA repair 

pathways differentially regulated depending on the phase of the cell cycle and 

nature of the damage (Burma, et al. 2006; Mao, et al. 2008; Sonoda, et al. 2006). 
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HR, a vital DNA repair pathway that uses the undamaged sister chromatid to 

repair replication-associated DSBs, is a largely error free pathway especially 

important during the S and G2 phases of the cell cycle. HR involves proteins (e.g 

ATM/ATR) that can detect broken ends (sensors), repair the damage (e.g BRCA2 

and RAD51) (effectors) and connect both (e.g CHK2 and BRCA1) (mediators) 

(Roy et al. 2012). PALB2 is immediately downstream of BRCA1 and it has been 

shown to be required for efficient DNA repair by HR and also as a linker between 

BRCA1 and BRCA2 (Zhang, et al. 2009). PALB2 absence prevents recruitment of 

BRCA2 and RAD51 to the DSBs site (Sy et al. 2009; Xia, et al. 2006). 

In addition to HR, NHEJ DNA repair pathway may be activated as an 

alternative mechanism of DSBs repair (Brandsma and Gent 2012). NHEJ is active 

throughout the cell cycle (favored in G1 cell) and promotes direct ligation of the 

DSB ends, but in an error-prone manner, frequently resulting in small insertions, 

deletions and translocations (Lieber 2010). Although there are conflicting results 

concerning the role of BRCA1 in the NHEJ, this DNA repair pathway has been 

reported to be unaffected in a BRCA1-deficiency context (Baldeyron, et al. 2002; 

Gudmundsdottir and Ashworth 2006). This may be due, at least in part, to the 

differential involvement of this protein in the NHEJ subpathways. Some studies 

support the promoting role of BRCA1 in precise NHEJ, while being a negative 

regulation of error-prone NHEJ (Wang, et al. 2006). So far, it seems that BRCA2 

and PALB2 are not required for NHEJ DNA repair (Metzger, et al. 2013; Xia, et al. 

2001). 

It’s remarkable that BRCA1/2 and PALB2-deficient cells exhibit 

spontaneously single sister chromatid breaks, quadri and triradial chromosomes 

as well as translocations, large deletions, and fusions involving non-homologous 

chromosomes (Moynahan 2002; Nikkilä, et al. 2013; Shen, et al. 1998; Yu, et al. 

2000). Mostly important, DSBs seem to be the typical structural aberrations found 

in BRCA-deficient cells, suggesting that HR is important for tumor suppression 

(Venkitaraman 2014). Thus, cells that lack either BRCA1/2 or PALB2 repair the 

lesions by a error-prone mechanism, such as NHEJ (Obermeier, et al. 2015; Tutt, 

et al. 2005). This shift is in agreement with aneuploid features and frequently 

compromised chromosome segregations found in the cells (Venkitaraman 2014). 
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Taken together, these data revealed that BRCA and PALB2 proteins play an 

important role in the maintenance of genomic stability, wherein deficiency of these 

proteins promotes chromosomal instability and carcinogenesis. 

More recently, based on the broad variability of abnormalities found in 

BRCA knockout and mutated cells, several new functions for BRCA1 and BRCA2 

genes have emerged. BRCA1 has been implicated in the mitotic spindle-pole 

assembly, via BRCA1/BARD1 complex.  The potent ubiquitin E3 ligase activity of 

this interaction seems to be fundamental for TPX2 accumulation, a major spindle 

organizer. This previously unrecognized function likely contributes to its 

chromosome stability control and tumor suppression (Joukov, et al. 2006). 

Inactivation of BRCA2 also leads to weakened spindle assembly and aneuploidies, 

suggesting a role of BRCA2 in the spindle assembly checkpoint and kinetochore 

stability (Choi, et al. 2012). Moreover, BRCA2 also seems to protect the length of 

nascent strand of DNA from degradation at stalled replication forks, since BRCA2-

deficient hamster cells show newly synthesized DNA strands substantially shorter 

compared to wild-type BRCA2 cells (Schlacher, et al. 2011). Several other studies 

have also suggested a role for BRCA proteins in chromatin remodeling (Ye, et al. 

2001), gene expression (Hill, et al. 2014), telomere protection (Badie, et al. 2010; 

French, et al. 2006) and heterochromatin maintenance (Zhu, et al. 2011). 

However, whether these emerging BRCA function are required for tumor 

suppression is unknown. 

 

The two-hit model of carcinogenesis 

Over 40 years ago, Alfred Knudson proposed a model of carcinogenesis in 

which recessive mutations in a tumor suppressor gene are required for tumor 

development (also called Knudson’s “Two Hit” Hypothesis) (Knudson 1971). 

Although this has been accepted for many years, recent new data have shown 

that inactivation of both alleles may not be a rate-limiting step for some tumor 

suppressor genes (Berger, et al. 2011). Haploinsufficiency is one of the 

mechanisms that may explain phenotypes arising in tumors or normal cells 

heterozygous for such mutations. This phenomenon characterized by reduction in 

the gene dosage lead to changes of cellular process that may contribute to 
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tumorigenesis (Santarosa and Ashworth 2004). In agreement with the Knudson 

hypothesis, seminal studies in mice model showed that complete Brca1, Brca2 

and Palb2 deficiency results in early embryonic lethality.  Interestingly, Brca1, 

Brca2 and Palb2 heterozygous mice could not be distinguished from wild-type, 

corroborating the classic recessive model for tumor suppression, at least in animal 

models (Gowen, et al. 1996; Rantakari, et al. 2010; Sharan, et al. 1997). 

In contrast to mice, women heterozygous for BRCA1/2 and PALB2 germline 

mutations are predisposed to several tumors (Antoniou et al. 2003; Antoniou et al. 

2014; Liu et al. 2012; Roy et al. 2012) and biallelic mutations in these genes result 

in Fanconi anemia (Howlett et al. 2002; Reid et al. 2007; Sawyer et al. 2015). 

Although BRCA1/2 and PALB2 have been considered bona fide tumor suppressor 

genes, whose complete loss-of-function due to loss, mutation or gene promoter 

methylation of the wild-type allele is required for carcinogenesis (Ashworth, et al. 

2011; Bowman-Colin, et al. 2013; Narod and Foulkes 2004), new evidence has 

challenged this notion and demonstrated that heterozygote mutations in these 

genes may have an impact in cellular biology, affecting DNA repair function and 

perhaps enabling the development of tumors in humans. Moreover, it is still 

unclear whether inactivation of the wild-type allele is essential for tumor initiation 

or occurs stochastically. 

Several studies have shown that although loss of the wild-type allele (loss 

of heterozygosity, LOH) is common in BRCA-BCs, not all breast tumors display 

such characteristic, suggesting that at least a subset of the BRCA1/2-mutated BCs 

can develop in absence of LOH (Martins, et al. 2012; Osorio, et al. 2002; Palacios, 

et al. 2003; Stefansson, et al. 2011; Tung, et al. 2010). On the other hand, 

conflicting data for PALB2-BCs have been reported. Most data focused on the 

presence of PALB2 deletions, however whether the wild-type PALB2 allele may be 

silenced through the presence of mutations, somatic rearrangements or epigenetic 

events remains to be fully established (Casadei, et al. 2011; Erkko et al. 2007; 

García, et al. 2009; Hartley, et al. 2014; Tischkowitz, et al. 2007; Tsuda, et al. 

1995). Although the reason for disparities between mice and humans is still 

unknown, the short lifespan, low rate of LOH and the tissue-specific 



 113 

haploinsufficiency observed in mice may explain these differences (Drost and 

Jonkers 2009).  

Regardless whether loss of the wild-type allele is required or not for BRCA 

and PALB2-linked tumorigenesis, a number of studies have supported 

haploinsufficiency for specific phenotypes associated with these genes (Buchholz, 

et al. 2002; Lim, et al. 2009; Nikkilä et al. 2013). Some data indicate that normal 

mammary epithelial cells (MEC) from heterozygous for BRCA1/2 mutations show 

increased ability for clonal growth, altered differentiation properties and aberrant 

expression profiles (Bellacosa, et al. 2010; Burga, et al. 2009; Feilotter, et al. 

2014; Lim et al. 2009; Proia, et al. 2011). Moreover, supporting haploinsufficiency 

phenotype, King et al. identified partial or complete LOH involving the mutant 

rather than wild-type allele in normal epithelium from BRCA1 and BRCA2 mutation 

carriers, possibly due to higher susceptibility to mitotic recombination within of 

these cells (King, et al. 2007). In a study published recently (Pathania, et al. 2014), 

a comprehensive analysis using a collection of wild-type versus heterozygous 

mutant BRCA1 MECs and fibroblasts have provided clues regarding the biological 

mechanisms of haploinsufficiency. It was demonstrated that all heterozygote 

mutant BRCA1 cells exhibited multiple normal BRCA1 functions, including the 

support of homologous recombination-type double-strand break repair, checkpoint 

functions, centrosome number control and spindle pole formation. However, these 

cells exhibited innate haploinsufficiency in their ability to support stalled fork repair 

and to prevent replication stress. In contrast, Martins et al. have identified 

centrosome abnormalities in the normal breast tissue from BRCA1 mutations 

carriers (Martins et al. 2012). Moreover, Konishi et al. demonstrated in vitro and in 

vivo that heterozygous BRCA1 mutation confers impaired homology-mediated 

DNA repair and hypersensitivity to genotoxic stress in MECs. Additional results 

also revealed higher gene copy number losses and genomic instability in these 

cells when compared with their respective controls (Konishi, et al. 2011). Thus, 

these findings suggest that haploinsufficiency of BRCA1 may accelerate 

carcinogenesis by facilitating additional genetic alterations. Recently, Savage et al. 

showed that transcription of the CYP1A gene, which encodes an estrogen-

metabolizing enzyme, is upregulated in BRCA1 heterozygous cells. In addition, it 
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was demonstrated that estrogen and estrogen metabolites result in increased DNA 

DSBs in BRCA1 heterozygous cells. Altogether, these data suggest that BRCA1 

haploinsufficiency could result in DNA damage in tissues under estrogen 

stimulation and provide some clues regarding why breast and ovarian tissues are 

mostly affected by tumors (Savage, et al. 2014). 

In contrast to BRCA1, much less is known about biological mechanisms 

associated with BRCA2 and PALB2 monoallelic mutations. Arnold et al., using 

lymphoblastoid cell lines, have shown lower amounts of the full-length BRCA2 

protein in BRCA2 heterozygote cells compared to BRCA2 wild-type. This dosage 

effect of BRCA2 protein was correlated with an increase in DNA DSBs and an 

impaired repair of these lesions (Arnold, et al. 2006). For some mutations (e.g 

truncal mutations) lower amounts of BRCA2 protein also lead to increased 

chromosomal rearrangements and higher rates of sister chromatid exchanges, 

indicating a higher susceptibility of BRCA2 heterozygous cells to chromosomal 

abnormalities (Kim, et al. 2004; Savelyeva, et al. 2001). Finally, defects in 

recruiting RAD51 to DSBs sites and activating HR also have been reported in 

BRCA2-deficient cells (Yuan, et al. 1999). In a study published by Nikkila et al., 

low levels of PALB2 protein, aberrant DNA replication/damage response, as well 

as elevated chromosome instability was observed in the PALB2 heterozygote 

state (Nikkila, et al. 2013). Moreover, haploinsufficiency of the suppression of 

error-prone DSB repair, but not reduced HR activities, nor impaired RAD51 

filament assembly has been observed in PALB2 mutation carriers (Obermeier et 

al. 2015). 

Taken together, these findings show that heterozygosity for BRCA1/2 and 

PALB2 mutations may impair different biological mechanisms. Although the impact 

of these alterations on carcinogenesis remains unknown, these detectable effects 

of "one hit" potentially represent early molecular changes in tumorigenesis. 

However, these findings remain inconclusive since most of studies used small 

number of samples and non-isogenic cell lines. 

 

Tumor phenotype and genomic landscape of BRCA1/2 and PALB2-

associated tumors 
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Histology and Immunophenotype 

Invasive ductal carcinoma is the most common histological type of BRCA1 

and BRCA2 related breast tumors (Honrado, et al. 2005). Other histological 

subtypes, including medullary and tubular carcinoma are also found in this 

subgroup of patients (Mavaddat et al. 2012; Marcus, et al. 1996; Eisinger, et al. 

1998). A more detailed examination of morphologic features of these tumors have 

shown that when compared to sporadic BCs, BRCA1 tumors exhibited higher 

mitotic counts, more lymphocytic infiltration and greater proportion of the tumor 

with a continuous pushing margin. On the other hand, BRCA2 tumors are less 

homogeneous, though exhibiting a higher score for tubule formation, higher 

proportion of the tumor perimeter with a continuous pushing margin, and a lower 

mitotic count than sporadic BCs (Lakhani, et al. 1998). The vast majority of 

BRCA1 tumors are poorly differentially (grade 3), while BRCA2 tumors are usually 

moderately (grade 2) or poorly (grade 3) differentiated (Agnarsson, et al. 1998; 

Lynch, et al. 1998; Palacios et al. 2003). 

With regard to pre-invasive lesions, although originally it has been 

postulated that BRCA1/2-associated BCs show less frequently ductal carcinoma in 

situ (DCIS) and lobular carcinoma in situ (LCIS) compared to sporadic breast 

cancer (1997; Arun, et al. 2009; Hoogerbrugge, et al. 2006), results from 

prophylactic mastectomies indicate that BRCA1/2 tumors have similar or higher 

frequency of premalignant lesions (Hoogerbrugge, et al. 2006; Isern, et al. 2008; 

Kauff, et al. 2003).  

Despite being driven by germline mutations in functionally related genes, 

BRCA1, BRCA2 and PALB2 mutated breast cancers (herein called “BRCA1 

tumors”, “BRCA2 tumors” and “PALB2 tumors”) constitute a heterogeneous group 

of tumors at the immunohistochemical and molecular level (Table 1). In a way akin 

to the morphological findings, at least 70% of the tumors arising in BRCA1 

mutation carriers display a triple-negative phenotype (estrogen receptor (ER)-

negative, progesterone receptor (PR)-negative and human epidermal growth 

factor 2 (HER2)-negative), and are classified as basal-like molecular subtype 

according to immunohistochemical and microarray data (Badve, et al. 2011; 

Mavaddat, et al. 2012; Sorlie, et al. 2003). In contrast, BRCA2 tumors have been 
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classified predominantly as hormone receptor-positive (Mavaddat et al. 2012; 

Melchor, et al. 2008). A significant proportion of these tumors show unclassified 

subtype, with intermediate characteristics between Luminal A and B subtypes 

(Melchor et al. 2008). Furthermore, several reports have shown similar prevalence 

of ER- and PR-positive disease in BRCA2 carriers compared with sporadic 

controls (Armes, et al. 1999; Palacios, et al. 2005). Regarding PALB2 tumors, a 

study conducted by Heikkinen et al. found that breast tumors arising in patients 

carrying a Finnish founder mutation in PALB2 (c.1592delT) are more likely to have 

triple-negative phenotype when compared to non-PALB2 mutation-associated 

breast cancers. Additionally, these tumors were more often of higher grade, had 

greater expression of Ki-67 and were associated to reduced survival (Heikkinen, et 

al. 2009). In the majority of cases, however, the clinical phenotype of PALB2-BC 

resembles that of BRCA2-BC, as both are predominantly ER- and PR-positive 

(Antoniou et al. 2014; Bane, et al. 2007; Cybulski, et al. 2015; Nguyen-Dumont, et 

al. 2015; Teo, et al. 2013; Tischkowitz et al. 2007). Moreover, minimal sclerosis 

was identified as a predictor of germline PALB2 mutation status, distinguishing 

PALB2 mutation carriers from BRCA1 and BRCA2 mutation carriers (Teo et al. 

2013).  

In addition to a triple-negative phenotype and expression of basal markers, 

BRCA1 tumors are characterized by high proliferation rate (Foulkes, et al. 2003; 

Lakhani, et al. 2005). Overexpression of proteins associated to cell cycle 

progression (cyclin E, A and B1) as well as low expression of cyclin D1 and cyclin-

CDK complex inhibitors such as p16, p27 and p21 has also been observed 

(Chappuis, et al. 2005; Honrado, et al. 2006; Palacios et al. 2005). Unlike BRCA1 

tumors, BRCA2 tumors seem to be characterized by higher expression of cell 

cycle proteins, including cyclin D1, cyclin D3, p27, p16, p21, CDK4, CDK2 and 

CDK1(Palacios et al. 2005). A recent study found that BRCA tumors are usually 

positive for PARP1 (non-cleaved), possibly stimulated by DNA breaks and BRCA 

deficiency. Lower expression of RAD51 and BARD1, two key component of DNA 

damage repair by HR, were also found in BRCA1 and BRCA1/2 tumors, 

respectively, when compared with sporadic BCs (Aleskandarany, et al. 2015). 

PALB2 BCs are not different from other breast tumors regarding cytokeratin 5/6 
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and 17 expression, but show higher expression of Ki-67 and lower cyclin D1 than 

other familial and sporadic BCs (Heikkinen et al. 2009).  

 

Link between BRCA1 and ER status 

Despite the evident association between BRCA1 tumors and triple-negative 

phenotype, the complete mechanisms underlying this correlation are still unclear.  

Findings of in vitro studies have suggested that BRCA1 directly modulates ER 

expression in BC, and that BRCA1 deficiency would result in ER-negative 

phenotype (Gorski, et al. 2009; Hosey, et al. 2007). Furthermore, there is evidence 

showing that the differentiation status of breast stem cells may be regulated by 

BRCA1 and that these breast tumors originate from ER-negative luminal 

progenitor cells (Lim et al. 2009; Molyneux, et al. 2010). However, at least 20% of 

all breast tumors arising in BRCA1 germline mutation carriers express ER 

(Mavaddat et al. 2012). Some authors argue that these cancers are not linked to 

BRCA1 germline mutations, but most likely constitute sporadic ER-positive tumors 

(Tung et al. 2010). In contrast, Natrajan et al. using whole genome massively 

parallel sequencing showed that ER-positive and ER-negative BRCA1 cancers 

share a very similar genomic landscape, suggesting that at least a subset of ER-

positive BRCA1 mutant tumors are not sporadic, but associated with BRCA1 

deficiency. In agreement, there are data suggesting that the prevalence of loss of 

wild-type BRCA1 between ER+ and ER- invasive BRCA1 breast tumors do not 

differ (Natrajan, et al. 2012). Moreover, it seems that absence of BRCA1 is not 

sufficient to breast tumors display an ER-negative phenotype (Joosse 2012). 

 

Genomic alterations 

It has been posited that the order of genetic alterations in cancer 

development determines the subsequent repertoire of somatic genetic alterations 

(Ashworth et al. 2011). Surprisingly, the whole-exome sequencing analyses of 

BRCA-associated breast and ovarian cancers (Network 2012; Network 2011) 

carried out to date have demonstrated, in a small number of tumors, that at base 

pair resolution the repertoire of somatic mutations these cancers harbor is diverse 

(Figure 1). The most frequently mutated gene in both BRCA1 and BRCA2 tumors 
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(breast and ovarian) is TP53. In addition, analysis of the copy number alterations 

(CNAs) revealed that approximately 30% of these tumors harbored recurrent 

amplifications of MYC and TERC. For PALB2-BCs the repertoire of somatic 

mutations is currently unknown. 

A noteworthy genetic alteration observed in BRCA-associated tumors is the 

high frequency of somatic mutations affecting the TP53 gene (Crook, et al. 1997; 

Network 2012; Network 2011). The p53 protein, encoded by TP53, is a potent 

transcription factor involved in many tumor suppressor mechanisms, such as cell 

cycle arrest, DNA repair, senescence and apoptosis (Vousden and Prives 2009). 

TP53 somatic mutation determined by sequencing has been reported in over than 

60% of the BRCA1-BCs but in lower frequency in BRCA2 breast tumors (Crook, et 

al. 1998; Manié, et al. 2009; Network 2012). Interestingly, a significant proportion 

of TP53 somatic mutations are protein-truncating (nonsense and frameshift 

mutations), suggesting strong selection for p53 loss-of-function rather than hotspot 

mutations (missense) (Holstege, et al. 2009). Moreover, a high prevalence of 

TP53 mutations has also been observed in BRCA-associated ovarian cancers 

(Network 2011). In fact, the contribution of p53 to tumorigenesis of Brca tumors 

has been demonstrated in mouse models. Brca1+/−Trp53+/−and Brca2+/−Trp53+/− 

mice show a slight increase in mammary carcinoma incidence compared with 

Trp53+/− mice (Cressman, et al. 1999; Jonkers, et al. 2001). As shown recently, in 

BCs TP53 mutations seem to be the second most common first event (considering 

PTEN loss and BRCA1 wild-type LOH) (Martins et al. 2012). In ovarian cancer, 

TP53 mutation seems to be a prerequisite to BRCA1-associated carcinogenesis, 

occurring before loss of the wild-type allele (Norquist, et al. 2010).  

In addition to TP53, PTEN (phosphatase and tensin homolog) has also 

been shown to contribute to carcinogenesis of BRCA1-associated BC (Martins et 

al. 2012). The protein product of PTEN gene is a potent inhibitor of the 

phosphatidylinositol 3-Kinase (PI3K) pathway, an oncogenic signaling cascade 

that promotes many of the cancer hallmarks (Carracedo and Pandolfi 2008). 

Findings of in vivo studies have shown that mice carrying heterozygous 

inactivation of Pten develop basal-like mammary tumors (Saal, et al. 2008). 

Additionally, in breast tumors arising in BRCA1 mutations carriers PTEN loss has 
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been detected in more than 80% of the cases (Phuah, et al. 2012; Saal et al. 

2008).  The inactivation of PTEN seems to contribute to high rate of gene 

rearrangements involving DNA DSBs, intragenic inversions, insertions and 

homozygous deletions found in BRCA1 tumors (Saal et al. 2008). Moreover, in 

BRCA1 breast tumors, loss of PTEN has been show to precede BRCA1 LOH and 

TP53 mutation (Martins et al. 2012).  Interestingly, PTEN deficiency may also 

result in increased chromosomal instability due to its role in controlling the 

expression of RAD51 and the cell cycle checkpoint (Gupta, et al. 2009; Shen, et 

al. 2007).  

As mentioned previously, a common genetic alteration of BRCA1 and 

BRCA2 tumors include LOH. Although different studies have shown that most of 

BRCA tumors share this feature, findings demonstrating that BRCA wild-type allele 

may be preserved in a subset of cancer cells and that some BRCA tumors may 

not display loss of BRCA wild-type allele at all, have raised issues regarding the 

true impact of the BRCA1/2 LOH on tumorigenesis (Martins et al. 2012; Osorio et 

al. 2002; Stefansson et al. 2011; Tung et al. 2010). Several studies have found 

that in a substantial proportion of the cases loss of the BRCA1/2 wild-type allele is 

not an initial event (Martins et al. 2012; Stefansson et al. 2011). The findings 

obtained by Stefansson et al., support the hypothesis that loss of the BRCA2 wild-

type allele is a late, rather than early, event in progression of the disease 

(Stefansson et al. 2011). King et al have suggested that LOH is not required for 

the tumorigenesis of BRCA breast tumors, since a high level of heterogeneity to 

this molecular event within and between pre-invasive lesions and invasive cancers 

was found (King et al. 2007). Contrasting to breast tumors, ovarian carcinomas 

arising in BRCA1 and BRCA2 mutation carriers exhibited complete LOH (King et 

al. 2007). For PALB2-related BCs, the few reports of have found controversial 

results regarding LOH of PALB2 (Hartley et al. 2014; Tischkowitz et al. 2007). 

With regard to copy number changes (CNCs), BRCA1 and BRCA2 breast 

tumors show different patterns of gains and losses compared to sporadic tumors 

(Jönsson, et al. 2005) and despite overlaps between BRCA1 and BRCA2 tumors, 

many differences have been observed at the CNC level. The most frequent CNCs 

found in BRCA1-BCs are gains of 3q, 7p, 8q 10p, 12p, 16p and 17q and loss of 
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2q, 3p, 4p, 4q, 5q, 12q, 16p and 18q. In BRCA2-related BCs, gains of 8q, 17q22-

q24 and 20q13 and loss of 8p, 6q, 11q and 13q are common (van der Groep, et al. 

2011). For PALB2 breast tumors, 1q gain, 20q gain, and 18q loss were 

consistently observed across tumors (Tischkowitz et al. 2007). In BRCA-related 

epithelial ovarian carcinomas the few number of studies have yielded contradictory 

results. Despite some data indicate that somatic alterations do not differ 

substantially from the ones occurring in sporadic carcinomas (Kamieniak, et al. 

2013), several reports have shown that BRCA1/2 ovarian cancers exhibit a 

significantly higher number of chromosomal aberrations and genomic imbalances 

than sporadic tumors (Israeli, et al. 2003; Walsh, et al. 2008).  

 

New therapeutic approaches 

 Targeting Homologous recombination deficiency 

 Many of the therapies newly developed for patients with BRCA1 and 

BRCA2-mutated BCs explore the fact that these tumors lack of DSB DNA repair 

by HR (Evers, et al. 2010). The most promising therapies within this category are 

the inhibitors of poly (ADP-ribose) polymerase (PARP) (Dedes, et al. 2011). The 

discovery of the synthetic lethality interactions between PARP inhibitors and HR 

repair deficiency provided the basis for the ongoing clinical trials. Although 

substantial efforts have been made, none specific treatment has been approved 

for patients with BRCA-mutated BCs and, therefore, the current repertoire of 

systematic therapies for this subset of patients does not differ from that with 

sporadic disease of the same immunohistochemical status for ER, PR and HER2 

(Maxwell and Domchek 2012).  

 The PARPs are a large family of enzymes, which in addition to other 

functions participate in single-strand breaks (SSBs) repair via the base-excision 

repair (BER) pathway (Ashworth 2008). Despite it is important role in the cellular 

DNA damage response, Parp1-/- mice are viable, fertile and do not develop early 

onset tumors (Conde, et al. 2001; Wang, et al. 1995). However, the inability of 

Parp1-/- cells repairing SSBs via PARP activity lead to stalling and collapse of 

replication forks in proliferation cells, transforming SSBs in DSBs, which are 

potentially repaired by HR (Peng and Lin 2011).  
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 In 2005, two simultaneously publications demonstrated the impact of PARP 

inhibition in BRCA1 and BRCA2-deficient cells. The results of both studies showed 

that the complete dysfunction of BRCA proteins linked to PARP1 inhibition lead to 

chromosomal instability, cell cycle arrest and apoptosis (Bryant, et al. 2005; 

Farmer, et al. 2005). These findings illustrate the concept of ‘synthetic lethality’, a 

phenomenon that occurs when the combination of two different mutations or 

cellular pathways inhibition lead to cell death, whereas one of the two events alone 

does not (Kaelin 2005). 

 After in vitro and in vivo studies proved the synthetic lethality between 

PARP1 inhibition and BRCA1/2 dysfunction, an obvious next step was the 

validation of this paradigm in a clinical setting. Since then, several clinical trials 

have been launched to test the activity of different PARP inhibitors in the patient’s 

population carrying BRCA1/2 germline mutations. Due the small and well-defined 

target cohort who might derive therapeutic benefit from PARP inhibitors, clinical 

trials of such agents are being launched in the adjuvant setting even without clear 

evidence supporting the efficacy in metastatic disease treatment (Sonnenblick, et 

al. 2015). Several PARP inhibitors, including oloparib, niraparib, rucaparib and 

BMN-673 are in different clinical phases of testing and have shown promising 

therapeutic activity as monotherapy (De Bono, et al. 2013; Drew, et al. 2011; 

(Fong, et al. 2009). 

 The first-in-human phase I study of olaparib (also known as AZD2281) 

observed antitumor activity in breast and ovarian tumors arising in BRCA1/2 

carriers, but not in patients without such mutations, as well as absence of toxic 

effect commonly associated with conventional chemotherapy (Fong et al. 2009). 

Subsequently, a phase II proof-of-concept trial provided evidences for the efficacy 

and tolerability of olaparib therapy in women carrying BRCA1/2 mutation and 

advanced-stage breast cancer (Tutt, et al. 2010). Similar results were obtained in 

an independent study including women with confirmed BRCA1 or BRCA2 germline 

mutations and ovarian cancer (Audeh, et al. 2010). More recently, a multicenter 

open-label phase II study with different tumor type of advanced-stage arising in 

298 BRCA1/2 mutations carries refractory to standard therapy showed clinical 

benefit of olaparib in prostate and pancreatic cancer and confirmed activity in 
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ovarian and breast cancer. The tumor response rate observed were 31.1% (60 of 

193; 95% CI, 24.6 to 38.1), 12.9% (eight of 62; 95% CI, 5.7 to 23.9), 21.7% (five of 

23; 95% CI, 7.5 to 43.7), and 50.0% (four of eight; 95% CI, 15.7 to 84.3) in 

ovarian, breast, pancreatic, and prostate cancers, respectively (Kaufman, et al. 

2015). 

 Initially found to induce synthetic lethality in preclinical model of loss of 

BRCA function (Jones, et al. 2009a), the first phase I study of Niraparib (MK-4827) 

was associated to an overall response rate (ORR) of 50% in a small cohort of 

BRCA1/2 mutated patients with BCs (Sandhu, et al. 2013). BMN 673 in another 

compound belonging to the PARP inhibitors class that has showed encouraging 

clinical results. Firstly tested in vitro, BMN 673 selectively targeted tumor cells with 

BRCA1, BRCA2, or PTEN gene alterations with 20- to more than 200-fold greater 

potency than existing PARP1/2 inhibitors (such as olaparib, rucaparib, and 

veliparib) (Shen, et al. 2013). Early-phase clinical trial testing this novel and potent 

oral PARP inhibitor enrolled 17 and 8 patients with BRCA1 and BRCA2 mutations, 

respectively, and demonstrated good tolerability and impressive anti-tumor activity. 

Objective response occurred in almost 65% of the ovarian cancer patients and 

>30% of the patients with breast tumors (De Bono, et al. 2013). Finally, in a pre-

clinical study Rucaparib (AG014699) was cytotoxic to BRCA1/2 mutated cells and 

associated to a reduction in growth of xenograft tumors harboring BRCA1/2 

mutations (Drew, et al. 2011). The phase II trial of AG014699 enrolling 41 patients 

with advanced ovarian and/or locally advanced or metastatic breast cancer (17 

breast, 24 ovary; 22 BRCA1 deficient, 19 BRCA2 deficient) showed ORR of 5% 

(2/38) with 26% (10/38) of the patients achieving stable disease for ≥ 4 months 

(Drew, et al. 2011).  

 Over the past decade a new concept termed ‘BRCAness’ has been 

proposed. BRCAness was described as a phenomenon in which HR deficiency 

occurs in a tumor not due BRCA1 or BRCA2 germline mutation, but by mutations 

in other genes involved in HR (Lord and Ashworth 2016). Despite PALB2-deficient 

cells have also been shown to be sensitive to PARP inhibitors (Buisson, et al. 

2010), very little is known about what might drive therapeutic response in PALB2-

associated tumors. 
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 Resistance mechanisms 

 Although PARP inhibitors have emerged as promising new therapeutic 

approaches for tumors arising in BRCA1/2 mutation carriers, drug resistance has 

become an important clinical issue. The investigation of the multiple potential 

resistance mechanisms has lead to the identification of both processing operating 

through the drug target and under BRCA1, BRCA2 and their pathways (Lord and 

Ashworth 2013). 

 Discovered independently by two groups, the most known mechanism of 

acquired resistance in this context is secondary mutations. Edwards et al., using 

CAPAN1 pancreatic cancer cell line which harbors a BRCA2 frameshift mutation 

(c.6174delT) found that resistant clones to PARP inhibitors could form RAD51 

nuclear foci and prevent genomic instability, both hallmarks of an efficient HR. 

These resistant clones displayed a secondary BRCA2 intragenic deletion of the 

region containing c.6174delT mutation and restoration of the open reading frame 

(ORF), resulting in the expression of new BRCA2 isoforms (Edwards, et al. 2008). 

Similar results were also observed in cisplatin-resistant BRCA2-mutated breast-

cancer cell line (Sakai, et al. 2008). Thus, secondary BRCA2 mutations seem to 

be commonly associated with acquired resistance in an in vitro setting. In ovarian 

cancers, secondary mutations restoring the BRCA2 ORF were also observed in 

patients who become resistant to platinum salts (Edwards et al. 2008; Sakai et al. 

2008). Barber et al. analyzed resistance to olaparib in a male patient with BC and 

a woman with breast and ovarian cancer that were enrolled on a phase II clinical 

trial. Both were carries of a truncating BRCA2 mutation and presented multiple 

metastatic lesions. Deep sequencing of treatment-naive and olaparib-resistant 

lesions from both patients indicated the emergence of secondary mutations that 

potentially restored de ORF of BRCA2 gene only in the resistant lesions (Barber, 

et al. 2013). Taken together, these data provide evidence that, at least in a subset 

of patients, platinum salts and PARP inhibitors require defective HR for their 

antitumor activity. Although the frequency of secondary BRCA1/2 mutations is not 

precisely known, this is the most well validated mechanism of resistance to PARP 

inhibitors in the population of patients carrying BRCA mutations. 
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 Reduced activity of p53 binding protein 1 (53BP1) has also been suggested 

to be a potential resistance mechanism to PARP inhibitors (Lord and Ashworth 

2013). Initial studies have showed that mouse embryonic fibroblasts without a full-

length form of Brca1 and deleted to 53BP1 are defective in induction of 

senescence and cell death. Furthermore, in vivo results confirmed that the 

embryonic lethality associated with complete Brca1-deficiency may be alleviated 

by 53bp1 deletion (Cao, et al. 2009). On the other hand, 53bp1 depletion did not 

have any effect on cells with Brca2 deficiency. Bouwman et al showed that loss of 

53BP1 partially restores the homologous-recombination defect of Brca1-defficient 

cells and reverts their hypersensitivity to DNA-damaging agents. Moreover, these 

findings have potential clinical implications, given that reduced 53BP1 expression 

was found in a subset of sporadic triple-negative and BRCA-associated breast 

cancers (Bouwman, et al. 2010). Further study in a mouse model of Brca1 

deficiency showed that mammary gland tumors that initially were sensitive to 

olaparib developed resistance associated with 53bp1 factor. In a subset of the 

cases (3 out of 11), this resistance was caused by partial restoration of 

homologous recombination due to somatic loss of 53BP1 (Jaspers, et al. 2013). 

 

Conclusion and perspectives 

 After two decades of efforts we have witnessed remarkable advances in our 

understanding of basic aspects of BRCA1/2 and PALB2 genes. The roles of these 

genes on DNA repair by HR and the discovery of synthetic lethal interaction 

between PARP inhibition and BRCA1 or BRCA2 deficiency allowed us to make 

progress in the clinical setting. Despite advances have been made, many 

questions remain. For example, although the identification of abnormal 

phenotypes even in normal cells of BRCA1/2 and PALB2 germline mutation 

carriers, suggesting haploinsufficiency for specific BRCA functions, the 

contributions of it for cancer predisposition still remain controversial. Additionally, 

the molecular basis underlying the tissue-specificity genetic predisposition 

associated to BRCA1/2 and PALB2 mutations, as well as the impact of the BRCA 

or PALB2 wild-type allele (absence of LOH) within tumors on the DNA repair by 

HR and response to therapies are still unknown. Finally, the understanding of the 
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molecular abnormalities associated to BRCA and PALB2-associated tumors will 

not only provide insights into the pathogenesis of these cancers, but also will help 

to identify novel targets for therapies as well as predictive markers for HR 

deficiency and drug response.  

 
 
 
 
TABLES AND FIGURES 

 

Table 1. Pathological and molecular characteristics of BRCA1, BRCA2 and 

PALB2-associated breast tumors. 
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Table 1. 
BRCA1 breast tumors BRCA2 breast tumors PALB2 tumors References

Immunophenotype

Mavaddat, et al. 2012

Heikkinen, et al. 2009

Mavaddat, et al. 2012

Heikkinen, et al. 2009

Mavaddat, et al. 2012

Heikkinen, et al. 2009

Palacios, et al. 2005, 

Heikkinen, et al. 2009

Armes, et al. 1999

Cyclins E, A and B1 Usually positive Usually negative - Palacios, et al. 2005

p16, p27 and p21 Usually negative Usually positive - Palacios, et al. 2005

Phuah, et al. 2012

Saal, et al. 2008

Basal markers Usually positive Usually negative Usually negative
Honrado, et al. 2006, 

Heikkinen, et al. 2009

Armes, et al. 1999

Heikkinen, et al. 2009

Genetic alterations

TP53 somatic mutationb 67-95% 66.6% -
Manié, et al. 2009; Crook, et 

al. 1998

BRCA or PALB2 LOH 84-100% 55-83% 0-33%

Martins, et al. 2012; Tung, et 

al. 2010; Osorio, et al. 2002; 

Hartley, 2014; Tischkowitz, et 

al. 2007

MYC amplification 18.-53% 62.%
Network 2012; Palacios et al., 

2003

CCND1 amplification 0-22% 13-60%
Vaziri et al., 2005; Plevova et 

al., 2010;  Brown et al., 2010; 

PTEN loss >80% - -

Ki-67 Higher expressiona Similara Higher expressiona

HER2-positive 10% 13% 4%

Cyclin D1 Usually negative Usually positive
Usually 

negative/Low

ER-positive 22% 77% 53%

PR-positive 21% 64% 43%

acompared to sporadic tumors
bmutation analysis from exon 2 to 11  
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ABSTRACT 
Background: BRCA1 and BRCA2 germline mutations account for a substantial 

proportion of hereditary breast cancers (BCs). The majority of BRCA1-associated 

breast tumors are of triple-negative phenotype (estrogen receptor (ER)-, 

progesterone receptor (PR)- and HER2-negative) and harbor TP53 somatic 

mutations. In contrast, BRCA2-associated cancers are less homogeneous and 

often ER-positive. Systematic analyses of the landscape of somatic genomic 

alterations in BRCA1- and BRCA2-BCs have yet to be reported. Here we sought 

to determine the repertoire of somatic mutations and copy number alterations 

(CNAs) in BCs occurring in patients with BRCA1 and BRCA2 germline mutations. 

Methods: DNA extracted from microdissected frozen tumor-normal pairs of 29 

BRCA1- and 10 BRCA2 BCs was subjected to breast cancer targeted sequencing 

panel or Integrated Mutation Profiling of Actionable Cancer Targets (MSK-

IMPACT) assay. Publicly available data of 8 BRCA1 and 7 BRCA2 breast tumors 

were also included. Somatic single nucleotide variants, small insertions and 

deletions, CNAs and the cancer cell fraction (CCF) of each alteration were defined 

using state of the art bioinformatics algorithms. Results: 70.3% (26/37) and 18.9% 

(7/37) of BRCA1-BCs were triple-negative and ER-positive/HER2-negative, 

respectively.  Within BRCA2 cases, 88.2% (15/17) were ER-positive and four 

HER2-positives. The majority of tumors arising in BRCA1 mutation carriers 

harbored TP53 clonal somatic mutations (26/37, 70.3%) and loss of BRCA1 wild-

type allele was found to be clonal and subclonal in 73% and 19%, respectively. 

Interestingly, the tumors lacking these alterations were most likely ER-positive. In 

BRCA2-BCs, 15 out of 17 (88.2%) displayed loss of the BRCA2 wild-type allele 

(14 clonal and 1 subclonal) and recurrent mutations affected TP53 and GATA3 

genes. Subclonal mutations in known cancer genes were observed in both 

BRCA1- and BRCA2-related cancers, suggesting intra-tumor genetic 

heterogeneity. Conclusions: BRCA1- and BRCA2-BCs are mostly characterized 

by clonal inactivation of BRCA1/2 wild-type allele, which likely constitute early 

genetic events. Within BRCA1-breast cancers, TP53 mutations are highly 

recurrent and mostly clonal, and may precede somatic loss of the BRCA1 wild-

type allele, as the latter was subclonal in some cases harboring a clonal TP53 

somatic mutation.  
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INTRODUCTION 

 Hereditary Breast and Ovarian Cancer (HBOC) due to germline mutations 

in either BRCA1 or BRCA2 genes is the most common cause of hereditary breast 

cancer (BC) [1]. The overall prevalence of BRCA1/2 mutation carriers is estimate 

to be from 1 in 400-800 individuals of the general population, but varies 

considerably between ethnic groups [2]. For instance, in the Ashkenazi Jewish 

population founder mutations in both BRCA1 and BRCA2 genes are found in over 

2% of individuals [3, 4].  Although the penetrance appears to be variable within 

families, an average BC risk of about 65% and 45% by age 70 years has been 

estimated in BRCA1 and BRCA2 mutation carriers, respectively [5].  

 It is well known that the protein products of BRCA1 and BRCA2 genes play 

a critical role in the repair of DNA double-strand breaks through homologous 

recombination (HR) [6]. Thus, it is believed that BRCA1/2 germline mutation 

coupled to somatic loss of the wild-type allele result in HR DNA repair deficiency 

and this is treatment-predictive for response to poly (ADP) ribose polymerase 

(PARP) inhibitors and platinum-based chemotherapy [7]. Despite advances, 

currently the repertoire of systemic therapies for patients carrying BRCA1/2 

germline mutation does not differ from that of patients with sporadic disease of the 

same estrogen receptor (ER), progesterone receptor (PR) and human epidermal 

growth factor 2 (HER2) status [8].  

 Despite being driven by functionally related genes, BRCA1- and BRCA2-

BCs (BRCA-BCs) constitute a heterogeneous group of tumors phenotypically and 

at the genetic level [9]. In this context, about 70% of the tumors arising in BRCA1 

mutation carriers display a triple-negative phenotype (ER-negative, PR-negative 

and HER2-negative) [10-12]. In contrast, BRCA2-BCs are less homogeneous and 

often ER-positive [11, 13]. At base pair resolution, massively parallel sequencing 

(MPS) analyses of BRCA-BCs carried out to date have demonstrated, in a small 

number of tumors, that the repertoire of somatic mutations of these cancers harbor 

is diverse [14, 15].  

 For decades it has been assumed that BRCA1 and BRCA2 are bona fide 

tumor suppressor genes, whose loss-of-function follows the two-hit model [16]. 

However, recent data have suggested that in some BRCA-BCs, the BRCA1 wild-
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type allele is preserved in a subset of cancer cells, and that a minority of BRCA1-

BCs may not display loss of BRCA1 wild-type allele at all [17, 18]. Restoration of 

BRCA1/2 function at later stages of disease, in particular after therapy, has also 

been demonstrated [19-21]. In this context, intragenic deletions and/or revertant 

mutations that restore the function of BRCA1/2, possibly restricted to a subset of 

cells within these cancers, have been shown to result in resistance to platinum 

salts and PARP inhibitors, and not to revert the malignant phenotype. These 

observations suggest that BRCA-BCs are likely be composed of mosaics of tumor 

cells that in addition to the founder genetic event (i.e. germline BRCA1/2 mutation) 

harbor private genetic alterations.  

 Although advances, it should be noted that no systematic analyses of the 

repertoire and chronology of somatic genetic events in BRCA-BCs have been 

performed as yet. Moreover, the frequency of loss of the BRCA wild-type allele 

and it association with other molecular alterations is poorly understood. Thus, in 

this study we aimed to determine the repertoire of copy number alterations (CNAs) 

and somatic mutations as well as to infer the cancer cell fraction (CCF) of each 

somatic mutation and BRCA1/2 loss of wild-type allele in BCs occurring in patients 

with BRCA1 or BRCA2 germline mutations. 

 

MATERIAL AND METHODS  

Cases 

Fresh frozen tumor and matched normal tissue from 29 BRCA1 and 10 

BRCA2 mutation carriers were retrieved from the pathology files of Memorial 

Sloan Kettering Cancer Center (MSKCC) in New York. All tissue samples were 

derived from treatment-naïve patients and histologic slides were reviewed by two 

pathologists (HYW and JSR-F) with expertise in breast pathology. Samples were 

anonymized prior to analysis and approval for the use of these samples was 

granted by Institutional Review Board (IRB) of MSKCC. Clinico-pathologic features 

of breast tumors arising in BRCA1/2 mutation carriers are summarized in Figure 

1, 2 and Supplementary Table S1. Re-analysis of publicly available exome 

massively parallel sequencing datasets for 15 BRCA-associated breast tumours (8 
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BRCA1 and 7 BRCA2) were obtained from The Cancer Genome Atlas (TCGA) 

project.  

 

 

ER, PR and HER2 assessment  

 Immunohistochemical profile of tumors was assessed on 4μm-thick 

sections, using antibodies against estrogen receptor (ER), progesterone receptor 

(PR) and HER2 as previously described [22]. Positive and negative controls were 

included in each experiment. The ER, PR, and HER2 immunohistochemical 

results were evaluated by four pathologists (HYW, ADP, FCG and JSR-F) 

according to the American Society of Clinical Oncology (ASCO)/ College of 

American Pathologists (CAP) guidelines [23, 24]. For equivocal cases HER2 gene 

amplifications was assessed by FISH testing [25]. 

 

Microdissection and DNA extraction 

Eight µm-thick frozen sections from each case (tumor and normal) were cut 

and stained with hematoxylin-eosin (H&E) and also DNAse- and RNAse-free 

nuclear fast red. Regions of tumor that are identified by four pathologists (ADP, 

AMS, FCG and JSR-F) were subjected to microdissection with a needle under a 

stereomicroscope (Olympus SZ61, Tokyo, Japan) as previously described [26], in 

order to ensure >90% of tumor cell content. DNeasy Blood and Tissue Kit 

(Qiagen) was used for DNA extraction, according to the manufacturer’s guidelines. 

DNA extracted from normal and tumor tissue was quantified using the Qubit 

Fluorometer assay (Life Technologies). 

 

Targeted capture massively parallel sequencing (MPS)  

Whole exome MPS (WES) and targeted capture massively parallel 

sequencing (MPS) using either a breast cancer targeted sequencing assay or the 

Integrated Mutation Profiling of Actionable Cancer Targets (MSK-IMPACT) assay 

[27] were performed on matched tumor and normal DNA samples from fifteen, 

eighteen and twenty one germline BRCA mutant breast cancers, respectively 

(Sequencing Statistics Table). The WES samples were used from the publicly 
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available data from the TCGA, and processed according to their guidelines as 

previously described [28]. The aligned BAMs were downloaded and processed 

with our state-of-the-art pipeline (described below). The median depth of coverage 

for the WES was 115.31x (91.58 - 156.93x) for the tumor samples and 113.2x 

(range 87.25 - 171.48x) for the matched normal samples. For the remaining 

samples tumor and germline DNA were subjected to targeted capture massively 

parallel sequencing (MPS) using an Illumina HiSeq 2500 instrument at the 

MSKCC Integrated Genomics Operation (IGO) following validated protocols. 

Genome Analysis Toolkit (GATK) was used for local realignment to human 

reference genome GRCh37, duplicate removal and quality score recalibration 

[29].The median depth of coverage for MSK-IMPACT was 667.39x (395.49 - 

923.66x) for the tumor samples and 442.51x (102.40- 561.81x) for the matched 

normal samples. The median depth of coverage for the targeted sequencing assay 

was 139.25x (13.4 - 721.98x) for the tumor samples and 187.09x (15.04 - 456.53x) 

for the matched normal samples.   

  Somatic single nucleotide variants (SNVs) were identified using MuTect 

[30]; small insertions and deletions (indels) were identified using Strelka and 

VarScan 2 [31, 32], and further curated by manual inspection. Small insertions and 

deletions (indels) were detected using Strelka (v2.0.15) [32] and VarScan 2 

(v2.3.7) [33]. We filtered out SNVs and indels outside of the target regions, those 

with mutant allelic fraction (MAF) of <1% and/or those supported by ≤5 reads [34]. 

We further excluded SNVs and indels for which the tumor MAF was <5 times that 

of the matched normal MAF, as well as SNVs and indels found at >5% global 

minor allele frequency of dbSNP (build 137).  

A combination of Mutation Taster [35], CHASM (breast) [36] and FATHMM 

[37] was used to define the potential functional effect of each non-synonymous 

SNV. Missense SNVs defined as non-deleterious/passenger by both 

MutationTaster [35] and CHASM (breast) [36], a combination of mutation function 

predictors shown to have a high negative predictive value [38], were considered 

passenger alterations. Additionally, mutations that were not predicted by CHASM 

(breast classifier) and/ or FATHMM [39] as “driver” and/ or “cancer” alterations, 

respectively, were classified as passenger alterations. The SNVs considered not 
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to be passengers using this combination of mutation function predictors were 

defined as “likely-pathogenic” if they affected cancer genes included in the cancer 

gene lists described by Kandoth et al. (127 significantly mutated genes) [40], the 

Cancer Gene Census [41] or Lawrence et al. (Cancer5000-S gene set) [42], or 

were otherwise classified as “potentially-pathogenic”.  For in-frame indels, those 

that were defined as “deleterious” by MutationTaster or PROVEAN [43], and 

targeted by LOH of the wild-type allele or affected cancer genes included in the 

cancer gene lists were considered to be “potentially-pathogenic”. In-frame indels 

that both affected genes within the cancer genes list and had LOH were 

considered “likely-pathogenic”. Frameshift, splice-site and truncating mutations in 

the presence of LOH of the wild-type allele or affected genes of at least one of the 

three cancer gene datasets were considered likely pathogenic.  

The cancer cell fraction (CCF) of each mutation was inferred using the 

number of reads supporting the reference and the alternate alleles and the 

segmented Log2 ratio from MPS as input for ABSOLUTE (v1.0.6) [44]. Solutions 

from ABSOLUTE were manually reviewed as recommended [44, 45]. A mutation 

was classified as clonal if its probability of being clonal was >50% [45] or if the 

lower bound of the 95% confidence interval of its CCF was >90%. Mutations that 

did not meet the above criteria were considered subclonal. 

 

Copy number analysis  

FACETS [46] was employed to determine copy number alterations (CNAs). 

Read counts for dbSNP (build 137) positions within the target regions were 

generated for matched tumor and normal samples, and used as input to FACETS 

for analysis as previously described [47]. Loss of heterozygosity (LOH) was 

determined using the minor copy number estimates of each segment for genes 

harboring a somatic mutation. All gene amplifications, homozygous deletions and 

LOH were visually inspected using plots of raw Log2 and allelic copy ratios. 

FACETs tumor purity estimates were used to determine the clonality of BRCA 

LOH and local copy number estimates were used for the calculation of large-scale 

transitions [48]. 
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Results 

Clinico-pathologic features of BRCA-BCs  

Figure 1, 2 and Supplementary Table S1 summarizes the clinical and 

morphological features as well as the immunohistochemical profile of the series of 

hereditary breast carcinomas included in this study. With regard to ER, PR and 

HER2 status, 70.3% (26/37) and 18.9% (7/37) of BRCA1-cancers were triple-

negative and ER-positive/HER2-negative, respectively. Within BRCA2-associated 

tumors, 88.2% (15/17) were ER-positive and four HER2-positives (Table 1, 2 and 

Supplementary Table S1).  

 

Genomic landscape of BRCA1/2-associated breast tumors 

 Massively parallel sequencing of BRCA-BCs resulted in the identification of 

2206 somatic mutations affecting 1732 different genes. Of the 2206 mutations 

detected, 1775 (80.5%) were non-synonymous SNVs. MPS revealed a median of 

three (range 1-6) and two (range 0-5) non-synonymous mutations in BRCA1 and 

BRCA2 cases, respectively, when considered only the 227 genes present in the 

three target capture panels (Supplementary Table S1).  

In BRCA1 breast tumors recurrently mutated genes included TP53, KMT2C, 

NF1, GRIN2A, AKT3, MAP2K2 and PTEN. The most frequently mutated gene in 

the cohort was TP53, with somatic mutations being found in 26 out of 37 (70.3%) 

of the tumors. Tumors lacking TP53 loss-of-function mutations were most likely 

ER-positive (7/11, 63.6%), and in two cases a PIK3CA hotspot mutation (E545K 

and R1047H) was observed (Figure 1). In contrast to BRCA1 cases, TP53 

somatic mutations were found in lower frequency in BRCA2-BCs (17.6%, 3/17). 

Moreover, few recurrently mutated genes were identified in these tumors (e.g 

GATA3) (Figure 2).  

Additional likely pathogenic mutations in bona fide cancer genes, such as 

EGFR, NF1, PIK3R1, RB1, BRCA2, FOXA1 and FGFR2 were identified in single 

or few cases (Figure 1 and 2). Somatic mutations in most of tumor suppressor 

genes, including TP53, BRCA2, NF1, PTEN and ATM were coupled to loss of 

heterozygosity. Loss of heterozygosity (LOH) of the TP53 wild-type allele was 

observed in 100% of cases (Figure 3 and 4). 
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Copy number analysis revealed that BRCA1- and BRCA2-BCs share 

several recurrent gains and losses. The most common CNAs in BRCA1-BCs were 

losses of 1p36 and gains of 1q21, 1q42-43, 3q26 (encompassing PIK3CA), 6p22 

(HIST1H family genes) and 11q13 (encompassing CCND1) (Figure 5a). 

Homozygous deletions of NF1, PTEN, CDKN1B, CDKN2A, RB1, CHEK1 and 

RAD51 were observed in single BRCA1 cases (Figure 1). In BRCA2 tumors, 

losses of 1p36 (encompassing ARID1A and MTOR), 3p21, 11q22 (encompassing 

ATM), 22q12 (encompassing NF1 and CHEK2) as well as gains in 1q32 and 

15q26 (encompassing IDH2 and BLM) were found to be recurrent (Figure 5b).  

 

Clonal heterogeneity of BRCA tumors 

 We then investigated the fraction of cancer cells harboring BRCA1/2 LOH. 

Our analysis revealed that BRCA1 LOH was found in 34 out of 37 cases (91.9%), 

being clonal (i.e. inferred to be present in virtually all cancer cells analyzed in a 

given sample) in 91.9% (27/34) and subclonal in 20.6% (7/34) of the cases. Two of 

the three BRCA1 breast tumors that did not show BRCA1 LOH were ER-positive 

and also developed in the absence of TP53 somatic mutation. Interestingly, two of 

these cases harbored a second BRCA1 somatic mutation (K1657fs and Q934*), of 

which the latter was clonal (Figure 1 and 3). Within BRCA2-BCs, clonal and 

subclonal BRCA2 LOH was found in 82.3% (14/17) and 5.9% (1/17) of the cases. 

Two of these breast cancers were inferred to preserve de BRCA2 wild-type allele 

(Figure 2 and 4).  

 The majority of the somatic mutations found in known cancer genes 

harboring a likely pathogenic mutations, such as TP53, PIK3CA, PIK3R1, BRCA2, 

ATM and RB1 were predicted as clonal, while subclonal mutations in others (e.g. 

GATA3 and PTEN) were also identified, suggesting intra-tumor heterogeneity 

(Figure 3 and 4). 

 

Discussion 

 Histological and molecular studies have revealed the heterogeneous nature 

of BC [12, 49]. Breast tumors in patients carrying a BRCA1 or BRCA2 germline 

mutation, however, offer an interesting opportunity to study genetic heterogeneity, 
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given that it has been posited that the order of genetic aberrations in cancer 

development determines the subsequent repertoire of somatic genetic aberrations 

[50]. Moreover, although BRCA1- and BRCA2-related BC represent the most 

common form of hereditary breast tumors, just a few genomic studies, in a small 

number of tumors, were carried out to date [14, 15] and no systematic analyses of 

the repertoire of somatic mutations and clonal heterogeneity in these cancers have 

been performed as yet. In this study we used target capture MPS to determine the 

catalog of somatic genetic events and the extent of intra-tumor genetic 

heterogeneity in BRCA-BCs.  

 It is well-known that around 80% of the BRCA1-BCs display a triple-

negative phenotype and are classified as basal-like molecular subtype [51, 52]. In 

fact, several lines of evidence have demonstrated that BRCA1 directly modulates 

ER expression in BCs and also that these tumors originate from ER-negative 

luminal progenitor cells [53-56]. However, at least 20% of all breast tumors arising 

in BRCA1 germline mutation carriers express ER [11]. Some authors argue that 

these cancers are not linked to BRCA1 germline mutations, but most likely 

constitute sporadic ER-positive tumors [18]. In our cohort, 9 out of 37 (24.3%) of 

the BRCA1 cases were ER-positive. Interestingly, within this group of tumors, 

seven cases were not affected by TP53 somatic mutations and two developed in 

the absence of BRCA1 LOH. In fact, Manié et al. observed lower frequency of 

TP53 somatic mutation in BRCA1 luminal tumors when compared to basal-like 

carcinomas [57]. Taken together, we can hypothesize that within ER-positive 

BRCA1-BCs two subgroups are found, including those sharing common features 

of BRCA-related cancers and others less likely to have BRCA-associated features, 

raising the possibility of incidental etiology in the latter.  

 Notably, the notion of the BRCA1 and BRCA2 functions on DNA repair of 

double-strand breaks through homologous recombination (HR) and the impact of 

complete BRCA deficiency within tumors allowed to advance in terms of 

therapeutic approaches for this subgroup of patients [58]. Moreover, although loss 

of the BRCA1 wild-type allele was thought to be the tumor-initiating event in 

patients with heterozygous germline mutations [16, 59], evidences showing that 

some tumors or a subset of cells within tumors preserve the BRCA1/2 wild-type 
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allele called into question the “two-hit” model and raised concerns about the 

efficacy of treatments targeting HR. Consistent with this notion, Pethania et al. 

demonstrated that mammary epithelial cells and fibroblasts from BRCA1mut/+ 

exhibited normal double-strand break repair by HR [60]. Observations that genetic 

inactivation of BRCA1 in cultured cells induces a rapid proliferation arrest, and that 

homozygous Brca1-/- mice display early embryonic lethality [61, 62], strongly 

suggesting that additional genetic alterations are required prior to loss of the 

remaining wild-type BRCA1 allele. Although somatic loss of BRCA1 and BRCA2 

wild-type allele has been found in the majority of tumors [17, 63], our results 

confirm by MPS that a subset of BRCA1/2-associated BCs may develop in the 

absence of clonal BRCA1/2 LOH and a minority of these tumors did not display 

BRCA1/2 LOH at all. Importantly, cells which retain the wild-type allele, or harbor 

intragenic deletions and/or revertant mutations, are unlikely to be sensitive to 

therapies that target DNA repair-deficiency, including inhibitors of the Poly(ADP-

ribose) polymerase (PARP). 

 Here we showed that TP53 mutations were observed in about 70% of 

BRCA1-breast cancers. In agreement with this, seminal studies have provided 

evidence to suggest that BRCA1 and TP53 are in epistatic interaction and promote 

synthetic viability (Ashworth, 2011), given that loss of p53 prolongs the embryonic 

survival of Brca1-knockout mice. Our data derived from deep exome and/ or 

targeted capture massively parallel sequencing of these BRCA1-BCs also suggest 

that, in addition to the high frequency of TP53 loss of function, truncal loss of 

specific tumor suppressor genes (e.g. PTEN, RB1, CDKN2A, NF1, RPTOR and 

MAP2K2) may be recurrent events in BRCA1-BC. However, questions that are 

germane to the understanding of BRCA1-BC include whether these putative 

truncal events precede loss of the remaining BRCA1 wild-type allele, and whether 

they influence the viability of BRCA1-deficient cells. 

 Despite being driven by germline mutations in functionally related genes, 

we observed that BRCA1- and BRCA2-mutated BCs constitute a heterogeneous 

group of tumors at the molecular level. In agreement with previously findings [57, 

64], we observed high frequency of TP53 somatic mutation in BRCA1 cases, but 

not in BRCA2. Our data also indicate a heterogeneous pattern of subclonal 
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diversification, in which some tumors are predominantly composed by clonal 

mutations, in contrast to others that harbor a high number of subclonal mutations.  

Moreover, although the high levels of genomic instability recently described in 

cancers with BRCA1 and BRCA2 inactivating mutation [25, 63], quite surprisingly 

is the small number of likely pathogenic mutation found in some BRCA tumors.  

 In conclusion, our data demonstrate that BRCA1 and BRCA2 breast tumors 

share partial similarities in their mutational repertoire. Moreover, clonal TP53 

somatic mutation was the only recurrent mutated gene and may precede BRCA1 

and BRCA2 LOH, allowing tumor cells survive to complete loss of BRCA1. 

Additionally, our data also suggest that in at least a subset of BRCA1/2-BCs, other 

driver genetic events may have preceded the loss of BRCA wild-type allele. 

 

FIGURE LEGENDS 

Figure 1. Repertoires of mutations, gene amplifications and homozygous 

deletions of BRCA1-associated breast tumors. Heatmap indicating the non-

synonymous somatic mutations, amplifications and homozygous deletions in the 

37 BRCA1 breast tumors analyzed. Each column represents one sample and rows 

show genes. Alteration types are color-coded according to the legend. Diagonal 

bar was used to represent loss of heterozygosity (LOH) of the wild-type allele of a 

mutated gene. Only the 227 genes present in the three target capture panels were 

included. Expression of ER, PR and HER2 as defined by immunohistochemistry, 

BRCA1 LOH clonality and large-scale state transitions (LST) score are shown on 

figure.  

 

Figure 2. Repertoires of mutations, gene amplifications and homozygous 

deletions of BRCA2-associated breast tumors. Heatmap indicating the non-

synonymous somatic mutations, amplifications and homozygous deletions in the 

17 BRCA2 breast tumors analyzed. Each column represents one sample and rows 

show genes. Alteration types are color-coded according to the legend. Diagonal 

bar was used to represent loss of heterozygosity (LOH) of the wild-type allele of a 

mutated gene. Only the 227 genes present in the three target capture panels were 
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included. Expression of ER, PR and HER2 as defined by immunohistochemistry, 

BRCA2 LOH clonality and large-scale state transitions (LST) score.  

 

Figure 3. Cancer cell fraction of every non-synonymous mutation found in 

BRCA1 breast tumors. Integrated analysis of mutant allele fractions, tumor cell 

content, ploidy and local copy number using ABSOLUTE was performed to 

determine the cancer cell fractions (CCFs) of every non-synonymous. CCFs are 

color-coded according to the legend.  

 

Figure 4. Cancer cell fraction of every non-synonymous mutation found in 

BRCA2 breast tumors. Integrated analysis of mutant allele fractions, tumor cell 

content, ploidy and local copy number using ABSOLUTE was performed to 

determine the cancer cell fractions (CCFs) of every non-synonymous. CCFs are 

color-coded according to the legend.  

 

Figure 5. Copy number alterations of BRCA1- and BRCA2-associated breast 

cancers. (a) Frequency of copy number gains, losses, amplifications and 

homozygous deletions of 37 BRCA1 and 17 BRCA2 breast tumors subjected to 

target capture massively parallel sequencing are shown on the top and bottom, 

respectively.    
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Figure 1.  

 

 
 
 
Figure 1. Repertoires of mutations, gene amplifications and homozygous deletions 

of BRCA1-associated breast tumors. Heatmap indicating the non-synonymous somatic 

mutations, amplifications and homozygous deletions in the 37 BRCA1 breast tumors 

analyzed. Each column represents one sample and rows genes. Alteration types are 

color-coded according to the legend. Diagonal bar was used to represent loss of 

heterozygosity (LOH) of the wild-type allele of a mutated gene. Only the 227 genes 

present in the three target capture panels were included. Expression of ER, PR and HER2 

as defined by immunohistochemistry, BRCA1 LOH clonality and large-scale state 

transitions (LST) score are shown on figure.  
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Figure 2.  

 
 
Figure 2. Repertoires of mutations, gene amplifications and homozygous deletions 

of BRCA2-associated breast tumors. Heatmap indicating the non-synonymous somatic 

mutations, amplifications and homozygous deletions in the 17 BRCA2 breast tumors 

analyzed. Each column represents one sample and rows genes. Alteration types are 

color-coded according to the legend. Diagonal bar was used to represent loss of 

heterozygosity (LOH) of the wild-type allele of a mutated gene. Only the 227 genes 

present in the three target capture panels were included. Expression of ER, PR and HER2 

as defined by immunohistochemistry, BRCA2 LOH clonality and large-scale state 

transitions (LST) score.  
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Figure 3.  

 
 
 
Figure 3. Cancer cell fraction of every non-synonymous mutation found in BRCA1 

breast tumors. Integrated analysis of the mutant allele fractions, tumor cell content, 

ploidy and local copy number using ABSOLUTE was performed to determine the cancer 

cell fractions (CCFs) of every non-synonymous. CCFs are color-coded according to the 

legend.  
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Figure 4. 

 
 

Figure 4. Cancer cell fraction of every non-synonymous mutation found in BRCA2 

breast tumors. Integrated analysis of mutant allele fractions, tumor cell content, ploidy 

and local copy number using ABSOLUTE was performed to determine the cancer cell 

fractions (CCFs) of every non-synonymous. CCFs are color-coded according to the 

legend.  
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Figure 5. 
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Figure 5. Copy number alterations of BRCA1- and BRCA2-associated breast 

cancers. (a) Frequency of copy number gains, losses, amplifications and homozygous 

deletions of 37 BRCA1 and 17 BRCA2 breast tumors subjected to target capture 

massively parallel sequencing are shown on the top and bottom, respectively.    
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Discussão  

 
Para fins didáticos as considerações finais desta tese serão apresentadas 

separadamente por grupo de objetivo, já que duas diferentes síndromes de 

predisposição hereditária ao câncer foram estudadas. Além disso, o enfoque  

dado ao estudo da Síndrome de Li-Fraumeni foi o entendimento das bases 

moleculares e funcionais associadas a predisposição ao câncer em indivíduos 

portadores de mutações herdadas no gene TP53. Já no estudo do câncer de 

mama associado aos genes BRCA1 e BRCA2, o objetivo foi caracterizar o 

conjunto de alterações somáticas, incluindo mutações e variação no número de 

cópias de DNA, bem como inferir a frequência clonal dos eventos moleculares 

encontrados nestes tumores.  

Achados relacionados a Síndrome de Li-Fraumeni 

Nos últimos anos boa parte dos estudos realizados por nosso grupo de 

pesquisa focaram no entendimento de diferentes aspectos relacionados a 

SLF/LFL. Parte deste interesse deveu-se, principalmente, a alta prevalência 

populacional nas regiões Sul e Sudeste do Brasil de uma mutação específica no 

gene supressor tumoral TP53, a R337H (c.1010G>A, p.Arg337His). Contrastando 

com o observado em outros países, como EUA e Inglaterra, em que a prevalência 

estimada para mutações germinativas em TP53 é de 1/10.000-25.000 (Gonzalez 

et al., 2009; Lalloo et al., 2003), no Brasil um estudo realizado por nosso 

laboratório (Palmero et al., 2009) e ou outro publicado por um grupo de pesquisa 

do Paraná (Custódio et al., 2013) encontraram uma prevalência aproximada de 

0.3% para a mutação R337H. Estes achados levaram a inúmeras discussões em 

relação a real patogenicidade desta mutação.  

No ano de 2002, DiGiammarino et al. conduziram um estudo no intuito de 

verificar o efeito funcional do alelo R337H. Ao expressar p53-R337H e a forma 

selvagem de p53 (p53-wt) em células de Escherichia coli, os autores observaram 

que a proteína mutante era estruturalmente muito similar à p53 selvagem, sendo 

que ambas foram capazes de formar tetrâmeros. No entanto, ao se avaliar a 

estabilidade destes, observou-se que p53-R337H tornava-se mais instável  com o 

aumento do pH, sendo que aproximadamente 70% dos tetrâmeros encontravam-
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se desnaturados em pH 8, enquanto que p53-wt só era desnaturada a 

temperaturas acima de 50 °C. Também foi demonstrado que uma ponte de sal 

entre a Arginina do códon 337 e a Asparagina do 352 era formada e que esta 

ligação seria fundamental para a dimerização e posterior formação do tetrâmero. 

Desta forma, a presença da mutação R337H, em que a Arginina 337 é substituída 

por uma Histidina, introduziria diferenças químicas nesta região, levando a uma 

desestabilização da ponte de sal e desestruturação do tetrâmero em condições de 

aumento de pH (DiGiammarino et al., 2002). É importante salientar, no entanto, 

que na época desta publicação o único estudo realizado apontava para uma 

associação tecido-específica de R337H, em que a mutação predispunha, 

exclusivamente, ao desenvolvimento de CAC (Ribeiro et al., 2001). Baseado 

nesta associação específica, DiGiammarino et al. (2002) hipotetizaram  que 

devido ao remodelamento sofrido pela glândula adrenal durante o período pré- e 

pós-natal, em que uma parcela significativa das células adrenais sofrem apoptose 

associada a aumento do pH intracelular (~7.9), p53-R337H tornava-se 

disfuncional, interferindo, assim, na indução de apoptose. Apesar de ser o 

primeiro estudo a sugerir o provável mecanismo de carcinogênese de R337H, 

algumas limitações devem ser consideradas. Por exemplo, o modelo de 

carcinogênese proposto explica apenas o desenvolvimento de CAC. 

Posteriormente a publicação do estudo, inúmeros outros trabalhos verificaram que 

R337H também estava associada ao desenvolvimento de outros tumores do 

espectro da SLF/LFL (Achatz et al., 2007; Giacomazzi et al., 2013). Além disso, 

deve-se levar em consideração o modelo biológico utilizado no trabalho. Todos os 

experimentos foram realizados após a transfecção de uma pequeno segmento do 

cDNA de TP53 (códon 311 ao códon 360) em células de E. Coli.  

Apesar das limitações do nosso estudo funcional apresentado nesta tese 

(capítulo V), em que apenas alguns mecanismos biológicos regulados por p53 

foram avaliados em um pequeno número de fibroblastos primários, parte dos 

nossos resultados corroboram achados prévios já publicados, enquanto  outros  

demonstram alterações até então desconhecidas no contexto da Síndrome de Li-

Fraumeni e de R337H. A investigação de parâmetros bioenergéticos e de 

resposta a estresse genotóxico em fibroblastos de pacientes com diferentes 
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mutações no gene TP53 revelou o possível envolvimento de um tipo específico de 

dano de DNA no processo de instabilidade genética potencialmente relacionado 

ao desenvolvimento de câncer em Li-Fraumeni. Os altos níveis de EROs 

produzidos por células de pacientes associados a um aumento substancial no 

reparo de sítios abásicos sugerem fortemente que, mesmo sob condições 

fisiológicas (ausência aparente de dano de DNA), a presença de uma mutação 

patogênica germinativa em TP53 acarreta em uma deficiência nos mecanismos 

antioxidantes celulares, o que leva a uma resposta celular constitutiva/crônica de 

reparo de DNA, especialmente de sítios abásicos. De fato, já é bem difundido na 

literatura que EROs ao reagirem com o DNA induzem, principalmente, a formação 

de sítios apurínicos e apirimidínicos (sitios abásicos) (Chastain et al., 2010). Além 

disso, considerando a bem estabelecida associação entre instabilidade genômica 

e câncer (Hanahan & Weinberg, 2011), nossos resultados sugerem que o 

aumento na produção de EROs encontrado nas células de pacientes associado 

aos altos índices de reparo de sítios abásicos, podem estar diretamente 

relacionados ao processo de desenvolvimento de tumores em portadores da 

mutação R337H e, possivelmente, em portadores de mutações localizadas no 

DLD de p53. Estes achados reforçam a hipótese já levantada por alguns autores 

de que substâncias antioxidantes podem apresentar um papel importante na 

profilaxia de câncer em pacientes com SLF/LFL (Wang et al., 2012; Sablina et al., 

2005). Deve-se salientar também que apesar de alguns tratamentos inovadores, 

como Advexin e Metformina (clinicaltrials.gov), estarem em fase de testes clínicos 

para síndrome, atualmente portadores de mutações em TP53 são tratados da 

mesma forma que indivíduos com tumores esporádicos de mesmo tipo.  

Um outro tópico apresentado nesta tese e com especial relevância para o 

diagnóstico molecular da SLF/LFL, refere-se a identificação de uma variante 

específica na região 3’UTR de TP53 (rs78378222, A>C) em famílias com critérios 

clínicos para a síndrome, mas negativas para mutações em regiões codificantes 

do gene TP53 (exons 2-11). A variante rs78378222 [C] havia sido descrita 

inicialmente em 2011, através de um estudo de GWAS (genome-wide association 

study) realizado na população da Islândia, e foi associada a um alto risco de 

desenvolvimento de carcinoma de células basais da pele (Stacey et al., 2011). 
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Esse estudo também demonstrou que rs78378222 localizava-se na sequência 

sinal de poliadenilação de TP53 (AATAAA > AATACA), sendo que a presença do 

alelo variante levava a um processamento alterado do transcrito aliado a uma 

maior instabilidade e degradação deste.  

Considerando a funcionalidade da variante rs78378222 [C] e o fato de 

mutações patogênicas em regiões codificantes do gene TP53 não serem 

identificadas em uma parcela significativa das famílias com critérios clínicos para 

SLF e LFL, decidimos por testar a frequência da variante em diferentes grupos, 

dentre estes: 1) mulheres com câncer de mama (n=213), pacientes com fenótipo 

compatível de SLS/LFL 2) positivos (n=130) e 3) negativos (n=129) para 

mutações patogênicas em regiões codificantes do gene TP53 e um 4) grupo 

controle composto por mulheres assintomáticas e previamente testadas para a 

mutação R337H (n=299). Confirmando nossa hipótese inicial de que o alelo 

poderia explicar o fenótipo familiar de SLF/LFL em uma parcela dos casos, 

rs78378222 [C] foi identificada em 5.4%(7/129) dos indivíduos avaliados. Outras 

achados, como a alta conservação evolutiva do alelo selvagem, os baixos níveis 

de p53 encontrados em tumores de portadores da variante e em fibroblastos 

expostos radiação ionizante reforçam a patogenicidade de rs78378222 [C]. 

Nossos resultados, apesar de necessitarem de validação em outras coortes, 

reforçam a importância de uma análise molecular mais abrangente do gene TP53 

em indivíduos com suspeita clínica de SLF/LFL e negativos para mutações em 

regiões codificantes. Recentemente, Dr. Li Yong  (University of Louisville, 

comunicação pessoal) confirmou a patogênese de rs78378222 [C] em modelo 

animal, visto que camundongos portadores da variante apresentaram alto risco 

para o desenvolvimento de um amplo espectro de tumores.   

O estudo de modificadores de fenótipo na SLF também tem sido alvo de 

investigação de grupos de pesquisa trabalhando com a doença. A SLF é bem 

conhecida por sua grande heterogeneidade de manifestações clínicas, que 

apresentam-se através das seguintes características: penetrância incompleta, 

ampla variação nas idades ao diagnóstico do primeiro tumor e diagnósticos de 

tipos tumorais diversos, mesmo entre indivíduos de uma mesma família e 

portadores de uma mesma mutação (Malkin et al., 2010). Acredita-se que parte 
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da variação fenotípica encontrada em pacientes com SLF seja devido a atuação 

de genes modificadores ou a alterações no próprio gene TP53 (modificadores 

intragênicos) (Palmero et al., 2010). Neste contexto, um polimorfismo funcional na 

região  promotora do gene MDM2 (SNP309 T>G) tem sido associado a uma 

antecipação na idade ao diagnóstico de câncer em portadores de mutações no 

DLD de TP53 (Bond et al., 2004; Bougeard et al., 2006). Com um impacto ainda 

mais marcante na idade de acometimento de câncer está o polimorfismo PIN3 

(duplicação de 16 pares de base no intron 3; alelo A1: normal e alelo A2: 

duplicado) do gene TP53. Marcel et al. demonstraram que a presença do alelo 

duplicado está associada com uma diferença de 19 anos na média de idade do 

primeiro diagnóstico em portadores de mutações germinativas em TP53 (A1A1: 

28.0 anos; A1A2: 47.0 anos; p = 0.01) (Marcel et al., 2011).  

Devido a escassez de estudos de modificadores de fenótipo em portadores 

da mutação R337H e a relevância clínica da identificação de marcadores 

genéticos que possam auxiliar no manejo dos pacientes especificamente com 

esta mutação,  nosso objetivo foi verificar o impacto dos três mais bem descritos 

polimorfismos nos principais genes reguladores da atividade de p53, incluindo 

MDM2, MDM4 e USP7, nas manifestações clínicas de portadores da mutação 

R337H.  Nossos achados sugerem que da mesma forma que em portadores de 

mutações localizadas no DLD de p53, o polimorfismo MDM2 309 também pode 

estar associado a uma aceleração na idade de diagnóstico de câncer em 

portadores da mutação R337H. Nossos resultados demonstram que o alelo G 

(alelo de risco) é significativamente mais frequente em portadores de R337H do 

que em controles (p=0.014). Além disso,  ao observarmos as idades médias ao 

diagnóstico de CAC e CM, observamos que para ambos grupos portadores do 

genótipo MDM2GG  apresentam uma aceleração na idade de início de câncer 

quando comparado à portadores dos genótipos MDM2TG e MDM2TT. O fato das 

diferenças não serem estatisticamente significativas deve-se, provavelmente, a 

grande dispersão dos resultados e o limitado tamanho amostral. De fato, um 

estudo funcional já demonstrou que a presença do alelo G em MDM2 intensifica a 

interação com o fator transcricional Sp1, aumentando assim a expressão de 

MDM2 e levando a uma atenuação da atividade de p53 (Knappskog et al., 2011).  
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Conforme mencionado acima, reprogramação metabólica é descrita como 

uma das hallmarks da carcinogênese  (Weinberg 2011).  No contexto da SLF, 

tanto estudos em modelos animais quanto em humanos já demonstraram 

alterações na regulação bioenergética (Wang et al., 2012; Macedo et al., 2012), 

bem como o impacto da suplementação com substâncias antioxidantes na 

prevenção de câncer (Sablina et al., 2005). Em um estudo clássico conduzido por 

Sablina et al. (2005), foi demonstrado que animais knockout (p53-/-)  

suplementados com N-acetilcisteína (NAC) foram completamente protegidos 

contra o desenvolvimento de linfomas, enquanto que no grupo não-suplementado 

uma alta incidência deste tumor (90%) foi observada. Confirmando estes 

achados, Li et al. (2012) produziram camundongos com alterações em sítios de 

acetilação de p53 (p53K117R+K161R+K162R) essenciais para a indução de parada do 

ciclo celular, senescência e apoptose, todos estes mecanismos clássicos de 

supressão tumoral. De maneira surpreendente, foi observado que as células 

destes animais preservavam a capacidade de regular metabolismo energético e 

produção de EROs, o que os tornava ainda protegidos contra linfomas (Li et al., 

2012). Estes resultados fizeram com que nós levantássemos  a  hipótese de que 

a manutenção da homeostase energética e antioxidante apresentaria, da mesma 

forma que em modelo animal, um papel central na profilaxia de câncer em 

portadores de mutações em TP53, neste caso de R337H.  Apesar do objetivo do 

nosso estudo não ter sido testar o impacto direto da suplementação com 

antioxidantes na incidência de tumores, visto que indivíduos suplementados 

teriam que ser acompanhados por um longo período de tempo, nossos resultados 

demonstram o impacto de algumas destas substâncias na correção bioquímica de 

parâmetros de estresse oxidativo.   

A primeira substância antioxidante testada neste estudo foi NAC, uma 

molécula precursora derivada de cisteína e que auxilia na produção de glutationa, 

uma importante proteína antioxidante endógena (Sansone et al., 2011). NAC tem 

sido amplamente utilizada para algumas situações clínicas e foi uma das únicas 

substância testadas até o momento em modelos pré-clínicos da SLF (Sablina et 

al., 2005). Nossos resultados em relação ao efeito de NAC sobre parâmetros de 

estresse oxidativo são difíceis de interpretar, visto que seu uso foi capaz de 
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reduzir o dano oxidativo à proteínas (conteúdo de carbonilas) apenas no grupo 

controle. Além disso, o grupo placebo também apresentou uma redução deste 

parâmetro, nos levando a questionar o real impacto desta substância. 

Carbonilação de proteínas tem sido caracterizada como um tipo de alteração 

oxidativa irreversível e capaz de induzir perda parcial ou total na função de 

proteínas (Levine et al. 1990). Já as dosagens de marcadores de oxidação lipídica 

após o período de suplementação com NAC mostraram um aumento de 

Malondialdeído (MDA), um molécula gerada pela lipoperoxidação de lipídeos de 

membrana, exclusivamente no grupo R377H. Desta forma, NAC não parece ter o 

efeito desejado na diminuição do dano oxidativo em portadores da mutação 

R337H. De acordo com estes achados, inúmeros estudos já demonstraram a 

função pró-oxidante de NAC e algumas outras substâncias, tanto in vitro quanto 

em in vivo (Lambert et al., 2010; Sayin et al., 2014; Lu et al., 2013). 

Já o uso de Coenzima Q10 e sua derivada sintética Idebenona,  ambas 

drogas aprovadas para o uso em doenças neurodegenerativas e conhecidas por 

seu papel no transporte de elétrons da cadeia respiratória mitocondrial (Gueven et 

al., 2015), reduziram os níveis de oxidação de lipídios, especialmente no grupo de 

portadores da mutação R337H. Para ambos métodos de medida da 

lipoperoxidação lipídica, o uso de Idebenona foi associado a uma diminuição no 

conteúdo de MDA e de substâncias reativas ao ácido tiobarbitúrico (TBARS). Já 

Coenzima Q10 produziu efeito significativo apenas no conteúdo de TBARS. De 

fato, a atividade antioxidante da Coenzima Q10 e Idebenona tem sido 

demonstrada, principalmente, por seu papel na proteção de membranas lipídicas 

contra EROs. Além disso, devido ao seu menor peso molecular e maior 

solubilidade em água,  Idebenona parece apresentar maior biodisponibilidade e 

atividade quando comparada ao Coenzima Q10, explicando assim o melhor efeito 

desta (Parkinson et al., 2013). Idebenona tem sido utilizada clinicamente para 

doenças associadas a alterações na cadeia transportadora de elétrons, como 

neuropatia ótica hereditária de Leber, Síndrome de Leigh, Ataxia de Friedreich e 

Doença de Huntington (Giorgio et al., 2012). Além disso, estudos de fase 1 

demonstraram  que esta droga é segura e bem tolerada (Prospero et al., 2007).  
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Por fim, nossos resultados do perfil de citocinas, quimiocinas e fatores de 

crescimento apontam para um possível envolvimento inflamatório em portadores 

da mutação R337H. Apesar de apenas IL-12 diferir significativamente entre casos 

e controles (P=0.001), com maior dosagem em portadores, os valores médios  de 

IL-17, IFN-γ e IL-8 também apresentam-se aumentados em portadores da 

mutação R337H. Curiosamente, as funções destes sinalizadores imunológicos 

estão interconectadas.  Interleucina 12  é uma citosina secretada por linfócitos B, 

neutrófilos, células dendríticas e macrófagos após a ativação por células 

apresentadoras de antígenos. Sua função central é induzir a secreção de IFN-γ 

por células T auxiliares e Natural Killers (NKs), aumentando assim respostas 

citotóxicas contra tumores e infecções virais (Vecchio et al., 2007). Já IL-17 é 

produzida por células T ativadas e induz secreção de IL-8, sendo que ambas 

desempenham funções pró-inflamatórias (Ishiku et al., 2005). Esta é a primeira 

descrição de alterações imunológicas e atividade inflamatória na SLF/LFL. No 

entanto, estes resultados precisam ser avaliados com cautela e confirmados em 

uma série maior de casos e em portadores de outras mutações em TP53. Além 

disso, estudos in vitro e in vivo são necessários para a elucidação  do impacto da 

inflamação na tumorigênese destes pacientes.   

 
Achados relacionados ao câncer de mama associado aos genes BRCA1  e 
BRCA2  
 
 O surgimento de alguns consórcios internacionais como o The Cancer 

Genome Atlas (TCGA) e o International Cancer Genome Consortium (ICGC) 

permitiram avanços importantes no entendimento das bases moleculares dos 

tumores mais incidentes em humanos. Como um exemplo destes avanços está o 

câncer de mama, que tem sido foco de inúmeros estudos genômicos. Estes 

estudos permitiram a identificação das principais alterações somáticas destas 

neoplasias, a classificação em subtipos moleculares, definição de potenciais alvos 

terapêuticos e a caracterização do grau e extensão da heterogeneidade 

intratumoral. Apesar dos inúmeros avanços recentes no entendimento desta 

neoplasia, os aspectos descritos acima foram pouco explorados naqueles 

tumores de histologia  rara ou ligados a mutações germinativas em genes de 

predisposição ao CM.  
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 No presente estudo foram sequenciados 39 tumores de mama, sendo 29 

de pacientes portadores de mutações germinativas no gene BRCA1 e 10 de 

pacientes com mutações em BRCA2. Também foram incluídas na análise 15 

amostras provenientes do banco de dados público do TCGA, sendo 8 delas de 

casos de CM associados à BRCA1 e 7 relacionados à BRCA2. Nossos resultados 

demonstram que TP53 é o gene mais frequentemente mutado nestes tumores, 

com uma frequência de mutação de 70% e 18% em casos associados a BRCA1 e 

BRCA2, respectivamente. Apesar da frequência de mutações em TP53 de 

tumores relacionados à BRCA1 já ter sido previamente reportada por alguns 

estudos (Crook, et al. 1997; Network 2012; Network 2011), nenhum trabalho havia 

mostrado a frequência clonal destas alterações. Nossos resultados mostram que 

mutações em TP53 são eventos clonais (presentes em 100% das células 

tumorais) e precoces na carcinogênese destes tumores e, provavelmente, 

favorecem o acúmulo de novas alterações somáticas e instabilidade genômica. 

Curiosamente, apenas uma minoria das neoplasias da mama associadas a 

BRCA2 desenvolvem-se na presença destas mutações, visto que apenas três 

tumores apresentaram TP53 mutado. Além disso, do ponto de vista da análise de 

marcadores imunohistoquímicos e genéticos, uma grande variabilidade foi 

encontrada nestes tumores, salientado a grande heterogeneidade genética destas 

neoplasias. Estudos histopatológicos já reportaram a ampla variabilidade no perfil 

histológico e na expressão de receptores hormonais e HER2 destes tumores 

(Melchor et al. 2008). Por fim, a ampla variabilidade do perfil genômico destes 

cânceres é surpreendente, visto que tem sido postulado que a ordem das 

alterações genéticas em câncer determina o acúmulo subsequente de mutações 

durante a progressão tumoral (Ashworth et al., 2011).  

 Outro achado interessante neste estudo refere-se ao fato da perda 

somática do alelo selvagem de BRCA1 e BRCA2 não ser um evento comum a 

todos os tumores. Além disso, para alguns casos este pode ser um evento tardio 

(subclonal) na carcinogênese. Este resultado é de fundamental relevância clínica, 

visto que a efetividade do tratamento com inibidores de PARP é condicionada 

pela completa deficiência do processo de RH, que instala-se a partir da perda dos 

dois alelos de BRCA1 ou BRCA2. Desta forma, acreditamos que aqueles tumores 
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que preservam o alelo selvagem de BRCA, ou perdem o alelo de forma subclonal, 

podem não se beneficiar do tratamento com inibidores de PARP, sendo este um 

mecanismo potencial de resistência ao tratamento. Um estudo utilizando single 

cell sequencing, método considerado padrão ouro para a investigação de 

heterogeneidade intratumoral, encontra-se em andamento e será crucial para a 

definição da ordem cronológica dos eventos moleculares presentes nos tumores 

de mama associados aos genes BRCA1 e BRCA2.  
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Anexos 
 

 

- Produção científica complementar: artigos científicos publicados como co-

autor durante o período de doutoramente. 

 

- Aprovação dos projetos apresentados nesta tese no comitê de ética e 

pesquisa do Hospital de Clínicas de Porto Alegre. 
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