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RESUMO

O cancer de mama € uma das neoplasias malignas mais comuns que afetam
mulheres de todo o mundo. No Brasil, o Estado do Rio Grande do Sul tem indices de
incidéncia e mortalidade por cancer de mama que situam-se entre os maiores do
pais. Aproximadamente 5-10% dos diagnodsticos s&o causados por mutagdes
germinativas em genes de predisposi¢do entre os quais estdo BRCAT1 e BRCAZ,
associados a Sindrome de Cancer de mama e Ovario Hereditarios (Hereditary Breast
and Ovarian Cancer Syndrome ou HBOC, OMIM #114480).A identificagcdo dos casos
hereditarios de cancer de mama € importante porque individuos afetados apresentam
risco cumulativo vital muito superior ao da populagdo para o desenvolvimento de
cancer, porque familiares de um afetado podem estar igualmente em risco porque ha
medidas de rastreamento intensivo e intervengdes preventivas que podem diminuir
significativamente o risco de céncer em portadores de mutagdo. O diagndstico
molecular da sindrome HBOC ¢é laborioso e caro devido a heterogeneidade molecular
da doenga. Familias que apresentam caracteristicas indicativas de uma sindrome de
predisposi¢cao ao cancer de mama e ovario hereditarios, mas que sado negativas para
mutacgdes pontuais em BRCA1/2 vém sendo testadas para grandes rearranjos visto
que essas anormalidades tém sido consideradas como respondendo por, no minimo,
10% do todos os casos HBOC com mutagéao identificavel, incluindo grandes dele¢des
ou duplicagbes. Um estudo recente de Portugal, demonstrou que um rearranjo
fundador no exon 3 de BRCAZ2 ocorre em por 8% das familias HBOC do Norte do
pais. Os objetivos deste trabalho incluiram a verificagdo da frequéncia e
caracterizagdo de rearranjos génicos nos genes BRCA1 e BRCAZ2, incluindo a

mutacao fundadora ¢.156_157insAlu no exon 3 de BRCA2 em familias brasileiras de



alto risco para a sindrome HBOC. Em um grupo de 145 individuos em risco nao-
relacionados rastreados para a mutagdo fundadorac.156_157insAlu no exon 3 de
BRCAZ2 foram encontrados 3 portadores da mutacado (prevaléncia de 2%). Em um
grupo de 145 individuos de risco nao-relacionados rastreados para rearranjos génicos
em BRCA1 e BRCA2 pela técnica de MLPA (multiplex ligation-dependent probe
amplification) foram identificados 4 portadores de mutagdo germinativa, sendo a
mutacdo em dois deles um rearranjo génico no gene BRCA1 (1,4%) envolvendo
sequencias Alu. Rearranjos génicos em BRCA1 e BRCAZ2 sao responsaveis por uma
parcela das mutagdes em familias HBOC Brasileiras. O presente estudo, envolvendo
uma seérie grande de familias com o fenotipo da sindrome HBOC, nao identificou
novos rearranjos fundadores, no entanto, demonstrou a presenga de rearranjos tanto
em BRCA1 quanto em BRCA2, reiterando a importancia da busca ativa por estas
alteragdes, que dificilmente s&o identificadas por técnicas convencionais de
sequenciamento génico. A técnica de MLPA associada a um protocolo especifico
para detecgdo da mutagdo fundadora Portuguesa c.156_157insAlu podem ser
utilizadas como estratégia inicial de rastreamento de mutagcdes em familias Brasileiras
com a sindrome. Os resultados apresentados aqui, no entanto, indicam que mutacdes

serdo identificadas em menos de 10% dos casos utilizando esta estratégia.

PALAVRAS CHAVE: Cancer de mama, genes BRCA, rearranjos génicos e mutacao

fundadora.



ABSTRACT

Breast cancer is one of the most common malignancies affecting women
worldwide. In Brazil, the State of Rio Grande do Sul has incidence rates and mortality
from breast cancer are among the largest in the country. Approximately 5-10% of the
cases are caused by germline mutations in predisposing genes including BRCA1 and
BRCAZ2 are associated with the syndrome of breast and ovarian cancer Hereditary
(Hereditary Breast and Ovarian Cancer Syndrome or HBOC, OMIM # 114480). The
identification of inherited cases of breast cancer is important because affected
individuals have cumulative risk life much higher than the population for developing
cancer because of an affected family may also be at risk because there are measures
of intensive screening and preventive interventions that can significantly decrease the
risk of cancer in mutation carriers. The molecular diagnosis of HBOC syndrome is
laborious and expensive due to the molecular heterogeneity of the disease. Families
that have characteristics indicative of a cancer predisposition syndrome of hereditary
breast and ovarian cancers, but are negative for mutations in BRCA1/2 have been
tested for large rearrangements because these abnormalities have been identified as
accounting for at least 10 % of all cases HBOC identifiable mutation, including large
deletions or duplications. A recent study from Portugal, the founder showed that a
rearrangement in exon 3 of BRCA2 occurs in 8% of HBOC families of the north. The
objectives of this work included the verification of the frequency and characterization
of gene rearrangements in BRCA1 and BRCA2 genes, including c¢.156_157insAlu
founder mutation in exon 3 of BRCAZ2 mutations in Brazilian families at high risk for
HBOC syndrome. In a group of 145 individuals at risk unrelated traced to
c.156_157insAlu founder mutation in exon 3 of 3 found BRCA2 mutation carriers

(prevalence 2%). In a group of 145 individuals at risk unrelated screened for gene



rearrangements in BRCA1 and BRCA2 by the technique of MLPA (multiplex ligation-
dependent probe amplification) identified four carriers of germline mutation, and two of
the mutation in a gene rearrangement in the gene BRCA1 (1.4%) involving Alu
sequences. Gene rearrangements in BRCA1 and BRCA2 account for a portion of
HBOC mutations in Brazilian families. This study, involving a large series of families
with  HBOC syndrome phenotype, no new rearrangements identified founders,
however, showed the presence of rearrangements in both BRCA1 and BRCAZ2,
reiterating the importance of active search for these changes, which hardly are
identified by conventional techniques of gene sequencing. The technique of MLPA
protocol associated with a specific mutation detection founder Portuguese
c.156_157insAlu strategy can be used as initial screening for mutations in families with
Brazilian syndrome. The results presented here, however, indicate mutations that will

be identified in less than 10% of the cases using this strategy.

KEYWORDS: Breast cancer, BRCA genes, genomic rearrangements and founder

mutations.
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1. INTRODUGAO

O Brasil apresenta uma taxa bruta de incidéncia de cancer crescente. O perfil
epidemiologico de tumores no pais mostra uma sobreposicdo entre neoplasias
normalmente associadas a pobreza, como cancer de estdbmago, utero, figado e
cavidade oral, e aquelas comumente relacionadas a paises desenvolvidos, como
cancer de mama, prostata, pulmao e colon. Os tipos de cancer mais frequentes nos
paises desenvolvidos estdo associados principalmente a fatores da dieta, tabaco,
falta de exercicio fisico e exposicdo a uma ampla gama de fatores de risco
decorrentes do processo de industrializacdo e urbanizacdo, destacando-se entre
estes a exposigcao a substancias quimicas e horménios (Cocco et al., 2002Koifman &
Koifman, 2003; Gallo et al., 2005., Tério et al., 2009). Estudos epidemiolégicos
indicam aumento de sua ocorréncia tanto nos paises desenvolvidos quanto nas
regides em desenvolvimento. Nos paises ocidentais, encontra-se entre uma das
principais causas de morte em mulheres. Em relagdo aos tumores associados a
pobreza, destacam-se como possiveis fatores causais o consumo de alcool e cigarro
(para tumores da cavidade oral, laringe e faringe), infeccéo por HPV para o céncer de
cérvix uterina e por Helicobacter pylori para o cancer gastrico (Parkinet al., 1997;
Britto, 1997). O céncer de mama apresenta maior incidéncia e mortalidade em
estados considerados economicamente mais desenvolvidos do Brasil, com destaque
especial para as regides Sul e Sudeste.

O cancer de mama (CM) é provavelmente o tipo de cancer mais temido pelas
mulheres, devido a sua alta frequéncia e, sobretudo, pelos seus efeitos psicoldgicos,

que afetam a percepg¢do de sexualidade e a propria imagem pessoal. O Cancer de
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mama € uma doencga multifatorial, com uma pequena parcela dos casos, considerada
como hereditaria, ou seja, determinada principalmente por uma mutagdo germinativa
em gene de predisposicao de alta penetrancia.

Uma das principais e mais estudadas sindromes de predisposi¢ao hereditaria
relacionadas ao cancer de mama € a Sindrome de Predisposi¢cao Hereditaria ao
Cancer de Mama e Ovario (Hereditary Breast and Ovarian Cancer Syndrome ou
HBOC, OMIM #114480). Esta sindrome é causada por mutagbes germinativas nos
genes de predisposicao BRCA71 e BRCA2 que sao genes grandes e altamente
heterogéneos. O diagndstico de mutagdes patogénicas em um individuo ou familia
com o fenotipo HBOC envolve geralmente uma abordagem com multiplas técnicas
laboratoriais, de alta complexidade e custo. Embora mutagdes fundadoras e “hot
spots” nos genes BRCA1 e BRCA2 tenham sido descritos e possam simplificar o
diagnostico da sindrome, elas parecem ocorrer somente em algumas populagdes.
Com base nessas constatacdes, este estudo foi proposto para verificar a existéncia
de mutagdes nos genes BRCA1 e/ou BRCA2 em amostras de mulheres em risco da
populacao brasileira que pudessem justificar uma abordagem diagndstica inicial mais

custo eficaz da sindrome HBOC.
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2. REVISAO DA LITERATURA

2.1 Epidemiologia do cdncer de mama

O céncer de mama (CM) é segundo tipo mais frequente em incidéncia e
mortalidade no mundo e o mais comum entre as mulheres, respondendo por 22% dos
casos novos a cada ano. O impacto global da doenca mais que dobrou nos ultimos 30
anos, sendo que em 2010 foram estimados mais de 12 milhdes de casos novos no
mundo, o0s quais resultaram em cerca de 7,5 milhdes de o6bitos (American Cancer
Society 2012; INCa, 2012; DATASUS, 2011). A doencga é particularmente incidente
nos Estados Unidos e Norte da Europa, intermediaria em frequéncia no Sul e Leste
da Europa e América do Sul, e menos freqiiente na Asia. Porém, nos paises asiaticos
(particularmente Japao, Cingapura e em areas urbanas da China), as taxas brutas de
incidéncia vém aumentando rapidamente e essa mudancga tem sido atribuida ao nivel
sécio-econdbmico da regidao, padréo de desenvolvimento e comportamento reprodutivo
(Harris et al., 1996; Instituto Nacional do Cancer 2012).

No Brasil o CM é um importante problema de saude publica sendo o tumor
mais frequentemente diagnosticado em mulheres de todos os estados brasileiros, e a
primeira causa de morte por cancer em mulheres brasileiras de todas as idades.
Segundo estimativas do Instituto Nacional do Cancer (INCa) para 2012, serdo
diagnosticados no Brasil, 52.000 novos casos de CM, o que corresponde a 52 novos
casos a cada 100.000 mil mulheres (INCa 2012).

O estado do Rio Grande do Sul (RS) aparece como o segundo estado com
maior incidéncia da doenga (65 casos de CM a cada 100.000 mulheres) antecedido e

precedido pelos estados do Rio de Janeiro e Sdo Paulo (69 e 48 casos a cada 100
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000 mulheres, respectivamente). O RS compreende 7% da area nacional e tem
aproximadamente 10 milhdes de habitantes (IBGE, 2012). E considerado o estado
brasileiro com maior expectativa de vida (73,4 anos), superior a média brasileira de
69,0 anos, e os idosos (individuos acima de 60 anos de idade) representam
aproximadamente 10% da populagéo. Esse dado epidemioldgico tem relevancia para
a discussao das altas taxas de incidéncia de CM nesse estado, pois é sabido que a
incidéncia desta neoplasia aumenta com a idade. A populagcdo do RS é bastante
heterogénea, e quando comparada a de outros estados do pais, € considerada uma
das populagdes que recebeu maior numero de imigrantes europeus, com menor
contribuicdo de nativos (indios) e africanos (Marrero et al., 2005). Porto Alegre, a
capital do Rio Grande do Sul, apresenta uma incidéncia surpreendentemente alta de
cancer de mama, 980 novos casos a cada 100.000 mulheres para o ano de 2012
(INCa, 2012). Possiveis fatores de risco para a doenga, mais prevalentes na regido
Sul do Brasil e que poderiam explicar em parte as alarmantes taxas de incidéncia
incluem: predominio de individuos de origem caucasiana, menor numero médio de
filhos, gestacdes iniciadas em idades mais avangadas, melhor nivel socioeconémico e
maior uso de terapia de reposi¢ao hormonal (Harris et al., 1996; Andrea T et al.,
2007). No entanto, ndo existe uma explicagao clara e definitiva para a observagao das
altas taxas de incidéncia de CM no Sul do Brasil. E mais provavel que resulte de

multiplos fatores, incluindo aspectos sociais, culturais, ambientais e genéticos.
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Em relagcdo a mortalidade por CM, observou-se um aumento em todas as
regides brasileiras nas décadas de 1980 e 1990, mas o risco de morte nas regides
Sul e Sudeste foi pelo menos duas vezes maior. Um dos fatores determinantes mais
importantes para a alta taxa de mortalidade por CM no Brasil é o avangado estagio da
doenca no momento em que as mulheres sdo submetidas ao primeiro tratamento. Em
geral, 50% dos casos sao diagnosticados em estagios avancados (Silveira et al.,
2008; Gongalves et al., 2006; Pinho, Coutinho., 2007).0 cancer de mama masculino é
uma doenga incomum, representando cerca de 1% de todos os canceres de mama,
porém, em algumas sindromes de predisposi¢cao hereditaria, o risco de ocorréncia de
CM em homens € muito maior do que o da populagao geral (Giordano et al., 2005;
Carmalt et al., 1998). Em relagdo a idade, para os homens, a média da idade dos
pacientes ao diagnostico € de 60 a 70 anos na maioria dos estudos, sendo relatado
que o cancer de mama em homens tende a ser diagnosticado em idade mais
avancada do que em mulheres. Em mulheres mais jovens o CM é menos frequente,
existindo um aumento crescente dos indices de incidéncia especificos por idade até a
menopausa. Mulheres brancas apresentam um indice global maior de incidéncia do
que as mulheres negras, sendo esta diferenca significante somente apds a
menopausa. Melhores condigdes soOcio-econdmicas também tém sido associadas a
maior risco para desenvolver CM e mulheres solteiras apresentam incidéncia maior
de cancer de mama, quando comparadas com as casadas (Fentiman et al., 2006;
Andrea T et al., 2007; Matos et al.,2010). A contribuicdo de fatores genéticos na
origem e desenvolvimento de neoplasias malignas da mama pode ser evidenciada
pela ocorréncia aumentada de cancer de mama em familiares de individuos afetados,
pela ocorréncia de agregados familiares de cancer de mama e pela ocorréncia de

sindromes geneticamente determinadas, que conferem aos seus portadores um alto
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risco de desenvolvimento de cancer de mama e outros tumores. A identificacdo de
individuos em risco é fundamental para a prevencao e deteccdo precoce da doenca.

(Offit et al., 1998; Son et al.,2012).

2.2 Principais Fatores de Risco para Cancer de Mama
O controle do cancer de mama deve priorizar a prevengdao e a deteccao

precoce, entretanto, a alta freqiéncia em mulheres de todo mundo motivou o estudo
intensivo de fatores de risco etioldgicos e de fatores de risco modificaveis, que seriam
uteis para a definicdo de estratégias eficazes e preventivas. Os fatores que podem
contribuir para o desenvolvimento de um CM compreendem fatores intrinsecos (de
predisposi¢ao hereditaria ou dependente da constituigdo hormonal) e fatores externos
(ambientais, incluindo agentes fisicos, quimicos e bioldgicos) (Veronesi et al., 2002).
Podem ainda estar baseados em estilos de vida e em fatores associados ao nivel de
desenvolvimento econdmico, politico e social. Os principais fatores associados a um

risco aumentado de desenvolver cancer de mamasao:

Histéria familiar. Mulheres com histéria familiar de CM tém um risco aumentado de
desenvolver esta neoplasia. Este risco aumenta com o numero de familiares em 1°
grau afetados, (méae, irm& ou filha). A analise do historico familiar revela
frequentemente a existéncia de outros casos da doenga com caracteristicas
particulares. Entre essas caracteristicas podemos citar a existéncia de: (a) familiares
afetados em duas ou mais geragdes sucessivas; (b) dois ou mais familiares de
primeiro grau com diagnostico da doenga no periodo da pré-menopausa; (c)
familiares com cancer de mama bilateral e, (d) diagnostico de CM em familiares do

sexo masculino. A ocorréncia de pelo menos uma dessas caracteristicas em uma
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familia sugere a existéncia de um componente genético hereditario que predispde a
doenca (Colditz et al., 1993; Rosenthal et al., 1999). A presenca de outros tumores
associados ao CM pode oferecer informagdes adicionais acerca do tipo de sindrome
de predisposicdo ao cancer de mama em questado (p.ex., presenca de cancer de
ovario associado ao CM leva a suspeita da sindrome HBOC, presenca de cancer de
colon associado ao CM leva a suspeita da sindrome de cancer de mama e célon
hereditarios, ou HBCC), bem como a presenga de cancer de mama e sarcomas, ou Li

- Fraumeni (Dawn et al., 2008).

Idade. O risco de desenvolver CM aumenta com a idade, sendo que o seu
aparecimento é raro antes dos 30 anos de idade, e a média de idade ao diagndstico é
de 64 anos, aumenta a partir dos 35 anos e vai duplicando de 10 em 10 anos até
estabilizar por volta dos 80 anos de idade. A correlagdo entre a idade e aumento da
doenca nao ¢ linear, havendo um pico de elevagao da incidéncia de CM em mulheres
jovens, diminuigao do pico durante e logo apds a menopausa, finalizando em um novo
pico de incidéncia alguns anos apds a menopausa (American Cancer Society 2007,

Hankinson et al, 2004; Korde et al, 2004).

Riscos Reprodutivos. Os contraceptivos orais assim como a terapia de reposicao
hormonal (TRH), aumentam o risco de CM, entretanto este efeito diminui
consideravelmente apos a cessacado do seu uso. A composicdo dos contraceptivos
orais (tipo e dose de estrogénio e a presenga ou ndo de progesterona) variou
consideravelmente no decorrer dos anos. O uso de TRH esta associado
particularmente com carcinomas lobulares, invasivos, pequenos e com presenca de

receptores hormonais. Mulheres que iniciaram o uso de contracepg¢ao oral antes dos
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20 anos de idade apresentam um risco maior de desenvolver CM (Collaborative
Group on Hormonal Factors in Breast Cancer 1997; Araujo et al., 2007; Magnusson et
al, 1999). Uma atividade ciclica ovariana longa, com uma menarca precoce e/ou
menopausa tardia, também estdo associados a um alto risco de desenvolvimento de
CM. Mulheres que alcangcam a menarca antes dos 11 anos de idade possuem um
risco cerca de 20% maior de desenvolver CM ao longo da vida, em comparacéo as
mulheres que alcangam a menarca com mais de 14 anos de idade. A menopausa
tardia (apos os 54 anos de idade) também aumenta o risco para CM, provavelmente
devido a um maior tempo de exposicdo hormonal. Entretanto, a magnitude do risco
atribuido a menopausa tardia em relagdo ao CM nao foi quantificada (Azzena., et al
1994; Robbins e Cotran, 2005).A nuliparidade & considerada um fator de risco para
CM, assim como a ocorréncia da primeira gestagdo apds os 30 anos de idade. No
que diz respeito a paridade, verificou-se que mulheres que tenham tido pelo menos
uma gravidez, tém um risco de desenvolver CM 25% menor do que mulheres
nuliparas. Esta protecdo aumenta com o numero de gravidezes, atingindo os 50% em
mulheres com cinco ou mais filhos (Layde et al, 1989; Ewertz et al, 1990;Robbins e
Cotran, 2005). Longos periodos de lactagado reduzem o risco para CM. Um estudo de
metanalise evidenciou que a cada nascimento de um filho e a cada ano de
amamentacdo, o risco relativo para CM diminui em 7% e 4,3%, respectivamente
(Collaborative Group on Hormonal Factors in Breast Cancer 1997; Layde et al, 1989;

Ewertz et al, 1990;Robbins e Cotran, 2005).

Etnia. A incidéncia e mortalidade por CM variam consideravelmente entre diferentes
grupos étnicos. A incidéncia é maior entre os eurodescendentes e afro-americanos,

intermediaria entre hispanicos e amerindios, e mais baixa entre os asiaticos (Ghaffor
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et al., 2003). Mulheres eurodescendentes apresentam maior incidéncia de CM
relativamente as mulheres afro-americanas, no entanto, estas ultimas apresentarem
maior taxa de mortalidade. Apesar dos modernos métodos de deteccdo precoce do
cancer de mama, de intervencao e das terapias pos-operatérias terem melhorado o
prognéstico de pacientes com tumor primario de mama, existe uma profunda
disparidade racial que, de fato, tem aumentado nos ultimos anos (Butler &
Cunningham, 2001; Moorman et al., 2001). Com relagdo a distribuicdo etaria e de
ancestralidade dos casos diagnosticados, observa-se que  pacientes
afrodescendentes s&o diagnosticadas em faixa relativamente mais jovem, em torno
de 56 anos, enquanto que pacientes eurodescendentes tém seu diagndstico em torno
dos 60 anos de idade. Mulheres judias, especialmente Ashkenazi e com historia
familiar de primeiro grau de CM, apresentam um risco cerca de quatro vezes maior de

desenvolver a doencga (Egan et al., 1998 ; Smigal et al, 2006).

Toxinas ambientais. Alguns estudos sugerem que os contaminantes ambientais, tais
como pesticidas organoclorados, poderiam ter efeitos estrogénicos em humanos. O
possivel efeito de toxinas ambientais no CM esta sendo intensamente investigado.
Nenhuma substéncia especifica foi definitivamente associada a um risco aumentado

até o momento (Robbins e Cotran, 2005).

Estilo de vida. Acredita-se que a obesidade e a ingestado de alcool conferem também
risco para desenvolver CM apos a menopausa. O risco para mulheres que consomem
menos de 60g/dl por dia ndo € significativamente diferente das abstémias. Acima
desta dose, quanto maior a quantidade de alcool ingerida, maior a chance de vir a ter
cancer de mama, especialmente se o uso for continuo ou muito frequente. Entretanto,

o risco relacionado ao alcool para desenvolvimento do CM € correspondente ao risco
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da droga para outros tipos de cancer (Boffetta et al., 2006; Friedenson, 2012). Em
relagdo ao tabaco, ndo ha associagao definitiva com risco para CM, embora exista
risco maior para mastite e outras patologias benignas da mama em fumantes
(Robbins e Cotran, 2005;). A alta ingesta calodrica, especialmente de gorduras
saturadas, relaciona-se a aumento de risco para cancer de mama, e foi postulado que
modificagdes na dieta, limitando consumo diario de gordura para menos de 15-20%
da ingesta, diminuiria o risco para a doencga (Nordevang et al., 1992). Outros fatores
de risco identificados para cancer de mama incluem, o envelhecimento do individuo, a
residéncia em determinadas regides do mundo, a qualidade de vida devido as

condicdes financeiras da familia e a exposigao a irradiacao, citadas na tabela 1.

Tabela 1. Fatores de risco estabelecidos para cancer de mama

Fatores que influenciam o risco Risco relativo estimado

Envelhecimento

(idade 65 — 69 anos vs. idade 30 — 34 anos) 17
Residéncia na América do Norte ou Europa
(vs. Asia) 4-5
Residéncia em zonas urbanas 1,5
Renda familiar ou escolaridade maior 1.5
Mae ou irm& com cancer de mama 2-3
Nuliparidade ou idade tardia na 2-3
primeira gestacdo >30 anos
Auséncia de amamentacao 1,5
Idade da menarca (<12 anos vs. > 15 anos) 1,5
Idade da menopausa (>55 anos vs. 45 anos) 2
Doenca proliferativa da mama 2-4
(confirmada por bidpsia)
Densidade mamaria elevada 2-4
Obesidade
(no periodo pds - menopausico) 2
Alta estatura 1,6-2

Irradiacao toracica em altas e moderadas doses 2-4
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Histéria familiar de cancer de mama 2-4
Histéria de cancer primario 1,5-2
de endométrio ou ovario

Modificado de Brinton & Devesa, 1996 - Diseases of the Breast

25



Fatores de risco para o desenvolvimento de cancer de mama ja foram bem
estabelecidos, entretanto as causas exatas da ocorréncia deste tumor e a magnitude
da contribuicdo de cada um dos fatores de risco identificaveis para determinado
individuo sao dificeis de definir (Jose et al., 2004). Fatores de protegcédo para cancer
de mama também podem ser identificados. A ocorréncia desta neoplasia € menos
provavel em mulheres que tiveram pelo menos um filho antes dos vinte anos,
mulheres com histéria de amamentagdo por periodos prolongados, retirada dos
ovarios antes dos 35 anos, pratica regular de atividade fisica e aquelas com dietas
pobres em gordura. Embora programas de prevenc¢ao da exposi¢ao a fatores de risco
e de estimulo a habitos saudaveis tenham sido criados globalmente para diminuir a
incidéncia e mortalidade por CM, o diagnostico precoce (prevengdo secundaria), por
meio da mamografia ou de exame clinico da mama, ainda parecem ser as medidas
de maior impacto na mortalidade (Sociedade Brasileira de Mastologia, 2012; Pischon

et al, 2008).

2.3 Tipos de cancer de mama
Acredita-se que ainda n&o existe um modelo que possa definir com preciséo os

multiplos eventos envolvidos na carcinogénese mamaria, entretanto alguns autores
defendem que existem multiplas vias para o desenvolvimento de CM. Clinicamente,
os tumores malignos da mama podem ser divididos genericamente em trés formas:

esporadicos, familiais e hereditarios.
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Tumores esporadicos correspondem a grande maioria dos casos, resultam da
acumulagdo de mutagbes a nivel somatico, sem que exista qualquer mutagao
germinativa, sdo predominantemente associadas a exposi¢do a fatores de risco
ambientais. (Kenemans et al, 2004; Simpson et al, 2005; Ward, 2002). Em sua grande
maioria, sdo tumores que aparecem em mulheres com idade mais avancada, e
geralmente ndo ha historia familiar importante da doenga. Os tumores descritos como
familiais descrevem casos associados a algum outro diagnéstico de CM na familia.
Porém, geralmente ndo se evidencia um claro padrdo de heranga autossdmica
dominante, a idade ao diagndstico dos casos nao € precoce, e nao se identificam
mutagdes germinativas de predisposi¢cao ao CM. Possivelmente, a ocorréncia destes
“agregados familiares de CM” esta relacionada a uma combinagdo de fatores
genéticos (mutagbes e/ou polimorfismos em genes de baixa penetrancia) e
ambientais (exposicdo ambiental, perfil reprodutivo e/ou social comum a diferentes
membros de uma mesma familia). Os tumores hereditarios da mama decorrem de
alteragcdes herdadas (mutagdes germinativas em genes de predisposicdo de alta
penetrancia) que conferem uma maior predisposigdo ao cancer e correspondem a 5-
10% de todos os tumores malignos da mama (de La Chapelle et al., 1998; Dawn et
al.,2008; Byung et al.,2012). Estudos moleculares do carcinoma de mama, baseados
na identificacdo de um perfil de expressdo génica por meio do cDNA microarray,
possibilitou definir pelo menos cinco sub-grupos distintos: luminal A, luminal B, HER2
Positivo, basal e normal breast-like. O subtipo luminal A, € o subtipo mais comum,
representa cerca de 50-60% do total de casos, o qual o fendtipo é RE positivo e
HERZ2 negativo, foi caracterizado pela alta expressdo de genes representados pelas
células epiteliais luminais. Este fendtipo esta associado a um melhor progndstico e

responde a terapéutica com antiestrogénicos. Ja o subtipo luminal B, representa
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cerca de 10-20% dos tumores de mama, cujo fenétipo € RE positivo e HER2 positivo,
caracterizado por baixa ou moderada expressdo de genes expressos por células
epiteliais luminais. Este fenotipo esta associado a um pior prognostico, associado a
recidiva tumoral, por apresentar possiveis similaridades com os tumores RE
negativos. O subtipo HER2 positivo, representa cerca de 15-20% dos tumores de
mama,cujo fendtipo € RE negativo e HER2 positivo, é caracterizado pela
superexpressao de uma das moléculas da familia dos receptores de fator de
crescimento epidérmico, o HER2.A amplificacdto do oncogene HER2 e a
superexpressao de sua proteina, € utilizada como um importante biomarcador de
prognoéstico. Os tumores apresentam boas respostas a drogas que atuam como
bloqueadores da atividade de HER2, por exemplo, o anticorpo monoclonal
trastuzumab. O subtipo basal-like representa 10-20% de todos os carcinomas
mamarios, o fenétipo é RE negativo e HER2 negativo, caracterizado pela expressao
de varios genes expressos nas células progenitoras ou células basais/mioepiteliais. O
fendtipo basal-like é positivo para CK5, CK6, CK14, CK17, receptor do fator de
crescimento epidérmico (EGFR), P-caderina e p63, que séo proteinas expressas nas
células basais/mioepiteliais. Associado a mutagdes em BRCA1, e a um pior
progndstico, ndo possui alvo terapéutico definido, conseqlentemente, ndo responde
ao tratamento com drogas antiestrogénicas nem com ao anticorpo monoclonal anti-
HER2 (Perouet al., 2000; Eroleset al., 2011; Curtiset al., 2012).

Para os portadores de mutagédo no gene BRCAZ2 ainda ndo ha um fendtipo tao
estabelecido como para BRCA1, sdo mais semelhantes aos tumores esporadicos.
Entretanto, sdo mais frequentemente RE positivos, HER2 negativos e ciclina D1
positivos do que os tumores esporadicos (Lakhani et al, 1998; Honrado et al, 2005;

Robson et al, 2001; Evans e Howell, 2004; Foulkes, 2006; Campeau et al, 2008).
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O subtipo normal breast-like responde por cerca de 5-10% de todos os
carcinomas mamarios. Estad associado com o aumento da expressao de genes
conhecidos por serem expressos pelo tecido adiposo e por outros tipos de células ndo
epiteliais. Estes tumores também mostraram forte expresséo para genes epiteliais
basais e baixa expressao para genes do epitélio luminal. Apresentam um progndstico
intermediario entre luminal e basal-like e geralmente ndo respondem bem a

quimioterapia neo-adjuvante (Strehlet al., 2011; Curtiset al., 2012).

2.4 Cancer de mama hereditario
O céancer da mama hereditario foi inicialmente referenciado pelo cirurgiao

francés Paul Broca, no século XlI. Broca descreveu detalhadamente um grupo de
mulheres com cancer de mama na familia da sua esposa (madame “Z”), onde 10 de
24 mulheres foram afetadas pela doenga. A historia familiar de cancer da familia da
esposa de Broca foi publicada em 1866 (Broca, 1866), sugerindopela primeira vez
uma predisposigao hereditaria ao cancer de mama (Figura 2).Em 1926, o ministro da
saude britanico documentou varias evidéncias indicando que familiares de primeiro
grau de mulheres com CM tinham risco de desenvolver a doenca (Benett et al., 1999).
Meio século apds, Anderson (1976) propds que mulheres com histéria de multiplos
familiares de primeiro grau com CM possuiam um risco cumulativo vital (RCV) de
desenvolver a doenga 47 a 51 vezes maior que o risco da populacdo em geral. O
mesmo autor relatou que nessas mulheres, o cancer geralmente se desenvolvia antes
da menopausa, era bilateral e parecia estar associado a fungdo ovariana. Centenas
de estudos posteriores confirmaram os achados iniciais de uma predisposi¢cao
aumentada ao CM com base em achados da histéria familiar (Petrakis et al., 1977;

Ottmann et al., 1983; Kozak et al., 1986; Hauser et al., 1992; Eisinger et al., 1998).
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Os rapidos avangos em técnicas de biologia molecular nas ultimas décadas
resultaram na identificagdo de genes que, quando alterados, aumentam
significativamente o risco de desenvolver cancer de mama, cancer de ovario e outros
tumores, dentre os quais destacam-se os genes supressores tumorais BRCAT e
BRCA2 (Miki et al., 1994; Wooster et al., 1994). Estes genes,participam de etapas
centrais da via de reparos de quebras bifilamentares de DNA. Outros genes de
predisposicao ao CM foram identificados e estdo igualmente relacionados as formas
hereditarias da doenca, associados a outras sindromes com transmissao
autoss6mica dominante, conferindo também um risco aumentado de desenvolver CM,
sendo, no entanto, menos frequentes. : Estes incluem TP53 (Li & Fraumeni 1969),
CHEK2 (Bell et al., 1999; Meijers-Heijboer et al., 2003), ATM (Savitsky et al., 19),
PTEN (Eng 1997, Lynch etal., 1997) TWIST1 (El Ghouzzi et al., 1997; Howard et al.,
1997; Rose et al.,, 1997) e STK11 (Giardiello et al., 1987; Hemminki et al., 1998;
Jenne et al., 1998; Campeau et al, 2008), A identificacdo de individuos em risco para
cancer hereditario é importante por varias razdes. Primeiro, porque individuos
afetados apresentam risco cumulativo vital muito superior ao da populacdo para
varios tipos de cancer. Segundo, porque outros familiares de um individuo afetado
podem estar em risco para o cancer hereditario. Terceiro, porque medidas de
rastreamento intensivo e intervengbes preventivas (cirurgias profilaticas e
quimioprofilaxia) se mostram eficazes em reduzir significativamente o risco de cancer
em portadores de mutacao (Rebbeck et al., 1999; Hartmann et al., 1999; Eisen et al.,
2000; Hartmann et al., 2001; Meijers-Heijboer et al., 2001; Shih & Chatterjee., 2002;
Kauff et al., 2002; Rebbeck et al., 2002; Eisen et al., 2005; Dawn C. Allain., 2008;
Lynch et al., 2008; Metcalfe et al., 2008). Atualmente, é possivel diagnosticar uma

mutagcdo genética de predisposicdo ao cancer muito antes do diagndstico de um
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tumor. No caso da predisposicdo hereditaria ao CM, que € uma doenca de inicio na
vida adulta, o diagnostico pré-sintomatico de um individuo afetado tem um enorme
potencial para redu¢do do risco de ocorréncia de cancer e/ou diagnostico precoce.
Por outro lado, a identificagao precisa de um individuo ndo-afetado em uma familia de
risco permite a sua tranquilizacdo e elimina os gastos e complicagbes do
rastreamento e de intervengdes preventivas desnecessarias (Grusenmeyer & Wong,
2007; Meropol & Schulman, 2007;Trepanier et al.,2004; ).

A historia familiar de cancer em familiares de primeiro grau e a presenca
de alguns aspectos especificos da historia, como presenca de cancer de mama
bilateral, historia familiar de cancer de mama e ovario e cancer de mama em individuo
do sexo masculino, sdo indicadores importantes de risco para o cancer de mama
hereditario, e em especial da sindrome de cancer de mama e ovario hereditarios
(HBOC). (Easton et al., 2002; Page et al., 2003; Trepanier et al.,2004; Dawn C.

Allain., 2008 ).
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Figura 1. Heredograma da familia da esposa de Paul Broca, de acordo com a descrigao original
deste autor em 1866 (adaptado de Lynch et al., 2008).

2.5 Sindrome de Predisposi¢dao ao Cancer de Mama e Ovario (HBOC)

2.5.1 Descricao e riscos associados de cancer

O primeiro gene relacionado a sindrome de predisposicdo hereditaria ao
cancer de mama e ovario (HBOC), BRCA1 (OMIM #113705), foi identificado em 1994
por Mikiet al. Esse gene foi mapeado no cromossomo 17q12-23 e sua descoberta foi
decorrente de estudos de ligagdo em membros de familias com multiplos casos de
cancer de mama e ovario. O segundo gene associado a sindrome, BRCA2 (OMIM
#600185), esta localizado no cromossomo 13g12-13 e, a exemplo de BRCA1,
também €& um gene supressor tumoral (Woosteret al., 1994). Conforme descrito
anteriormente, estima-se que cerca de 5-10% de todos os casos de cancer de mama
e ovario sejam causados por mutagbes germinativas em genes autossOmicos

dominantes de alta penetrancia, e, destas, pelo menos 2/3 sdo mutacdes em BRCA1
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e BRCA2 (Mikiet al., 1994; Eastonet al., 1995; Woosteret al., 1994; Nathansonet al.,
2001; Antoniouet al., 2003; Scottet al., 2003). Acredita-se que BRCA1 seja
responsavel por cerca de 45-50% de todos os casos de CM hereditario.A penetrancia
das mutagdes germinativas nos genes BRCA1 e BRCAZ2 é incompleta e depende de
diferentes fatores, como o tipo de mutagéo, a populagdo e/ou factores exdégenos. Em
geral, mulheres portadoras de mutagées germinativas no gene BRCA1 apresentam
um risco cumulativo vital de desenvolver CM de 51 a 95% aos 80 anos de idade,
enquanto que para o Cancer de Ovario (CO), o risco é de 22 a 65% das portadoras
BRCA1 desenvolvem CO aos 80 anos de idade (Casset al., 2003; Antoniouet al.,
2006; Rischet al., 2006; Bermajo-Perez et al., 2007). Outros tumores que parecem
ser mais freqlientes em portadores(as) de mutagdes em BRCA1 incluem cancer de
trompa de Falopio, céncer de préstata, tumor de Wilms e cancer de mama masculino
(Offit et al., 1998; Thompson & Easton, 2002; Hodgson et al., 2007; Couchet al., 1996;
Liede et al., 2004; Mai PL et al., 2009).

Mutagbes germinativas em BRCA2, estdo igualmente associadas ao
desenvolvimento de multiplos tumores. BRCAZ2 é responsavel por cerca de 30-40%
de todos os casos de CM hereditario. O RCV para CM em mulheres portadoras de
mutagdes germinativas nesse gene € similar ao risco de portadoras de mutagdes
germinativas em BRCA1 (40-65% até os 80 anos de idade) (Antoniouet al., 2006;
Rischet al., 2006; Bermajo-Perez et al., 2007), enquanto que o risco para cancer de
ovario é de 15-30% (Casset al., 2003;). Embora menor que o RCV para cancer de
ovario associado a mutagdes germinativas em BRCA1, este risco ainda € 10 vezes
maior que o da populagdo em geral (The Breast Cancer Linkage Consortium, 1999).
Homens com mutagdes germinativas em BRCA2 tém um RCV significativamente

maior que o da populacdo de desenvolver cancer de mama, cerca de 7% até os 70
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anos de idade, o que representa um aumento de 80-100 vezes em relagdo ao risco
para a populagdo em geral. Outros tumores identificados em portadores de mutagao
germinativa em BRCAZ2 incluem: tumores de vias biliares, bexiga, eséfago, pancreas,
prostata, estdbmago, sistema hematopoiético, cavidade oral, faringe, e melanoma
(Offitet al., 1998; The Breast Cancer Linkage Consortium, 1999; Thompson & Easton,

2002; Mai PL et al.,2009;Freedman et al.,2012 ).

2.5.2 Diagnéstico clinico

A identificacdo de Individuos portadores de uma mutagdo germinativa
patogénica nos gene BRCA1 e BRCAZ2 é de fundamental importancia, tendo em vista,
o risco cumulativo elevado de desenvolver CM e CO (Antoniou et al, 2003; Kwon et al,
2010). Mutacgdes freqlentes ou relacionadas a “hot-spots” em BRCA1 e BRCAZ2 nao
sao comumente encontradas. A prevaléncia e fenotipo da mutagdo BRCA, varia de
acordo com o pais e etnia, consequentemente, em cada nova familia identificada &
recomendavel pesquisar toda a sequéncia codificadora de ambos os genes em busca
de uma mutagdo (Pena et al,2006; Sonet al,2012). Familias que apresentam um
fendtipo sugestivo de HBOC s&o atendidas em consulta de aconselhamento genético,
na qual se explicam as implicagdes, medidas de vigilancia e profilaxia adequadas.
Para o diagndstico clinico de sindrome HBOC, o ideal € documentar detalhadamente
a histéria familiar, mediante registro do heredograma que deve incluir pelo menos trés
geragdes, pelo lado materno e paterno do caso-indice e confirmagédo de todos os
casos de cancer da familia. Critérios para o diagndstico clinico foram desenvolvidos
em varios paises e geralmente incluem caracteristicas especificas da sindrome

(Tabela 2). Os principais critérios utilizados para diagnodstico clinico da sindrome
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HBOC s&o os critérios de NCCN e ASCO (Statement of the American Society of

Clinical Oncology, 1996): que estao descritos detalhadamente no anexo 10.2.4

Tabela 2. Achados do heredograma que sugerem o diagnéstico de
predisposicao hereditaria ao cancer de mama e/ou ovario por mutagées em
BRCA1 e BRCA2:

Multiplos casos de cancer de mama diagnosticados antes dos 50 anos de idade;

Cancer de ovario (com histéria familiar de cancer de mama e/ou ovario);

Cancer de ovario e mama em um mesmo individuo;

Cancer de mama bilateral;

Descendéncia judaica Askenazi e histéria familiar de cancer de mama e/ou

ovario;

Cancer de mama masculino.

Modificado de Ashton-Prolla et al, 2008

Além dos critérios para diagnostico clinico é possivel utilizar modelos de
estimativa da probabilidade de existir uma mutagcdo em gene BRCA a partir da historia
familiar de cancer. Os principais modelos existentes atualmente sdo os modelos de
Couch modificado (Penn Il), BRCAPro, e as tabelas de prevaléncia de mutagédo do
laboratério Myriad (Frank et al., 2002,
http://acgh.afcri.upenn.edu,http://www.myriad.com), cuja descricdo esta detalhada no
anexo 10.2.2. Os critérios utilizados para indicar o teste genético para identificacao de
mutacdes em gene BRCA variam em diferentes paises, mas uma probabilidade

minima de mutacdo de 10% deve ser considerada. Recomenda-se que o teste deve
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sempre ser feito inicialmente em uma pessoa que sabidamente foi diagnosticada com
cancer de mama ou cancer de ovario na familia em estudo. A identificacdo de uma
mutacdo germinativa reconhecidamente deletéria em um gene BRCA pode trazer
desafios adicionais ao processo de aconselhamento genético, pois né&o
necessariamente um individuo portador de mutagcdo desenvolvera cancer. Sabe-se
que individuos portadores de mutagdo nos genes BRCAT1 ou BRCAZ2 apresentam
algumas diferengas em relacdo aos CM esporadicos, entretanto, apesar das
diferentes caracteristicas clinicopatolégicas dos dois grupos, ainda nao existem dados
suficientes que permitam usar o status BRCA1/2 como fator de progndstico nestes
individuos.

O seguimento dos portadores de mutacdo nos genes BRCA71 ou BRCAZ2
implica em decisées e medidas de cirurgia profilatica ou ainda medidas preventivas
ndo cirurgicas. A cirurgia profilatica tem como objetivo principal, reduzir o risco de
desenvolver cancer e consequentemente, sua mortalidade. Entre as principais opcoes
cirurgicas de reducdo de risco incluem a mastectomia bilateral profilatica, a
mastectomia contra-lateral profilactica e/ou a salpingo-ooforectomia bilateral
profilatica, cabe salientar que toda cirurgia profilatica deve ser considerada em
relagdo a uma série de cuidados e alternativas existentes, que neste caso incluem a
vigilancia e a quimioprevencao. (Roukos et al, 2002). Estudos demonstraram uma
reducdo de 85-95% do risco de desenvolver CM em mulheres de alto risco que

realizaram MBP (Meijers-Heijboer et al, 2001; Rebbeck et al, 2004; Kwon et al., 2010).
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CANCER DE MAMA CANCER DE OVARIO

BRCA1 (~45%) BRCA1 (~70%)

BRCA2
Outros genes TP53,  (~35%) OUIOS  HNPCC BRCA2
(20%) PTEN, ATM genes — (2%) (~20%)
(~1%) (6%)

ASCO

Figura 2. Principais genes associados as formas hereditarias de cancer de mama e cancer de
ovario.

2.6 Estrutura dos genes BRCA1 e BRCA2

O gene BRCAT1 localiza-se no brago longo do cromossoma 17 (17g21), contém
24 exons, distribuidos em cerca de 100KB de DNA gendémico (Figura 4). Ele codifica
uma proteina de 1863 aminoacidos (brca1) que apresenta, na regido amino-terminal,
um motivo dedo-de-zinco (“Zinc-finger” ou “RING-finger) apresenta importante fungao
na interagao de brcal com diversas proteinas (Boddy et al., 1994;Lingeret al.,2010; ).
Ha consideravel variabilidade no processamento do gene decorrente da
heterogeneidade das jung¢des intron-exon da regido 5 (Fortin et al., 2005). Além do
motivo “dedo de zinco” encontram-se, ao longo do exon 11, dois dominios de
localizagdo nuclear. A proteina brcal apresenta uma regido de interagdo a proteina
rad51(proteina de reparo) e na regiao carboxi-terminal, uma concentragcdo de

aminoacidos de carga negativa, que formam dois dominios BRCT (“BRCA C
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Terminus”), envolvidos na manutencédo da estabilidade da proteina brca1 (Koonin et

al.,, 1996) bem como na sua interagdo com outras proteinas (Deng & Brodie, 2000;

Wang et al., 2000; Cantor et al., 2001; Wang et al, 2001; Thompson., 2010). O gene

BRCAZ2 localiza-se no brago longo do cromossomo 13 (13g12.3), contém 27 exons e

codifica uma proteina de 3418 aminoacidos, constituindo uma das maiores moléculas

do proteoma humano (figura 3). Na regido que compreende o segundo tergo da

proteina, encontram-se os chamados dominios BRC (breakpoint cluster region),

estendendo —se ao longo de 1000 aminoacidos. Desta forma, os dominios BRC

comunicam-se diretamente através de ligagdes a Rad51, sendo portanto essenciais

para as fung¢des de reparo do DNA desempenhadas pela proteina BRCA2 (Wong et

al,., 1997;Chen et al, 1998; Foulkes.,et al 2007).
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Figura 3. Representagcdo esquematica dos genes BRCA71 e BRCA2, seus exons codificantes,
proteinas e dominios funcionais.

Nota: A representagdo grafica do gene BRCA1 foi baseada no Gen Bank (Entry U 14680); a
representacao grafica do gene BRCA?2 foi baseada no Gen Bank (Entry NM 000059). As informagdes
sobre os dominios funcionais de BRCA1 foram retiradas de http://www.ebi.uniprot.org (nimero de
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acesso PRO_0000055830); as informagdes sobre os dominios funcionais de BRCA2 foram retiradas
de http://www.ebi.uniprot.org (nUmero de acesso PRO_0000064984).

2.7 Fungées dos genes BRCA1 e BRCA2

A proteina BRCA1 predominantemente nuclear desempenha um importantee
fundamental papel em varios processos celulares, como reparo do DNA, ativagao da
transcrigcdo, expressao de outros genes e na resposta a danos celulares (figura 5).
Estudos em camundongos deficientes no gene BRCA1 tém sido de grande
importancia para elucidar varios aspectos das suas fungdes. Camundongos BRCAT -
/- morrem entre os dias 6.5 e 8.5 pods-implantacdo por falha de proliferacdo do
blastécito murino (Gowen etal., 1996; Hakemet al., 1996; Liuetal., 1996; Linger etal.,
2010). No entanto, a criagdo de camundongos BRCA-/- TP53-/- retarda, mas né&o
evita, a letalidade embrionaria, o que sugeriu que BRCA e TP53 pudessem estar em
uma mesma rota funcional (Hakem et al., 1997). Camundongos heterozigotos para o
gene defeituoso (BRCA+/-) tém fertilidade e sobrevida normais e ndo séo
predispostos a tumores (Hakem et al., 1996; Liu et al., 1996). Ja em humanos, a
heranga de um unico alelo defeituoso é suficiente para aumentar a predisposicdo ao
cancer.

A proteina BRCA1 ativa a expressao de diversos genes, entretanto ndo sabe-
se ao certo, se este efeito € direto ou resulta das fungdes de reparo e regulagdo do
ciclo celular (Venkitaraman et al., 2001). Bem estabelecida as associa¢des desta
proteina na ubiquitinacdo de outras proteinas, pela presenca do dominio RING-finger
no N-terminal, devidamente envolvido nesta fungcdo e também presente na proteina
BARD1, interagindo com BRCA1 nesse local. Acredita-se que esta fungdo também

pode ser resultado de stress induzido pela replicacdo do DNA, relacionada com a
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funcdo de reparo da proteina BRCA1. A remodelagdo da cromatina € outro processo
em que a proteina BRCA1 esta envolvida, ocorrendo em volta de quebras de fita
dupla de DNA (double-strand breaks - DSBs), facilitando desta forma o reparo do
DNA (Morris e Solomon, 2004; Narod e Foulkes, 2004; Foulkes et al., , 2007; Linger
etal., 2010). As oito repeticbes presentes ao longo do exon 11 de BRCAZ2 estéo
envolvidas na interagcdo com a proteina rad51, que atua nos processos de reparo e
recombinacgao.

A proteina apresenta, além desses oito dominios, uma regido de ativacéo
transcricional e uma regido adicional de interacdo com rad51 (Bertwistle & Ashworth,
1999). A proteina brca2, juntamente com rad51, esta envolvida na manutengéo da
estabilidade gendmica através do seu papel fundamental nos processos de reparo de
quebra das duas fitas de DNA por recombinacdo homodloga (Arnold et al., 2006).
Estudos realizados com camundongos transgénicos, deficientes para BRCAZ2,
revelam que uma perda total do gene acarreta letalidade na maioria dos animais. No
entanto, a inativagao bialélica em algumas regides de BRCAZ2 pode levar a um
fendtipo de anemia, hoje considerado um subtipo da Anemia de Fanconi, doenga
caracterizada por extrema sensibilidade a agentes causadores de danos
cromossOmicos, 0s quais originam quebras cromossOmicas e favorecem o
desenvolvimento do cancer (Howlett et al., 2002; Arnold et al., 2006). A fungéo de
ambos os genes (BRCA1 e BRCA2) estad relacionada a aspectos centrais ao
metabolismo celular, tais como reparo de danos ao DNA, regulacdo da expressao
génica e controle do ciclo celular (Tutt & Ashworth, 2002; Quaresima et al., 2006).
Variagbes patologicas nesses genes acarretam alteragdes na transcrigdo e,
especialmente em vias de reparo a danos no DNA, levando ao consequente acumulo

de mutacdes e a instabilidade cromossémica. Dessa forma, mutagdes em BRCA1/2
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conferem um alto risco de cancer, mas n&o ocasionam diretamente o seu surgimento,
atuando como genes “cuidadores do genoma” (“caretakers”), preservando a
estabilidade cromossémica e, quando inativados, facilitando o acumulo de mutacdes
em multiplos genes. A natureza das alteragdes subsequentes a inativagdo de
BRCA1/2 é que definira o destino celular, seja corregdo do defeito, proliferagao celular

descontrolada ou apoptose (Cipollini et al., 2004; Rosen et al., 2005).
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Figura 4. Representagcdo das diferentes interagées da proteina BRCA1 e as fungdes celulares
em que esta envolvida (Narod e Foulkes, 2004).

Embora ndo haja grande homologia de sequéncia entre BRCA1 e BRCAZ2,
esses genes compartilham diversas similaridades. Dentre elas, destaca-se o fato de

que mutacdes germinativas em ambos os genes predispde a cancer de mama e de
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ovario; ambos codificam proteinas extensas, possuem um primeiro exon n&o-
codificante e um exon central (exon 11) maior que os demais. O exon 11 de BRCA1
compreende mais de 60% da regido codificadora (Bertwistle & Ashworth, 1999). Além
disso, ambos 0s genes sao pouco conservados ao longo da escala evolutiva (a
proteina brcal humana apresenta apenas 55,8% de identidade de sequéncia com a
proteina do camundongo e 74,6% com a do c&o), ambos atuam como ativadores
transcricionais; ambos se ligam (direta ou indiretamente) a rad51 e possuem um
padrdo similar de regulagdo do ciclo celular (Lakhani et al., 1998; Abkevich et al.,
2004).As proteinas brcal e brca2 tém um papel central no reparo de quebras
biflamentares de DNA (Figura 5).

Em resposta a agentes causadores deste tipo de dano ao DNA (agentes
exogenos ou endodgenos, tais como irradiagdo ionizante e espécies reativas de
oxigénio), dois sistemas principais de reparo sao acionados na célula: recombinacgéo
homodloga e ndo homédloga, mediados pelos produtos dos genes ATM e ATR. O
reparo por recombinacdo homologa geralmente ocorre nas fases S e G2 pode ser
ainda subdividido nos em dois mecanismos distintos: conversao génica (conservativo)
e anelamento de fita simples (n&o-conservativo). Os produtos dos genes BRCAT e
BRCAZ2 estéo envolvidos diretamente com o mecanismo conservativo de conversao
génica. Essa fungcdo pode ser demonstrada in vivo nos tumores resultantes de
mutagbes germinativas em um destes genes que apresentam uma disfungdo no
reparo de quebras bifilamentares por recombinagdo homologa e, consequentemente,
sdo hiperssensiveis a drogas que ocasionam esse tipo de dano ao DNA (p.ex.
mitomicina C e os analogos da platina) (Lord et al., 2006). Em relacéo a
especificidade tecidual de BRCA1/2 (os tumores resultantes de mutacdes de perda de

funcdo nesses genes ocorrem principalmente em érgdos hormdnio-responsivos como
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mama, ovario, utero e prostata), acredita-se que esta esteja relacionada a sua fungao
na co-regulagao da transcricdo de certos genes em érgéos-alvo especificos.

Diversas evidéncias indicam que BRCA1 se liga a fatores de transcrigao
sequéncia-especificos e, dessa forma, estimula ou inibe a transcricdo. Com base
nesses achados, supde-se que brcal interaja diretamente com os receptores de
hormoénios esterdides (ER), inibindo-os e, ao mesmo tempo, estimulando os
receptores de androgenos (AR). Assim, se alguma alteragdo deletéria ocorrer em
BRCA1/2, sua deficiéncia promove, por exemplo, um excessivo crescimento dos
tecidos epiteliais da mama, devido a falta de regulagdo negativa dos receptores

estrogénicos (Rosen et al., 2005; Maiet al., 2009;).
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Figura 5. O papel dos genes BRCA1 e BRCA2 no reparo do DNA. A= Complexo de reparo normal
formado pelas proteinas BRCA1, BRCA2, BARD1 e RAD51, atuando no reparo eficaz do dano ao
DNA. B= Perda da funcdo do complexo de reparo por alteragées de perda de fungao de BRCA1
e/lou BRCA2 (indicado por linhas pontilhadas) levando a incapacidade de reparo do DNA
danificado. Quando o gene TP53 estd com sua fungao normal, a célula é induzida ao processo
de apoptose, mas se o gene TP53 esta com sua fungdo comprometida, ocorre a proliferagao
celular. (Modificado de Arnold e Gioggins, 2001).

2.8 Mutagées e Rearranjos Génicos em BRCA1 e BRCA2:

A identificacdo de mutacbes patogénicas em familias com critérios HBOC é

determinante no seu seguimento clinico, permitindo desta forma o diagndstico pré-
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sintomatico (Domchek e Weber, 2008). A patogenicidade de muitas mutagdes nestes
genes pode ser facilmente interpretada pela natureza das mesmas, como é o caso de
grandes dele¢cdes exbnicas e mutagcbes do tipo frameshift, que resultam em
umaalteragdo na grade de leitura do RNA. Existem também, muta¢cées denominadas
nonsense, que consistem basicamente na troca de um nucleotideo, convertendo o
cdédon em que ocorre a troca, em um stop cédon (tabela 3). Estes tipos de mutagdes
originam transcritos instaveis ou resultam na perda de dominios funcionais
importantes da proteina, denominadas como patogénicas, ou seja, mutagbes que
causam perda na funcdo da proteina (Chenevix-Trench et al, 2006). Mutagdes
pontuais incluindo inser¢cdes ou dele¢des de uma ou duas bases ou substituicdes de
um aminoacido sdo os principais tipos de mutagdes deletérias encontradas em genes
BRCA de familias com a sindrome HBOC. Recentemente, além de mutagdes
pontuais, grandes "rearranjos génicos” em BRCA1 e BRCA2 vém sendo identificados
e associados ao fenoétipo HBOC. Estas mutagdes sdo encontradas principalmente em
BRCA1, e variam de 0,5 a 23,8 kb e incluem delegdes ou duplicagdes de grandes
fragmentos do gene, incluindo um ou mais exons, Payne et al., 2000; descreveram a
primeira grande delegdo gendmica que resulta na omissdo do éxon 3 no mRNA do
BRCA1 maduro. Essa delecao mantém a seqiéncia de leitura (ORF- Open Reading
Frame), porém cria um codon de parada prematuro.

Uma grande proporgao de rearranjos génicos tem sido observado entre as
mutacoes deletérias de BRCA1 nos Paises Baixos, devido a ocorréncia de mutagdes
fundadoras que representam 27 — 36% dos diagnésticos (Preisler et al., 2006;
Hogervorst et al., 2003). Uma propor¢ao similar de rearranjos entre as mutagdes
deletérias de BRCAT foi descrita em uma pequena populacdo ao norte da ltalia

(Montagna et al., 2003). Em contraste, familias Dinamarquesas e Finlandesas com a
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sindrome HBOC apresentam uma frequéncia bem menor de rearranjos entre as
mutagdes patogénicas do gene, indicando uma menor importédncia em termos de
frequéncia para este tipo de mutagdo nos paises nordicos (Thomassen et al., 2006;
Lahti-Domenici et al., 2001). A frequencia de rearranjos entre as familias HBOC de
diversos paises € bastante variavel, tendo sido relatadas as frequéncias de 6%,12% e
5,7% na Republica Tcheca, Estados Unidos da Ameérica e Alemanha. No Canada,
este tipo de mutacado nao parece ser prevalente (Vasickova et al., 2007; Hartmann et
al., 2004, Walsh et al., 2006; Moisan et al., 2006; Sluiter et al., 2010).

Tabela 3. Mutagoes nos genes BRCA1 e BRCA2 descritas no HGMD (The Human
Genome Mutation Database).

Numero

Tipo de mutagdo germinativa BRCA1 BRCA2

N (%) N (%)
De ponto, ndo-sinénima/Stop cdédon 381 (34%) 270 (32%)
Em sitios de splicing 95 (9%) 58 (7%)
Pequenas deleg¢des 349 (31%) 341 (40%)
Pequenas inser¢des 120 (11%) 126 (15%)
In/dels 16 (1%) 14 (2%)
Grandes delegoes 116 (10%) 24 (3%)
Grandes Inser¢des/duplicacdes 22 (2%) 8 (1%)
Rearranjos complexos 15 (1%) 6 (1%)
Total 1114 (100%) | 847 (100%)

Disponivel em: http://www.hgmd.org (acessado em 10/05/12)

Acredita-se que a maioria dos rearranjos detectadosem BRCA171 esteja
relacionada a eventos de recombinagao desigual entre elementos Alu, sequéncias
repetitivas de DNA que estdo associadas a insercoes, dele¢des, recombinacdes e
alteragdes na expressao génica (Batzer et al., 2002). Possuem a denominagao Alu
porque a maioria dos seus membros € clivada por uma endonuclease de restricdo
bacteriana denominada Alu I. No total existem cerca de 500.000 membros da familia

Alu no genoma humano, e estima—se que constituam cerca de 3% do DNA humano.
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Sequéncias Alu correspondem a aproximadamente 41,5% das sequéncias intrdnicas
de BRCA1 (Gad S et al., 2001;Sharifah et al.,2010Sluiter et al., 2010).

Poucos rearranjos tém sido descritos em BRCAZ2, o que pode ser explicado
pelo fato que as sequéncias intrbnicas deste gene contem menor numero de
repeticdes Alu que BRCA1. Aparentemente, rearranjos neste gene sdo mais comuns
em familias HBOC com cancer de mama masculino (Woodward et al., 2006; Tounier
et al, 2004; Ritva et al., 2006; Sara et al, 2007; Sharifah et al, 2010). Para uma revisao
detalhada sobre rearranjos génicos em genes BRCA, consultar o manuscrito 1.

A maioria das mutagbes patogéncias em BRCA71 e BRCAZ2 sao “privadas”
(descritas em uma unica familia) ou entdo, comuns a somente poucas familias.
Ocasionalmente, se observa uma alta frequéncia de determinada mutagdo em uma
populacdo especifica, geralmente decorrente de efeito fundador. O efeito fundador
pode ser definido como a ocorréncia com alta frequéncia de uma ou mais mutagdes
especificas em dada populagédo, originarias de um ancestral comum. O efeito
fundador é caracterizado como um fenbmeno de evolugdo. Acontece quando uma
populacdo em um ambiente isolado € invadida por apenas alguns individuos com
determinado gendtipo, que entdo se multiplicam rapidamente. De acordo com o
principio do fundador, criado em 1954, caso um grupo muito pequeno de individuos
de uma populacdo a deixe e va fundar uma nova populagao, a frequéncia génica e a
variancia da nova populagdo poderao ser diferentes, em comparacdo a populagao
original, dependendo de varios fatores como, por exemplo, da frequéncia de
casamentos consanglineos entre os membros da nova populacéo (Burns &Bottino
1991).

Diversas mutagdes fundadoras foram identificadas em individuos de diferentes

origens, incluindo judeus Ashkenazi (185delAG e 5382insC em BRCA1 e 6174delT
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em BRCA2), canadenses (C4446T e 2953del3+C), noruegueses (1675delA e
1135insA), aleméaes (2804delAA), gregos (5382insC e G1738R), islandeses
(999del5), espanhdis (330AG, 6857_6858del, e 9254 9258del), e suecos (3171ins5).
(Tabela 4). Além disso, estudos atuais tém identificado um grande numero de novas
mutacgdes do tipo rearranjos génicos nos genes BRCA1 e BRCA2 em familias HBOC
de origem Portuguesa: a inser¢gao Alu no exon 3 do gene BRCAZ2 (c.156_157insAlu),
identificada primeiramente em uma paciente portuguesa que vive na Bélgica, tem sido
considerada o rearranjo mais frequente em pacientes portugueses com HBOC, e foi
considerada como uma mutagdo fundadora portuguesa (Machado et al., 2007; ;

Teugels et al., 2005.,Peixoto et al., 2009).
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Tabela 4. Mutagoes fundadoras em genes BRCA

Populagao Gene BRCA1 Gene BRCA2 Referéncia
Africana 512%%%2?,:51 4 Gao et al, 1997
Ai‘;dszjzi 15%%(12?:@((3:’ 6174delT Simard et al, 1994
Britanica 4184del4 6503delT Neuhausen et al, 1996
Finlandesa L2776X Vehmanen et al, 1997
Portuguesa c.156_157insAlu  Teugels et al, 2005
Francesa 5149del4 giggg?? ’ Stoppa I;é%r;net etal
Hungara 5282insC Ramus et al, 1997
Islandesa 999del5 Thorlacius et al, 1996
Italiana 1499insA Montagna et al, 1996
Holandesa 2804delAA Peelan et al, 1996
Norueguesa 1136insA Andersen et al, 1996
3166insTGAGA,
Sueca 12250915352'0%’, Johannson et al, 1996
G563X
Russa i 4486delG  Hakansson et al, 1997

2.9 Diagnésticode Sindrome HBOC

A populagdo Brasileira €& extremamente heterogénea,

tendo recebido

imigrantes dos mais diferentes grupos étnicos ao longo dos séculos, mutagbes
comuns ou fundadoras ndo sdo particularmente freqientes no Pais, exceto em

algumas regides especificas, em que efeito fundador pode ser demonstrado para
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alguns subgrupos da populagao. (Severini et al., 1999; Ribeiro et al., 2001; Jardim et
al., 2001). Consequentemente, na grande maioria das familias HBOC é recomendavel
avaliar toda a regido codificadora de ambos genes BRCA, um processo laborioso,
complexo e caro (Pena, 2006). Essa dificuldade resulta do tamanho desses genes e
da extensa heterogeneidade molecular observada na doenga. Atualmente, duas
estratégias principais sao utilizadas para identificacdo de muta¢gdes germinativas na
sequéncia codificadora dos genes BRCA: a) seqlenciamento de todos os exons
codificadores de ambos os genes e posterior analise comparativa da sequéncia obtida
com uma sequéncia de referéncia (p.ex. GenBank), ou b) rastreamento de mutagdes
utiizando uma de diversas técnicas: Denaturing High Performance Liquid
Chromatography — DHPLC (Oefner & Underhill, 1995, Underhill etal., 1997),Single
Strand Conformation Polymorphism — SSCP (Markoffet al., 1997),Protein Truncation
Test — PTT (Hogervorstet al., 1995) ouDenaturing Gradient Gel Electrophoresis —
DGGE (Fodde & Losekoot, 1994) ,Comparative genomic hybridization on microarrays
- array-CGH (Staafet al.,2008),com posterior sequenciamento dos exons com padrao
variante identificado no rastreamento inicial.

Abordagens com menor custo e mais eficazes, em relagdo ao sequenciamento
de toda a regido codificadora de ambos genes e a alta prevaléncia de certas
mutag¢des em alguns grupos étnicos, vem sendo frequentemente adotadas, como é o
caso da mutacdo fundadora portuguesa c.156_157insAlu. Para a detecgdo da
mutacao, utilizam-se dois PCRS independentes, um para a amplificacido do exon 3 e
outro especifico para a insercdo Alu. Nao sendo encontrada a mutacéo, se procede
entdo ao teste de mutagdes ao longo de toda a sequéncia codificadora de ambos os

genes.
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Mais recentemente, a analise de rearranjos génicos, utilizando técnicas como
Multiplex Ligation Probe-dependent Amplification — MLPA (Schoutenet al., 2002;
Hogervorstet al., 2003), Long-Range Polymerase Chain Reaction —-PCR de longo
alcance (Payneet al., 2000) ouSouthern Blotting (Southern et al., 1974), vem sendo
realizado em alguns paises, especialmente em casos onde os métodos tradicionais
geralmente ndo s&do capazes de detectar alteragdes.

O seguimento dos portadores de mutagcédo nos genes BRCA1/BRCAZ2 inclui
medidas de cirurgia profilatica ou de medidas preventivas ndo cirurgicas. A cirurgia
profilatica tem como objetivo reduzir o risco de mortalidade e de cancer nestes
portadores. As opgdes cirurgicas de reducéo de risco incluem a mastectomia bilateral
profilatica (MBP), a mastectomia contra-lateral profilatica (MCLP, para doentes ja
diagnosticados com CM), e/ou a salpingo-ooforectomia bilateral profilatica (SOBP)
(Roukos e Briasoulis, 2007., Son et al.,2012; Kwon et al.,2010). Estudos
demonstraram uma reducéo de 85% do risco de desenvolver CM em mulheres de alto
risco que realizaram MBP (Meijers-Heijboer et al, 2001; Rebbeck et al, 2004).
Posteriormente, Rebbeck et al (2004) verificaram uma redugdo de risco de
aproximadamente 95% em mulheres que realizaram previamente ou
concomitantemente SOBP, tornando estas as medidas mais eficazes para mulheres
portadoras de mutagao nos genes BRCA1 ou BRCAZ2. Entretanto, as alternativas de
prevengdo nao cirurgicas, podem incluir a vigilancia e a quimioprevencgdo, assim
como intervalos de realizagao para exames de rastreamento menores do que um ano,

devido ao rapido desenvolvimento do Cancer de mama nas portadoras de mutagéo.
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3. JUSTIFICATIVA E OBJETIVOS

3.1 JUSTIFICATIVA

Considerando:

a) A alta incidéncia do cancer de mama no Brasil,

b) A importancia de diagnosticar individuos com predisposi¢céo hereditaria ao cancer
de mama pelo potencial de prevencao do cancer nestes individuos e seus familiares,
c) o alto custo e complexidade do diagndstico molecular dos principais genes
associados ao cancer de mama hereditario, se justifica um estudo para verificar se
existem mutagbes do tipo rearranjo génico nos genes BRCA entre mulheres
Brasileiras com o fendtipo da sindrome HBOC e qual a sua frequéncia. Da mesma
forma, se justifica a busca por uma estratégia simplificada e de menor custo para
identificacdo de mutagbes patogénicas nos genes BRCA como abordagem inicial de

identificacao de mutacoes

3.2 Objetivo Geral

Verificar a frequéncia de rearranjos génicos em BRCA1/2 e a frequéncia de uma
mutagao fundadora Portuguesa de BRCAZ2 em uma amostra de individuos Brasileiros
com diagndstico clinico de sindrome de predisposi¢cao hereditaria ao cancer de mama

e ovario.
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3.2.2 Objetivos Especificos

1. Verificar a frequéncia de rearranjos génicos nos genes BRCA71 e BRCA2
identificados por MLPA (Multiplex Ligation-dependent Probe Amplification — MLPA)
em uma estratégia de primeira abordagem de rastreamento molecular.

2. Verificar a frequéncia mutacdo fundadora c.156_157insAlu no exon 3 de

BRCAZ2 em individuos brasileiros
3. Caracterizar familias com rearranjos de BRCA1 e BRCA2 em seus aspectos
clinicos (histéria familiar, tipos de tumores presentes na familia, idade ao diagndstico)

e estabelecer correlagbes gendtipo-fendtipo quando possivel.
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Abstract

Women with mutations in the breast cancer genes BRCAT or BRCAZ have an increased lifetime risk of developing
breast, ovarian and other BRCA-associated cancers. However, the number of detected germline mutations in fami-
lies with hereditary breast and ovarian cancer (HBOC) syndrome is lower than expected based upon genetic linkage
data. Undetected deleterious mutations in the BRCA genes in some high-risk families are due to the presence of
intragenic rearrangements such as deletions, duplications or insertions that span whole exons. This article reviews
the molecular aspects of BRCAT and BRCAZ rearrangements and their frequency among different populations. An
overview of the technigues used to screen for large rearrangements in BRCAT and BRCAZ is also presented. The
detection of rearrangements in BACA genes, especially BRCAT, offers a promising outiook for mutation screening in
clinical practice, particularly in HBOC families that test negative for a germline mutation assessed by traditional

methods.
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Introduction

The precise identification of germline BRCAJ and
BRCA2 mutations is a major concern for geneticists coun-
seling families with a high risk of breast and ovarian can-
cers. The most frequent mutations encountered in these
genes are deletions or insertions of a few bases or sin-
gle-base substitutions that result in premature stop codons
(Perrin-Vidoz ef al,, 2002; Narod and Foulkes, 2004), Such
point mutations occur throughout the coding sequence of
both genes and account for 10%-50% of the germline muta-
tions encountered in hereditary breast and ovarian cancer
(HBOC) families, depending on the inclusion criteria used
{Agata et al., 2005; Vasickova e al., 2007).

The observed frequencies of BRCAJ] mutations are
lower than predicted by linkage analysis, with pathogenic

Send commespondence to Patricia Ashion-Prolla. Servigo de Geng-
fica Médica de Porto Alegre, Centro de Pesquisas, 3° andar, Rua
Ramira Barcelos 2350, 90035-903 Porto Alegre, RS, Brazil. E-mail:
pprolla@hcpa.ufrgs.br.

variations in the coding region or splice sites of the gene be-
ing found in approximately two-thirds of BRCA/-linked
families. This finding suggests that other dominant genes
(Ford et al, 1998 Armour et al, 2002) and'or low
penetrance alleles, such as the 1100delC mutation in
CHEK2, may be associated with the HBOC phenotype
(Puget ef al., 1999; Nevanlinna and Barker, 2006). Indeed,
breast and owvarian cancers have been associated with
germline mutations in other genes that are involved in the
maintenance of genomic integrity, such as TP53, PTEN,
ATM, NBSI, RADS0, BRIP! and PALB2. Inherited breast
cancer is currently considered a highly heterogeneous ge-
netic disease with respect to both the loci and alleles in-
volved (Walsh ef a/., 2006; Walsh and King, 2007}.

Large genomic rearrangements have recently been
identified in HBOC families and account for a small but
still significant proportion of cases in several populations.
These mutations are usually pathogenic because deletions
or insertions of large genomic sequences within a coding
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region result in out-of-frame translation and usually lead to
a mutant peptide of abnormal structure and/or function
(Preisler-Adams et al, 2006). These mutations may be
overlooked by most of the available screening and diagnos-
tic PCR-based methods that use qualitative rather than
quantitative methods and do not detect partial or complete
exon losses or gains (Armour et al,, 2002). Large genomic
rearrangements of BRCA / may account for up to one-third
of all disease-causing mutations in various populations,
while large genomic rearrangements in BRCA2 are less fre-
quently observed (Hansen ef al., 2009).

Frequency of Large .Hearrangements

As shown in Table 1, the frequency of large genomic
rearrangements varies considerably among populations.
Among HBOC families, the highest proportion of BRCA !
rearrangements has been observed in northern Italy, where
large genomic deletions account for approximately one-
third of the pathogenic BRCA | mutations (Montagna et al.
2003) and the overall prevalence of rearrangements in the
families studied is 23%. In the Netherlands, rearrange-
ments also represent a high proportion of all deleterious
mutations in BRCAT (27%-36% of all germline mutations
in the gene) and are attributable to founder mutations
(Petrij-Bosch er al., 1997; Hogervorst e al., 2003). In con-
trast, western Damish families with HBOC have a BRCA [
rearrangement prevalence of 3.8% (Thomassen et al.,
2006). Another study done in Finland failed to detect any
rearrangements among 82 families with moderate or high
risk for HBOC (Lahti-Domenici ef al., 2001). The latter
two studies indicate a lower frequency of genomic rear-
rangements in Nordic countries. Finally, a study in Canada
found no evidence of BRCAJ or BRCA2 genomic rear-
rangements in high-risk French-Canadian breast/ovarian
cancer families (Moisan er al., 2006).

This wide range in the prevalence of rearrangements
is most likely related to the different genetic backgrounds
of the populations studied, although the heterogeneity of
the clinical inclusion criteria used for HBOC in each study
may also have influenced the results. Furthermore, the
prevalence of rearrangements will be different in samples
that include only BRCA mutation-negative individuals by
sequencing compared to those that include previously un-
tested individuals at risk for HBOC. More recent studies
have encountered an intragenic rearrangement prevalence
of 6% and 12%, respectively, in high-risk patients in fami-
lies from the Czech Republic and the United States of
America who were negative for BRCA 1/2 point mutations
by sequencing (Walsh er al., 2006; Vasickova et al., 2007).
In Germany, the prevalence of BRCAJ rearrangements is
lower, ranging from 1 in 59 (1.7%) to 1 in 17.5 (5.7%)
among high-risk families who are mutation-negative by se-
quencing (Hofmann er al., 2003; Hartmann et al., 2004;
Preisler-Adams er al., 2006).

Only a few studies have examined the prevalence of
BRCA?2 rearrangements in larger sets of high-risk patients.
In areport from Australia, large genomic rearrangements in
BRCAZ were identified in 2% of 149 high-risk families that
tested negative for BRCAJ and BRCA2 point mutations
(Woodward ef al., 2005). Agata ef af. (2005) found a simi-
lar frequency (2.5%) of BRC A2 rearrangements among 121
highly selected Italian families. In a recent study of Portu-
guese HBOC families, a single founder BRCA2 rearrange-
ment (c.156_157insAlu) was identified in 8% of the
families studied and is the most frequent BRCAZ2 rearrange-
ment described to date (Machado er al., 2007).

Molecular Pathology of BRCA1
Rearrangements

Several BRCAI germline rearrangements with well
characterized breakpoints have been reported (Mazoyer,
2003). These rearrangements are scattered throughout the
gene and although most of them are deletions, duplications,
triplications or combined deletion/insertion events have
also been described. The BRCAJ gene characteristically
has an extremely high density of intronic 4/u repeats and a
duplicated promoter region containing a BRCAJ pseudo-
gene that most likely account for the occurrence of “hot
spots™ that favor unequal homologous recombination
events (Smith et al., 1996; Puget et al., 2002). Currently, 45
different large genomic rearrangements have been charac-
terized worldwide, including deletions and duplications of
one or more exons ( Table 1).

Alu sequences

The human genome contains up to 1 millioncopies of
interspersed 4/u elements (approximately one 4/u repeat
for every 5 kb) that apparently mediate chromosomal rear-
rangements and homologous recombination events, result-
ing in translocations, duplications, inversions or deletions
{Kolomietz ef al., 2002; Tancredi et al., 2004). These se-
quences are named 4/ because most of the members of this
family of repeats are cleaved by the bacterial restriction
endomuclease 4l [ Members of the Afu family show sig-
nificant homology but do not have identical sequences.
Around 500,000 members of the Afu family have been
identified and it is estimated that together they comprise
3% of the human genome. Approximately 41.5% of the
intronic sequences of BRCAT consist of 4/u elements (Fig-
ure 1) that range in size from 0.5 kb to 23.8 kb and are lo-
cated throughout the entire gene (Montagna ef al., 1999).

Alu sequences have often been regarded as genomic
instability factors because they are responsible for recom-
binational “Aot spots” in certain genes and are frequently
involved in exon shuffling during meiosis as a result of
non-homologous recombination. These sequences may
also act as regulatory factors in transcription, with struc-
tural roles (as “physical separators” of protein-protein
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Figure 1 - Al elements in BRCA I (reproduced from Pavlicek eral 2004, by permission of Oxford University Press), Exons are depicted as red rectangles
and Alu sequences as arrows. Afu elements known to be involved in human exonic deletions and/or duplications are shown in biue.

interactions during chromosome condensation in cellular
division) and functional roles (in alternative “splicing”™ or
as a connection between transcription factors) being pro-
posed.

The two most prevalent sub-classes of repetitive ele-
ments in the Al family are LINEs (Long Interspersed Ele-
ments) and SINEs (Short Interspersed Elements). LINEs
span 6-8 kb and represent ~21% of the total human genome
DNA, whereas SINEs, which are derived from RNA poly-
merase transcripts, are shorter (100-300 bp) and represent
~13% of the human genome. LINEs and SINEs are mobile
elements that move via reverse transcription (Gad et al.,
2001).

The complete genomic sequence of BRCAT was pub-
lished by Smith er a/. (1996), who identified 138 individual
Alu elements within this gene. Rearrangements are less
common in the BRCA2 gene, probably because of a lower
frequency of 4{u sequences (17%). Inmost of the well char-
acterized rearrangements described in the literature, there is
good evidence for the involvement of 4/u repeat elements
in the recombination event. For example, the BRCAT exon
5-7 deletion described in German families results from a
non-allelic homologous recombination between AluSx in
intron 3 and 4/uSc in intron 7. Both 4 /u repeats share a ho-

mologous region of 15 bp at the crossover site. ( Preisler-
Adams er al., 2006)

Non-functional pseudogenes

Another important cause of unequal recombination
within the coding region of certain genes 1s the presence of
non-functional pseudogenes with high sequence homology
to at least parts of the functional gene. Pseudogenes are usu-
ally non-functional “relatives” of known genes that have
lost their protein-coding ability or are no longer expressed
in the cell (Vanin, 1985).

Puget er al (2002) were the first to report this
mutational mechanism for the BRCA I gene. Intwo families
with HBOC, these authors showed that the first exons of the
gene were replaced by those of the BRCAJ pseudogene,
WwBRCA I This pseudogene had previously been shown to
lie ~30 kb upstream of BRCA 7 (Barker et al., 1996: Brown
etal., 1996). The presence of a duplication containing most
of BRCAT exons 1 and 2 and the identification of two dif-
ferent recombination events involving homologous regions
located in the BRCA] gene and wBRCAI, respectively, led
the authors to postulate that these regions were strong “hot
spots” for recombination. The mutant alleles identified in
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the study harbored a chimeric gene that consisted of
WBRCAI exons 1A, 1B, and 2 fused to BRCA I exons 3-24.
This chimeric gene lacked both the BRCAJ promoter and
translation  initiation codon and was therefore
non-functional (Hofmann ez af., 2003).

Tandemly arranged short sequence repeats

Gross chromosomal deletions and/or insertions may
also be mediated by tandemly arranged short sequence re-
peats. Highly repetitive nonconding human DNA often oc-
curs in arrays (or blocks) of tandem repeats of sequences
which may be simple (1-10 nucleotides) or moderately
complex (tens to hundreds of nucleotides). Individual ar-
rays can occur at a few or many difterent chromosomal lo-
cations. Satellite DMA, which constitutes most of the
heterochromatic regions of the genome and 1s particularly
noticeable in the vicinity of centromeres, consists of very
large arrays of tandemly repeated DNA. Short repeats may
cause slipped mispairing during replication, resulting in de-
letions or duplications of varying sizes. Recombination in-
volving tandemly arranged short sequence repeats
underlies the 244 bp deletion in BRCA/ exon 5 described in
German HBOC families (Preisler-Adams ef al., 2006).

BRCAZ Rearrangements

Only a few studies have investigated the presence and
frequencies of deleterious BRCAZ rearrangements, and
most of these were either done on a relatively small number
of families or used cumbersome mutation detection meth-
ods of variable sensitivity (Agata et al., 2005).

Until recently, only two genomic rearrangements had
been identified in six studies that analyzed hereditary breast
cancer patients or primary breast tumors among diverse Eu-
ropean populations (Peelen et al., 2000; Lahti-Domenici er
al., 2001; Chin et al., 2001; Wang et al,, 2001; Gad et al.,
2002; Bunyan e al., 2004). The greatly reduced incidence
of large genomic alterations that affect BRCA2 compared to
BRCAI most likely retlects differencesin the density of 4/u
repeat sequences at the two loci, and these initial studies
were not very suppertive of the inclusion of this type of
analysis in routine mutation testing of HBOC families
(Preisler-Adams et al., 2006).

To date, 16 BRCA2? germline rearrangements have
been reported. More recent studies have reported the fre-
quent occurrence of large genomic BRC42 rearrangements
in male breast cancer families. Woodward ef al. (2005) re-
ported three BRCAZ rearrangements in 25 families with at
least one male breast cancer, but no BRC4 2 rearrangements
in 114 families without male breast cancer, and Tournier et
al. (2004) described three BRCA2 rearrangements in 39
French families with at least one case of male cancer. These
findings indicate that large genomic rearrangements in
BRCA2 are more frequent in families with male breast can-
Cer.

Another recent study done in Portugal described a
common BRCA2 rearrangement involving an 4/u element,
c.156_157insAlu inexon 3, in 17 (8%) of 210 HBOC fami-
lies (Machado ef al., 2007).

Methods for Detecting Rearrangements

Classic methods for mutation detection (such as se-
quencing) are usually unable to identify large genomic re-
arrangements. Consequently, several alternative methods
have been developed for the analysis of structural genomic
abnormalities. These methods, which are designed to target
either one or a few specific loci, or to scan the whole ge-
nome, include Southern blotting, long-range PCR, fluores-
cent in situ hybridization (FISH), quantitative multiplex
PCR of short fluorescent fragments (QMPSF), protein trun-
cation test (PTT), comparative genomic hybridization
(CGH), real-time or quantitative PCR (RT-PCR or gPCR)
and multiplex ligation-dependent probe amplification
(MLPA). Although each of these methods has potential ad-
vantages and limitations, there have been very few large-
scale comparative analyses of these techniques. A brief
summary of the most common detection methods is pro-
vided below.

Southern blotting

Southern blotting is the transfer of DNA fragments
from an electrophoretic gel to a membrane support that re-
sults in immobilization of the fragments on the membrane
and in a semipermanent reproduction ofthe banding pattern
of the gel. This technique can be used to detect changes in
copy number (deletions and duplications) when samples
are run in parallel (concomitantly) with an internal stan-
dard. In addition, large rearrangements may also be de-
tected by a size shift in the blotted DNA fragments.
Although frequently used in the past, this method has lost
popularity as a routine diagnostic procedure since itis labo-
rious, time consuming, requires large amounts of high-
molecular weight DNA and its interpretation may be ham-
pered by false-negative results (Unger et al., 2000; Brown,
2001; De Lellis et al., 2007).

Long-range PCR

Long-range PCR uses a mixture of two thermostable
DNA polymerases (proofreading and non-proofreading),
thereby increasing the product size to 35 kb. The method
has been useful for identifying specific large aberrations,
including intragenic deletions, insertions, duplications and
chromosomal breakpoints in several disorders. Long-range
PCR was originally designed to detect changes in gene
copy number rather than translocations or inversions, re-
quires small amounts of DNA and is excellent for lo-
cus-specific identification of known rearrangements. These
features make it ideal for diagnostic purposes. However,
this technique is limited by its low throughput and is unable
to provide a genome-wide view of rearrangements, which

74



therefore restricts its usefulness to the analysis of a specific
genomic region delimited by the primers that are used
(Vasickova et al,, 2007; Morozova and Marra, 2008).

Fluorescent in situ hybridization (FISH)

FISH is based on the hybridization of fluorescent
probes to metaphase or interphase nuclei followed by anal-
ysis with a fluorescence microscope. FISH can detect varia-
tions in copy number (deletions and duplications),
translocations and inversions. Copy number is assessed by
microscopic visualization. The most commonly used con-
ventional in situ hybridization protocol in cancer research
is dual-color FISH. This method involves labeling centro-
meres and the DNA region of interest with different colors
and estimating the probe copy number from the ratio of the
centromeric to noncentromeric signal. Dual-color FISH 15
used to detect chromosomal gains or losses (aneuploidy),
intrachromosomal insertions, deletions, inversions, ampli-
fications and chromosomal translocations. The advantages
of FISH include the ability to analyze single cells, applica-
bility to a wide range of substrates, including fixed samples
(such as paraffin-embedded tissue), and relative simplicity
of use. The method cannot provide a genome-wide assess-
ment of DNA rearrangements, with the exception of gross
chromosomal aberrations detected by multifluor-based
techniques, and is thus of limited value for genome-wide
identification of smaller-scale chromosomal aberrations
(De Lellis et al., 2007; Morozova and Marra, 2008).

Quantitative multiplex PCR of short fluorescent
fragments (QMPSF)

QMPSF is a sensitive method for the detection of
genomic deletions or duplications based on the simulta-
neous amplification of short genomic fragments using
dye-labelled primers under quantitative conditions. The
PCR products are analyzed on a sequencing platform used
in the fragment analysis mode and the peak height and area
are proportional to the quantity of template present for each
target sequence. In this setting, the height or area of peaks
carresponding to the loss of one allele will be half that of
normal samples, whereas a gain of one allele will result in a
50% increase. This method is rapid and sensitive and has
been used to screen for BRCA/J rearrangements (Casilli et
al,, 2002; Bastard ef al, 2007; Weitzel ef af., 2007). How-
ever, it is not easily implemented in a routine mutation
analysis laboratory and requires a fair amount of previous
experience.

Protein truncation test (PTT)

The PTT method is a straightforward approach to
screen for biologically relevant gene mutations. The
method is based on the size analysis of products resulting
from transcription and translation in virre. Proteins of lower
mass than the expected full-length protein represent trans-
lation products derived from truncating frameshift or non-

sense mutations in the analvzed gene. Mutation detection
may be limited by the size and location of the rearrange-
ment in relation to the primers used in the assay. In addi-
tion, because of the low sensitivity of conventional PTT,
mutations can be detected only in samples that harbor a rel-
atively high number of mutated gene copies (Peelen et al.,
2000; Hauss and Miiller, 2007).

Comparative genomic hybridization (CGH)

CGH (also known as chromosomal microarray analy-
sis or CMA) is a molecular-cytogenetic method that has
been used to analyze variations in copy number (gains or
losses) of DNA from patients and/or tumor cells. The
method is based on the hybridization of fluorescently la-
beled tumor DNA and normal DNA to normal human
metaphase preparations. Using epifluorescence micros-
copy and quantitative image analysis, regional differences
in the fluorescence ratio of gains/losses vs. control DNA
can be detected and used to identify abnormal regions in the
genome. CGH does not identify structural chromosomal
aberrations such as balanced reciprocal translocations orin-
versions since they do not change the copy number.
Although CGH isa complex technique that requires signifi-
cant previous experience in cytogenetics and a specific
set-up in terms of infra-structure, it is an efficient method
for genome-wide screening of rearrangements (Rouleau et
al., 2007).

Real time polymerase chain reaction (gPCR)

Real time PCR, also known as quantitative real time
polymerase chain reaction (gPCR), is a polymerase chain
reaction-based technique used to amplify and simulta-
neously quantify a target DNA molecule. gPCR allows the
detection and quantification (as absolute number of copies
orrelative amount when normalized to DN A input or addi-
tional normalizing genes) of a specific sequence in a DNA
sample. The procedure follows the general principle of
PCR, the key difference being that the amplified DNA is
quantified as it accumulates in the reaction in real time after
each amplification cycle. Two common methods of quanti-
fication are the use of fluorescent dyes that intercalate with
double-stranded DNA, and modified DNA oligonuclectide
probes that fluoresce when hybridized with a complemen-
tary DNA. Although this method is rapid and does not re-
quire a large amount of starting material, it has a limited
throughput. It is not suitable for the detection of trans-
locations or inversions or for genome-wide screening of re-
arrangements (Barrois et al., 2004; Morozova and Marra,
2008).

Multiplex ligation-dependent probe amplification
(MLPA)

MLPA is a multiplex PCR method developed to de-
tect abnormal copy numbers of different genomic DNA
sequences. Each MLPA probe consists of two oligonu-
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cleotides that can be ligated to each other when hybridized
to a target sequence. All ligated probes have identical se-
quences at their 3° and 3° ends, permitting simultaneous
amplification in 2 PCR containing only one primer pair.
One of the two oligomucleotides of each MLPA probe has a
common sequence used for PCR amplification atthe 5" end
and a target-specific sequence at the 3" end. The 57 region
of the second oligonucleotide of each probe is designed to
hybridise to the target sequence immediately adjacent to
the first oligonucleotide and its 3" region has a common se-
quence used for PCR amplification and a “stuffer” se-
quence with different a specific length. Each probe gives
rise to an amplification product of unique size, due to the
variation in the stuffer sequence length. Because only li-
gated probes will be exponentially amplified during the
subsequent PCR reactions the number of probe ligation
products is a measure for the number of target sequences in
the sample. The amplification products of different sizes
are separated using capillary electrophoresis (Schouten et
al,, 2002). Nevertheless, MLPA has certain drawbacks, in-
cluding false-negative scores when probes are designed
outside the region of interest, i.e, outside the region in-
volved in the rearrangement. MLPA is primarily used as a
screening tool to identify rearrangements, and the precise
location of the deletion or duplication breakpoints in the
usually very large intronic or affected flanking regions
must be refined by sequencing (Staaf ef al., 2008). In addi-

tion, in rare cases, MLPA may give a false-positive result
for a deletion due to occurrence of a point mutation within
the sequence of MLPA probe hibridisation (Gomez ef al.,
2009). However, compared to most other techniques,
MLPA is an inexpensive, sensitive, relatively simple, and
high-throughput method (Hogervorst ef al., 2003; Dunnen
and White, 2006; Ratajska ef al.. 2008). The use of MLPA
has facilitated the screening of penomic rearrangements in
BRCAI (Montagna et al., 2003; Hartmann et a/., 2004) and
BRCA2 (Woodward ef al., 2005).

Conclusion

Point mutations in the BRC4 genes are the most com-
mon deleterious mutations encountered in HBOC families,
and full gene sequencing and other PCR-based methods re-
main the gold standard for initial mutation identification.
However, rearrangements in these genes have been de-
scribed in a significant proportion of HBOC families, and
are responsible for up to one-third of the identifiable BRCA
mutations in certain populations. Consequently, in HBOC
families that test negative for BRCA point mutations by
conventional approaches, screening for large gene rear-
rangements in BRCAT and probably also BRCA2 should be
strongly considered. A suggested flowchart for investiga-
tion in these families is presented in Figure 2. The availabil-
ity of relatively inexpensive and technically straightfor-
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ward screening methods has greatly simplified this process,
but often more than one method must be used to fully char-
acterize a deletion or duplication in a given patient. Several
studies in different populations have proven the usefulness
of' screening for BRCAJ rearrangements, however the prev-
alence of such mutations in a given population should be
known before definitive recommendations are made re-
garding the routine testing for rearrangements. In popula-
tions where there are highly prevalent founder rearrange-
ments, preliminary screening for pathogenic BRCA gene
mutations may be a cost-effective initial strategy.
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6. MANUSCRITO 2: International distribution and age estimation of the
Portuguese BRCA2 c.156_157insAlu founder mutation.
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International distribution and age estimation of the Portuguese
BRCA2 ¢.156_157insAlu founder mutation
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Abstract The ¢.156_157insAlu BRCA2 mutation has so
far only been reported in hereditary breast/ovarian cancer
(HBOC) families of Portuguese origin. Since this mutation
is not detectable using the commonly used screening
methodologies and must be specifically sought, we
screened for this rearrangement in a total of 5.443
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suspected HBOC families from several countries. Whereas
the ¢.156_157insAlu BRCAZ2 mutation was detected in 11
of 149 suspected HBOC families from Portugal, repre-
senting 37.9% of all deleterious mutations, in other coun-
tries it was detected only in one proband living in France
and in four individuals requesting predictive testing living
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in France and in the USA, all being Portuguese immigrants.
After performing an extensive haplotype study in carrier
families, we estimate that this founder mutation occurred
558 + 215 years ago. We further demonstrate significant
quantitative differences regarding the production of the
BRCAZ2 full length RNA and the transcript lacking exon 3
in ¢.156_157insAlu BRCA2 mutation carriers and in con-
trols. The cumulative incidence of breast cancer in carriers
did not differ from that of other BRCA2 and BRCAI
pathogenic mutations. We recommend that all suspected
HBOC families from Portugal or with Portuguese ancestry
are specifically tested for this rearrangement.

Kevwords c¢.156_157insAlu BRCAZ2 mutation -
Founder mutation - Age estimation -
Hereditary breast/ovarian cancer

Introduction

The pattern of BRCAI and BRCA2 mutations in hereditary
breast/ovarian cancer (HBOC) families varies widely
among different populations. Many present a wide
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spectrum of different mutations throughout these genes,
while some ethnic groups show a high frequency of par-
ticular mutations due to founder effects [1, 2]. Identifica-
tion of founder mutations makes it possible to use more
specific approaches to molecular testing [3], allowing the
analysis of more patients with less stringent selection cri-
teria in a given population. Furthermore, a frequent founder
mutation in a population allows a more accurate estimation
of mutation-specific cumulative cancer incidence. facili-
tating also identification of genetic and environmental risk
modifiers.

The ¢.156_157insAlu BRCA2 mutation was first
described by Teugels et al. |4] in a Portuguese patient
residing in Belgium. These authors demonstrated that this
exon 3 Alu insertion causes an in-frame deletion of that
exon at the mRNA level, and thereby deletes a transcrip-
tional activation domain [4]. Machado et al. 5] later
described a regional founder effect for this rearrangement
in HBOC families mostly originated from central/southem
Portugal. We recently evaluated the contribution of the
c.156_157insAlu BRCA2 mutation to inherited predispo-
sition to breast/ovarian cancer in families originated mostly
from northern/central Portugal [6] and found that this

E. A. Velasco - M. Durin
Grupo de Genética del Cdncer, Instituto de Biologia y Genética
Molecular (UVa-CSIC). Valladolid. Spain

M.-D. Miramar - A. R. Valle - M.-T. Calvo
Genetics Unit, Clinical Biochemistry Service, Miguel Servet
University Hospital, Zaragoza, Spain

A. Vega - A, Blanco

Fundacion Publica Galega Medicina Xenomica-SERGAS &
Grupo de Medicina Xenomica—USC, BER de enfermedades
raras (CIBERER), Santiago de Compostela, Galicia, Spain

Q. Diez
Oncogenetics Laboratory, University Hospital Vall Hebron,
Barcelona, Spain

0. Diez - S. Guti¢mez-Enriquez
Wall d’Hebron Institute of Oncology (VHIO), Barcelona, Spain

1. Balmaria
Department Medical Oncology, University Hospital Vall
Hebron, Barcelona, Spain

T. Ramon y Cajal - C. Alonso
Department of Medical Oncology, Hospital Sant Pau,
Barcelona, Spain

M. Baiget
Department of Genetics, Hospital Sant Pau, Barcelona, Spain

82



rearrangement is responsible for more than half of all
deleterious BRCAZ2 mutations and about one-fourth of all
deleterious mutations in HBOC families. Additionally. in
light of some doubts raised about the pathogenic effect of
BRCA2 exon 3 skipping [7], we demonstrated that the
BRCAZ tull length transcript is produced exclusively from
the wild type allele in patients carrying the c.156_
157insAlu BRCAZ rearrangement and that the mutant allele
co-segregates with the disease in HBOC families and is
absent in healthy blood donors, although minimal exon 3
skipping in BRCA2 mRNA can be found in negative con-
trols [6, 8].

Although all reported c.156_157insAlu BRCAZ2 muta-
tions have so far been identified in Poruguese HBOC
tamilies [4-6]. this mutation is not detected using the
common screening methodologies and must be specifically
sought [4, 8], so one cannot currently rule out its presence
in other populations. To gain insight into the ancestral
origin and population spread of the c.156_157insAlu
BRCA2 mutation, we screened for this rearrangement in
5,443 suspected HBOC patients from several countries and
performed an extensive haplotype study using closely
linked microsatellite markers and single nucleotide poly-
morphisms (SNPs) in carrier families. In addition to
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estimating the age of the c.156_15TinsAlu BRCA2 muta-
tion, we used real-time RT-PCR to quantify the production
of the transcript lacking exon 3 in carriers and non-carriers.

Materials and methods
Families

This study comprised a total of 5443 suspected HBOC
families from 13 countries in Europe, North and South
America and Asia From Portugal, 149 new suspected
HBOC families were selected for BRCA] and BRCA2
mutation screening using previously described criteria
[6, 9] atter written informed consent. Molecular testing at
the Department of Genetics of the Portuguese Oncology
Institute, Porto, Portugal (IPO-Porto) started by looking for
the c.156_157insAlu BRCA2? mutation, followed by full
BRCA ! and BRCAZ mutation screening with the previously
reported methodology [6, 8, 9]. Additionally, screening for
the ¢.156_157insAlu BRCA2 mutation was performed in
5.294 suspected HBOC families living in countries other
than Portugal in whom no deleterious BRCAI/BRCAZ
mutations had previously been found, with the following
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distribution: 1,209 from Spain (356 from L'Hospitalet de
Llobregat, 341 from Madnd, 151 from Valladold, 132
from Zaragoza, 123 from Santiago de Compostela, and 106
from Barcelona), 1.087 from France (650 from Clermont-
Ferrand, 428 from Saint-Cloud, and nine from Villejuif, all
the latter with Portuguese ancestry), 820 from Holland
(Groningen), 758 from Denmark (Funen and Jutland), 400
from Greece (Athens), 219 from Switzerland (Geneva),
200 from Belgium (Brussels), 185 from Israel (Tel Aviv),
144 from Brazil (98 from Porto Alegre and 46 from
5. Paulo), 103 from Canada (Montreal), 91 from India
(Chennai), 75 from Italy (Rome), and three from USA
(Seattle, all with Portuguese ancestry). Besides the sus-
pected HBOC families, two consecutive series of breast
cancer patients from Ric de Janeiro, Brazl (390), and
Azorean Island of Sio Miguel, Portugal (86), were also
screened for the c.156_157mmsAlu BRCA2 mutation.
Additionally, predictive testing was performed in four
individuals from two additional families (two relatives
from each family living in Rhode Island, USA, and in
Villejuif, France, respectively) with the c.156_157insAlu
BRCA2 mutation identified elsewhere. IRB approval was
obtained at each participating institution.

For the purpose of haplotype studies and age estimation
of the c.156_157insAlu BRCAZ2 mutation, the 14 HBOC
families we previously reported [6] and the family (four
c.156_157insAlu carriers) initially identified by Teugels
et al. [4] were also included. The geographic origin of the
c.156_157insAlu BRCA2 positive families was inferred
from the birthplace of the oldest carrier or of the oldest
family member most likely to be a carrier.

Screening for the c.156_157insAlu BRCA2 mutation

The screening for the c. 1536_157ins Alu BRCAZ mutation in
the suspected HBOC families from Portugal, and of sam-
ples originating from the Athens, Barcelona, Madrid and
Zaragoza labs, as well as the predictive testing of four
individuals from two additional families living in Rhode
Island and Villejuif, respectively, was performed at the
Department of Genetics of IPO-Porto. The remaining cases
were analyzed at the respective labs (except the cases from
Rio de Janeiro, which were analyzed in Toronto) using the
same protocol and a positive control provided by the Por-
tuguese lab.

Screening for the c.156_157insAlu BRCA2 mutation
was performed using two independent PCRs [6, 8], one for
exon 3 amplification and another specific for the Alu
rearrangement. Using this strategy. we expect two ampli-
cons in positive cases in the first PCR (one amplicon if
negative) and one amplicon in the second PCR (none if
negative}. The second PCR helps to control the first PCR
for potential problems with preferential amplification of the

shorter fragment (wild tvpe), whereas the first PCR
controls for potential absence of amplification in the sec-
ond PCR. This strategy of two independent PCRs, followed
by sequencing of the genomic fragments in positive cases,
allows the unambiguous detection of the c.156_157insAlu
BRCA2 mutation [6, B]. Positive and negative controls
were used in all experiments and all positive cases were
confirmed in a second independent sample.

Real-time RT-PCR analysis

Primers and probes for the transcripts BRCA2 wild type
(BRCA2-wt) and BRCAZ2 lacking exon 3 (BRCA2-Aex3)
were designed with Primer Express 2.0 (Applied Biosys-
tems, Foster City, USA) (Supplementary file). To deter-
mine the relative expression levels of the target transcripts
in each sample, the comparative C'p method was performed
as described by Schmittgen and Livak [10]. The relative
expression of the transcripts in two different groups (that
included 10 carriers and eight controls) was calculated
using the 2707 method. The ratio 2-CT BRCA2- Aex3/
275 BRCA2-wi was calculated for each sample. The
Mann—Whitney {7 Test was used to compare the relative
expression of those transcripts between the two groups.
Statistical analysis was performed with SPSS version 11
and statistical significance was considered whenever
P-<005.

Mutation-specific cumulative incidence of breast cancer

The cumulative incidence of breast cancer in women with
the c.156_157insAlu BRCA2 mutation was derived using
the method of Kaplan and Meier, with unaffected indi-
viduals censored at the age of last follow-up or death
without breast cancer. Only individuals shown to be car-
riers or obligate carriers were used for this calculation.

Microsatellite and SNP typing

Haplotype analysis was carried out in families in which the
c.156_157insAlu BRCA2? mutation was detected in at least
one family member in addition to the proband. A total of 15
probands and 62 tfamily members, including the three
informative families previously reported [6] and the one
described by Teugels et al. [4], were genotyped for poly-
morphic microsatellite markers flanking BRCAZ2 as descri-
bed [6]. The physical distances of the genetic markers
were derived from the National Center for Biotechnology
Information (NCBI) Map Viewer (genome build 36.3)
(http:/fwww.nchinlm.nih.gov/projects/mapview/). All nine
markers were assayed by PCR using fluorescently 5'-labeled
primers. PCR products were run on an ABI PRISM 310
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Genetic Analyser (Applied Biosystems) together with the
fluorescence labeled DNA fragment size standard TAMRA.

Single-nucleotide polymorphism (SNP) markers were
used to obtain a haplotype spanning ~ 1.1 Mb encom-
passing the region between the D135260 and DI351695
microsatellite markers, where the first recombinant and/or
mutational events were observed. In order to capture most
of the genetic variation in this region and to avoid redun-
dant SNP markers (i.e., markers in strong linkage dis-
equilibrium), we performed Tag-SNP. namely Tagger
Multimarker, using International HapMap Project CEPH
(Utah residents with ancestry from northern and western
Europe} population data (www hapmap.org). We devel-
oped SNaPshot assays for 19 SNP markers by multiplexed
mucleotide primer extension reaction using dye label ter-
minators (Applied Biosystems). The primers for multiplex
amplification and single base extension (Supplementary
file) were designed using the online Primer-BLAST tool
(httpz//www.ncbi.nlmonih.gov/tools/pamer-blast/).  AutoDimer
{www.cstl.nist. gov/strbase/NIJ/AutoDimer.htm) was used
to test for potential hairpin structures and primer dimers.
The 19 SNPs were PCR amplified in four multiplex reac-
tions with amplicon length between 100 and 450 bp. The
multiplex SNaPshot reaction and capillary electrophoresis
was done following the manufacturer’s protocol (Applied
Biosystems).

Haplotype construction and estimation of mutation age

Haplotype construction was performed manually based on
the genotypes obtained of index cases and family members.
We estimated the age of the c.156_157insAlu BRCAZ2
mutation from the variation accumulated in their ancestral
haplotypes. as described by Martins et al.[11] This method
takes into account both recombination (¢) and mutation ()
rates in the generation of variation. The probability of change
per generation (&} is given by & = 1=[(1 — )(1 — y)]. and
the average of mutation and recombination events (1) equals
&f, where t 15 the number of generations. The recombination
rate (¢) was estimated from the physical distance between the
two most distant markers (DI3S1700 and D13S267) using a
conversion factor calculated in Rutgers Map Interpolator
(http://compgen.rutgers.edu/old/map-interpolator/}. The
estimate of average mutation rate nsed was 7.8 x 107*[12]
for dinucleotides and two times lower for tetranucleotides.

Results
Detection of the ¢.156_157insAlu BRCA2 mutation

Of the 149 Portuguese probands studied for germline
mutations in the BRCAJ and BRCAZ genes at IPO-Porto,

11 patients presented the c.156_I57insAlu BRCA2 muta-
tion (Fig. 1) and 18 patients presented other deleterious
mutations in either BRCA] (10 patents) or BRCA2
(8 patients) genes (data not shown). Together with the 14
probands we previously reported with this mutation [6]. a
total number of 25 HBOC families with the c.156_
157insAlu BRCAZ2 rearrangement had been identified at
IPO-Porto at the time of writing. Altogether, 68 individuals
from these 25 HBOC families have so far been tested for
the c.156_157insAlu BRCAZ mutation and 39 of them were
shown to be carriers of the mutant allele. The geographic
origins of all the ¢.156_157insAlu BRCA2 positive tamilies
are shown in Supplementary Fig. 1. Although most of the
families originated from northern/central Portugal, most
likely reflecting our target population for genefic iesting,
we also detected the c.156_157insAlu mutation in families
from southern Portugal and Madeira Island.

Of the 5.294 suspected HBOC families with no known
deleterious mutation originating from other countries, only
one proband tested in Clermont-Ferrand was shown to
carry the c.156_157insAlu BRCAZ mutation. Interestingly,
this patient belongs to a family of Portuguese arigin living
in France. Additionally, the two relatives living in Rhode
Island (family with origin in Mangualde. central Portugal)
and the two relatives living in Villejuif (family with origin
in Porto. Portugal) for whom we performed predictive
testing, were carriers of the c¢.156_137insAla BRCA2
mutation that had previously been identified elsewhere in
Portuguese family members. Finally, the patient onginally
reported by Teugels et al. [4] belongs to a Portuguese
family originally from the region of Guarda (central
Partugal).

Quantitative transcript analysis

Real-time RT-PCR showed quantitative differences
between the full length and the BRCA2-Aex3 transcripts in
c.156_15TinsAlu BRCAZ mutation carriers and controls.
The relative expression of the BRCA2-Aex3 transcript was
sixfold higher in carriers compared with controls, whereas
a threefold decrease was observed for the BRCA2-wt
transcript in patients compared with controls (Fig. 2). The
difference observed between patients and controls was
statistically significant (P = 0.00032).

Mutation-specific cumulative incidence

Using the method of Kaplan and Meier, the cumulative
incidence of breast cancer in women carrying the
c.156_157insAlu BRCAZ mutation was 90% until the age
of 60 years (Fig. 3).
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Fig. 1 Molecular diagnosis of 1 2 3
the BRCA2 c.156_15TinsAln
mutation using two independent
PCR analyses. showing positive
cases in fanes 1 and 2 and a
negative case in lane 3. Lane 4
comesponds to a positive control
and NTC is a non template
control. MW refers o 100 bp
DMA standard. (a) PCR specific
for BRCAZ exon 3, showing an
additional band resulting from a
the msertion of a DNA fragment

of about 350 bp long within

4 NTC MW 1 2 3 4 NTC

b

Alu sequence

exon 3 of BRCAZ in positive I

cases. (b) PCR specific for the el "

c.156_157insAlu BRCA2
mutation, showing an amplicon
in positive cases. (¢) Sequence
elecrophorograms of the
amplified genomic fragment of
a mutation posiive case
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Fig. 2 Realtime RT-PCE quantification of the altered transcript
ratios in BRCA2 ¢.156_15TinsAln carriers as compared with controls.
The melative expression of the BRCA2-Aex3 wanscript was sixfold
higher in carriers compared with controls. whereas a threefold
decrease was observed for the BRCAZ-wt transcript in patients
compared with controls

Ancestral 5TR-based haplotypes and age estimate

Nine different haplotypes were phased for 11 out of the 15
families. three of them reported earlier [6]. The results of

100

|
B0 [
60 —

40 II
|
FLE oy

20

Cumulative incidence of breast cancer

Age

Fig. 3 Cumulative incidence of breast cancer among c.156_
157msAlu BRCA2 germline mutation carriers, reaching 90% at about
60 years of age

the haplotype analyses for the 11 informative families are
shown in Table | and the most parsimonious relationships
among flanking haplotypes are presented as a phylogenetic
network in Fig. 4. The probability of mutation versus
recombination was evaluated, considering the minimum
number of stepwise mutations. In the I1 informative
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Table 1 Age estimation of the ancestral c.156_157insAln BRCA2 mutation

Haplotype® Families, No. Mutation Age = &, "
stepsfrecombination
events, No,

HI: 317-160-156-299-230-242-228-1 4-158 2 0 558+ 215

H2: 317-160-156-295-230-242-228-1 4-158 1 1

H3: 313-160-156-299-230-242-228-144-158 1 1

H4: 269-160-156-299-230-242-228-1 4-158 1 1

HS: 317-160-156-299-230-234- 234 1 48-144 2 1

He: 321-160-156-299.230-234. 234 | 48.144 1 2

H7: 317-160- 156-307-226-252-234- 148144 1 1

HE: 317-160-156-299-230-252-234-144-156 1 1

HO: 309-162-160-299.230-242-228-144-158 1 1

Total 11 9

* The nine microsatellite markers used were: D1381700, D135260, D1351698, D13S1701, D135171, D1351695. D1351694, D135310, and
D138267 (from left to right). Ancestral haplotype in which Alu insertion probably occurred is indicated in bold

* The recombination rate (¢) was based on the physical distance between the two most distant markers (1930.8 kb; ¢ = 0030597 cM) using a
conversion factor calculated in Rutgers Map Imterpolator. The estimated probability of mutation per generation and per haplotype was 0.00624
(as seven dinucleotide and two tetranucleotide short tandem repeats were studied)

Fig. 4 Phylogenetic network showing the most parsimonions rela-
tionships among flanking short tandem repeat-based haplotypes in
families carrying the ¢.156_157insAlu BRCA2 mutation. Circle and
lime sizes are proportional to the mumber of families and stepwise
mutations, respectively. Diamonds indicate recombination events.
When it was not possible o determine if the most parsimonious
relationship was due to a stepwise mutation or a recombination event
we represented it by dashed diamonds

families, SNP haplotypes were constructed in order to
establish if a specific microsatellite was different from the
consensus because of a recombination event rather than a
mutation (Supplementary Fig. 2).

Based on the mutation and recombination events observed
in microsatellite haplotypesand assuming a generation time of
25 years, the age estimate for the ¢.156_157insAlu BRCAZ
mutation is 338 &+ 215 years (Table 1).

Discussion

The c.156_157insAlu BRCA2 mutation has so far only
been reported in HBOC families of Portuguese origin. Here

we show that this rearrangement accounts for 57.8% of the
BRCAZ mutations and 37.9% of all deleterious mutations in
HBOC families originating mostly from northern/central
Portugal. This study confirms our and other earlier findings
indicating that this is by far the most common BRCA
mutation in Portuguese families with hereditary predispo-
sition to breast/ovarian cancer, being detected in about 8%
of all probands tested and presenting a nation-wide distri-
bution [5, 6]. This high frequency makes it cost-effective to
test specifically for this rearrangement prior to screening
the entire coding regions of BRCA! and BRCA2 in sus-
pected HBOC families from Portugal or with Portuguese
ancestry. Furthermore, complementing earlier data show-
ing that the c.156_157insAlu BRCAZ mutation leads to
skipping of exon 3 [4] and that minimal exon 3 skipping in
BRCA2 mRNA can be found in negative controls |6, 8], we
here demonstrate by real-time RT-PCR that carriers present
significantly more BRCAZ2-Aex3 transcripts and much less
full length transcripts than controls. We further show that
the cumulative incidence of breast cancer in c.l156_
157insAlu BRCA2 mutation carmers does not differ from
that of other BRCA2 and BRCA [ pathogenic mutations in
our population (data not shown) or elsewhere [13], further
strengthening its role as the major contributor to hereditary
predisposition to breast cancer in Portugal. Although the
function, if any, of the BRCA2 exon 3 skipping seen in
controls is unknown, the observed penetrance in c.156_
157insAlu carriers would not be expected if this transcript
was fully functional. We therefore conclude that this
BRCA2 rearrangement causes hereditary breast/ovarian
cancer because the mutated allele is only able to give
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rise to BRCA2-Aex3 transcripts and not to BRCA2-wt
transcripts.

Since the ¢.156_157insAla BRCA2 mutation had only
been reported in HBOC families of Portuguese origin [4-6]
and is not detectable with commonly used screening
methodologies, one can not exclude that it is present in
other populations until it is specifically sought. To further
evaluate whether or not it constitutes a population-specific
founder mutation, we screened for the c.156_157insAln
BRCAZ2 rearrangement outside Portugal in more 5,294
suspected HBOC families with no known deleterious
BRCAI/BRCAZ2 mutations coming from several countries
mainly from Europe, but also from Asia and North and
South America In addition to the family identified in
Belgium by Teugels et al. [4], we now detected this
mutation in one proband living in France and in four
mndividuals requesting predictive testing living in France
and in the USA, all having in common the tact that they are
relatively recent immigrants of Portuguese origin in those
countries. Interestingly, c.156_157insAlu BRCA2 mutation
was not detected in 1,209 suspected HBOC families from
Spain, including those from Galicia, the Spanish region
with which Portugal shares more linguistic and cultural
links, as also demonstrated by our recent finding of a
common ancestry for the Portuguese HBOC families pre-
senting the R71G BRCA! founder mutation of Galician
origin [14].

Our findings indicate that, within the relatively large
sample population studied, the c.156_157insAlu BRCA2
mutation is unique to HBOC families of Portuguese
ancestry, a fact that is hardly compatible with the age of
about 2500 years previously estimated by Machado et al.
[5]. Although geographic distribution of mutations is only
an indirect measure of mutation age, more widespread
mutations tend to be older than mutations showing a
regional distnibution, with the development of urbanization
and industrialization in the past 700 years leading to rapid
populations growth and therefore to the recent appearance
of vast numbers of new alleles. some of which cause
hereditary breast/ovarian cancer, each being specific to one
population or even to one family [ 15]. In order to get a more
accurate mutation age estimate of the c.156_157insAlu
BRCAZ rearrangement, we performed an extensive haplo-
type analysis having in mind that the size of an ancestral
haplotype around a mutation is inversely correlated with the
number of generations separating the common ancestor
from the families carrying that rearrangement. After per-
forming the haplotype reconstruction in the 11 informative
families and assuming a generation time of 25 years, we
estimate the age of the ¢.156_157insAlu BRCA2 mutation
to be 558 + 215 years, that is, most likely well after Por-
tugal became politically independent (in 1143). Our esti-
mate is consistent with the widespread distribution of the

mutation in Portugal [5, 6]. the country demographic history
(the North has been and still is consistently the source of
migrants to the South), its occasional finding in countries
with strong Portuguese immigration, and with its absence in
the other populations studied (e.g., absence of the mutation
in Spain, namely in Galicia). Nevertheless, statistical
methods for estimating mutation ages are relatively crude
[16], are dependent on sample representativeness, and
estiimate only the age of the common ancestor to the
informative families that have been identified. The older
age estimate advanced by Machado et al. [5] was based
upon a different sample of Portuguese patients (mostly from
Center and South) and using a different age estimate
method. However these authors recognize that the age of the
mutation may be «overestimated, either because of the fact
that mutation rates of the microsatellite markers were not
taken into account or because recombination events In two
tamilies were considered». On the other hand. although the
mutation has so far only been detected in Poriugal and in a
few families with Portuguese ancestry living in Belgium,
France or the USA, we can not conclusively exclude its
presence in other countries that have strong historical links
with Portugal, such as those having Portuguese as official
language (Brazil. Angola. Mozambigue, Cape Verde, Gui-
nea-Bissau, Sio Tomé and Principe, East Timor, and
Macau) or other countries with a large community of Por-
tuguese immigrants. In fact, one of our probands with the
c.156_1 57insAlu BRCA2 mutation illustrates this possibil-
ity: although she is now living in Portugal, her ancestors
originating from North Portugal had moved several gener-
ations ago to Brazil and later to Angola, where reportedly
various affected relatives lived.

In conclusion, we showed that the c.156_I57insAlu
BRCAZ2 rearrangement is a Portuguese founder mutation
originated about 558 % 213 years ago, accounting for the
majorty of the BRCA2 mutations and for about one-third
of all deleterious germline mutations in Portuguese HBOC
families. We therefore recommend that all suspected
HBOC families from Portugal or with Portuguese ancestry
are specifically tested for this rearrangement. ideally prior
to screening the entire coding regions of BRCAI! and
BRCA2. We further showed that the cumulative incidence
of breast cancer in c.156_157insAlu BRCAZ mutation
carriers does not differ from that of other BRCA2 and
BRCAI pathogenic mutations and that this BRCA2 rear-
rangement causes hereditary breast/ovarian cancer because
the mutated allele is only able to give rise to BRCA2-Aex3
transcripts and not to BRCAZ-wt transcripts.
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Abstract

Background - Li-Fraumeni (LFS) and Li-Fraumeni-like (LFL) syndromes are associated to
germline TP53 mutations, and are characterized by the development of central nervous
system tumors, sarcomas, adrenocortical carcinomas, and other early-onset tumors. Due to
the high frequency of breast cancer in LFS/LFL families, these syndromes clinically overlap
with hereditary breast cancer (HBC). Germline point mutations in BRCA1, BRCA2, and TP53
genes are associated with high risk of breast cancer. Large rearrangements involving these

genes are also implicated in the HBC phenotype.

Methods - We have screened DNA copy number changes by MLPA on BRCA1, BRCA2, and
TP53 genes in 23 breast cancer patients with a clinical diagnosis consistent with LFS/LFL;

most of these families also met the clinical criteria for other HBC syndromes.

Results - We found no DNA copy number alterations in the BRCA2 and TP53 genes, but we
detected in one patient a 36.4 Kb BRCA1 microdeletion, confirmed and further mapped by
array-CGH, encompassing exons 9-19. Breakpoints sequencing analysis suggests that this

rearrangement was mediated by flanking Alu sequences.

Conclusion - This is the first description of a germline intragenic BRCA1 deletion in a breast
cancer patient with a family history consistent with both LFL and HBC syndromes. Our results
show that large rearrangements in these known cancer predisposition genes occur, but are

not a frequent cause of cancer susceptibility.

Keywords: breast cancer, copy number variation, MLPA, BRCA1 microdeletion, Li-Fraumeni

syndrome
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Background

Germline mutations of the tumor suppressor gene TP53 account for more than half of the
families with classic Li-Fraumeni syndrome (LFS) [1], which is an inherited condition
characterized by the development of sarcomas and other early-onset tumors, including breast
cancer [2, 3]. Families presenting incomplete features of LFS are referred as having Li-
Fraumeni-like syndrome (LFL). Depending on the criteria adopted to classify the cancer
phenotype in a given family, up to 22% of LFL pedigrees have detectable TP53 mutations [4-
6]. Several cancer predisposition syndromes that involve breast cancer have been described
to date, and include, in addition to LFS/LFL, the hereditary breast and ovarian cancer (HBOC),
hereditary diffuse gastric cancer, and the Cowden and Peutz-Jeghers syndromes [7]. Due to
the high frequency of breast and other cancers in LFS/LFL individuals, there may be an
overlap of phenotypes, and often some families fulfill genetic testing criteria for more than one
hereditary breast cancer syndrome [1, 8, 9]. Several studies have investigated the frequency
of BRCA1/BRCA2 and TP53 germline mutations in families with multiple early-onset breast
cancers [6, 8, 10,11]. Approximately 5-10% of breast cancer is estimated to result from
dominant mutations in known single genes [12-14], particularly in the BRCA1 or BRCA2
genes. Germline TP53 mutations have been considered to be responsible for only a small
fraction of the hereditary breast cancer cases overall [15], and have mostly been described in
families with the other core-cancers of LFS/LFL [1, 8,9].Germline mutations of the BRCA2
gene have been described in families presenting both breast cancer and sarcomas,
suggesting that BRCA2 mutations account for a proportion of LFS/LFL families negative for
TP53 mutations [16,17]. As far as we are aware, germline BRCA1 mutations have not been
detected in LFS/LFL kindreds, not even among families presenting a complex cancer history
consistent both with LFL and other syndromes that constitute the HBC phenotype [6, 8, 11,
18]. All known breast cancer susceptibility genes present germline point mutations in only
approximately 20-25% of the cases fulfilling the criteria for genetic testing [12]. Gene
rearrangements can contribute to disease through different mechanisms, resulting in either
imbalance of gene dosage or gene disruption, and they are not usually detected by routine
molecular diagnostic methods such as gene sequencing. In particular, large rearrangements,
most often deletions, have been reported as a cause of cancer susceptibility, occurring in at
least 30% of highly penetrant Mendelian cancer-predisposing genes [19]. BRCA1 germline
rearrangements have been implicated in up to 30% of HBC families in certain populations [19-
23]. The aim of the present study was to determine the frequency of germline copy number

changes of TP53, BRCA1, and BRCA2 genes in breast cancer patients with clinical diagnosis
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of Li- Fraumeni or Li-Fraumeni-like syndrome, and without detectable germline TP53 point

mutations.

Material and Methods

Patients

The research protocol was approved by the institutional ethics committees of the participating
Institutions (Protocol numbers 1175/08 and GPPG-HCPA 04-081), and recruitment of patients
was done after signature of informed consent. DNA samples from 23 patients were obtained
from peripheral blood; sample quality was assessed using Nanodrop and molecular weight
was checked by electrophoresis in 0.8% agarose gels. TP53 mutation testing was previously
performed by direct sequencing of exons 2-11, using the protocols published in http://www-

p53.iarc.fr/p53sequencing.htmli[24].

Family history was recorded in detailed pedigrees with information traced as far backwards
and laterally as possible, extending to paternal lines and including a minimum of three
generations. Confirmation of the family history of cancer was attempted in all cases and
pathology reports, medical records and/or death certificates were obtained whenever possible.
We selected 23 breast cancer patients with an indication for TP53 mutation testing due to a Li-
Fraumeni or Li-Fraumeni-like phenotype according to the classical criteria [32] or at least one
of the LFL definitions: Chompret, Birch or Eeles [4, 33-35]. In all families, TP53 mutation
testing was negative [36]. Additionally, some of these families also fulfilled mutation testing
criteria for other hereditary breast cancer syndromes, as described in the NCCN Practice
Guidelines in Oncology — v.1.2010[37]. Clinical features of the 23 probands are summarized in
Table 1.

Multiplex ligation probe amplification (MLPA)

Deletions and duplications affecting all coding exons of the TP53 gene (12 probes) were
investigated by MLPA (MRC-Holland, Amsterdam, The Netherlands, kit P056) [38]. MLPA
experiments were performed in duplicates for each patient sample, with simultaneous analysis
of DNA samples from two healthy individuals from the general population (negative controls),
and two patients carrying previously characterized germlineTP53 rearrangements (positive
controls: a Li-Fraumeni patient with an intragenic TP53 deletion [39]; and a patient harboring a
large 17p13 duplication from our in-house database). Deletions and duplications affecting
BRCA1 and BRCAZ2 exons were also investigated by MLPA (MRC-Holland, Amsterdam, The
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Netherlands, kits PO87 and P045, respectively; kit PO02 was also used for confirmatory
analysis of one detected BRCA1 microdeletion); duplicated experiments were performed
simultaneously in samples from patients, two healthy individuals, and samples previously
identified as carrying large duplications encompassing the BRCA1and BRCA2 genes (positive
controls; patients from our in-house database). The PCR-amplified fragments were separated
by capillary electrophoresis on an ABI 3130 XL genetic analyzer (Applied Biosystems, Foster
City, California), and analyzed using the Coffalyser software (MRC Holland). We performed
direct normalization with control probes as normalization factor, using the median of all
imported samples, and two standard deviations. Values >1.3 were considered as possible
duplications, and deletions were considered for probes exhibiting values < 0.7. Using this

analysis, alterations present in all positive controls were detected.

Comparative genomic hybridization on microarrays (array-CGH)

Array-CGH analysis was performed as previously described [40] to confirm a intragenic
BRCA1 deletion detected by MLPA in one patient (Y54). We used a whole-genome 180K
platform (Agilent Technologies), according to the manufacturer’s instructions; a gain or loss in
copy number was considered when the log2 ratio of the Cy3/Cy5 intensities of a given
genomic segment was > 0.6 or < -0.8, respectively. As reference DNA, we used commercially

available human Promega female DNA (Promega, Madison, WI, USA).

Breakpoint Sequencing Analysis

To assess the microdeletion breakpoints, specific primers (forward: 5'-
ACTCTGAGGACAAAGCAGCGGA -3'; reverse: 5'- GTGCCACCAAGCCCGGCTAA -3') were
designed in order to amplify the breakpoint region of the BRCA1 rearrangement
(microdeletion involving the same exons described by [20]. A 450 bp fragment was detected
only in the sample with the microdeletion, and absent in the normal controls. The 450 bp
fragment was purified from the gel using the Gel Band Purification Kit (lllustra, GE Healthcare
UK limited, Buckinghamshire, United Kingdom) and sequenced (forward and reverse) using
the Big Dye V3.1 Terminator Kit (Applied Biosystems, Forster City, CA, USA) on an automated
sequencer ABI Prism 310 Genetic Analyser (Applied BioSystems,) according to the
manufacturer’s instructions. We performed an in silico analysis of the genomic sequences
surrounding the breakpoints using the RepeatMasker program (http://www.repeatmasker.org/)
that screens DNA sequences for interspersed repeats and low complexity DNA sequences.

Results
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All studied patients were females affected by breast cancer, two of them with bilateral
disease, and 11 (45.8%) with more than one primary tumor. The average age at breast
cancer diagnosis was 41 years (SD: 11.5; range: 26 - 61 years). Nineteen of the 23 families
met genetic testing criteria for both LFL and another hereditary breast cancer syndrome (Table
1); two families met criteria for both classic LFS and another hereditary breast cancer
syndrome, and two fulfill only the criteria for LFL. In the MLPA analysis none of the patients
showed TP53, or BRCA2 deletions or duplications. We identified a single patient carrying a
heterozygous intragenic BRCA1 microdeletion (Y54). Analysis using two different sets of
MLPA probes (kits PO87 and P002) and array-CGH allowed confirming a deletion that
spanned from exon 9 to 19 (Figure 1 depicts the chromosome 17921.31 array- CGH profile of
the patient, indicating the position of the BRCA1 microdeletion). We tested two non-affected
relatives of patient Y54 (l11.13 and 1ll.16) and found that one of them carries the BRCA1
deletion (I11.16). Unfortunately, affected relatives of the patient Y54 could not be investigated
for the presence of the BRCA1 deletion either because they were deceased or were not
available. The DNA fragment containing the rearrangement breakpoints was sequenced and
the results showed that the deletion starts at intron 8 and ends at intron 19 of the BRCA1
gene, resulting in a deletion-block identified as: g.29197_65577del36381 (Figure 2). Detailed
in silico assessment of the genomic sequences surrounding the breakpoints showed that
consensus Alu

sequences flanked them. Clinically, this family fulfilled genetic testing criteria for both
hereditary breast and ovarian cancer (HBOC) and LFL (Eeles 1 criteria) syndromes; the
cancer family history was significant for the presence of two individuals with multiple primary

tumors, including the proband (Figure 3).

Discussion

In families with a breast cancer history that suggests the involvement of high risk genes such
as TP53, BRCA1 and BRCA2, a more extensive analysis of these genes should be
considered. In this study we have screened three major breast cancer predisposition genes for
copy number changes in a group of 23 breast cancer patients with the clinical diagnosis of
LFS/LFL who had no germline TP53 point mutations. We did not identify large rearrangements
encompassing TP53, which is in line with previous reports of low prevalence of such
alterations, encountered in less than 5% of LFS/LFL families [24, 25].

Similarly, large rearrangements in other breast cancer predisposition genes seem to be

infrequent. A few BRCA2 deletions have been previously reported in families with male breast
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cancer [26], and contribute to inactivate this gene in breast cancer families [21, 27].
Rearrangements affecting the BRCA2 gene have also been reported in breast/sarcoma
families, causing a Li—-Fraumeni type of cancer pattern [16]. Although none of the families
included in this study had male breast cancer cases, nine of them had a breast
cancer/sarcoma phenotype; however, no BRCA2 rearrangements were identified, which may
be related to the relatively small sample size. BRCA1 rearrangements, on the other hand, are
more prevalent mostly due to the high density of Alu elements throughout the BRCA1 locus
[28]. A large study by Walsh et al (2006)[11] suggested that the mutation spectra of
BRCA1/BRCA2 includes several genomic rearrangements, and those alterations seem to be
particularly frequent in certain populations (due to founder effect), and in families presenting
individuals with multiple primary tumors [20, 21, 29, 30]. Indeed, the “multiple primary tumors”
phenotype was observed in the BRCA1 rearrangement-positive family identified in our series.
Interestingly, the BRCA1 microdeletion identified here appears to be the same as the one
identified in a breast cancer Italian patient [20]. Our patient is originally from southern Brazil,
and since lItalians have strongly contributed to the ethnic make-up of southern Brazilian
population [31] it is possible that the Brazilian and the lItalian patients have a common
ancestry. Considering that we could not establish the parental origin of the rearrangement, this
large genomic deletion may represent a breast cancer susceptibility allele rather than a more
general cancer predisposition factor. This study contributes to the understanding of the
etiology of cancer susceptibility in Li-Fraumeni (LFS) and Li-Fraumeni-like (LFL) families, and
their possible relation to large genomic rearrangements in high risk breast cancer susceptibility

genes.

Conclusion

In patients with a cancer family history consistent with genetic testing criteria for multiple
breast cancer syndromes, a comprehensive investigation, including full gene sequencing and
rearrangement screening of multiple loci may be necessary to determine the precise molecular
mechanisms underlying the disease. However, as illustrated with this study, in many families
with cancer histories clearly indicative of hereditary cancer predisposition, the disease-
causing molecular mechanisms remain elusive. Thus, despite the availability of extensive
genotyping and sequencing approaches, determination of the precise pathogenic mechanisms

of hereditary cancer in many cases is still a significant challenge.

Material and Methods
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Patients

The research protocol was approved by the institutional ethics committees of the participating
Institutions (Protocol numbers 1175/08 and GPPG-HCPA 04- 081), and recruitment of patients
was done after signature of informed consent. DNA samples from 23 patients were obtained
from peripheral blood; sample quality was assessed using Nanodrop and molecular weight
was checked by electrophoresis in 0.8% agarose gels. TP53 mutation testing was previously
performed by direct sequencing of exons 2-11, using the protocols published in http://www-

p53.iarc.fr/p53sequencing.htmi[24].

Family history was recorded in detailed pedigrees with information traced as far backwards
and laterally as possible, extending to paternal lines and including a minimum of three
generations. Confirmation of the family history of cancer was attempted in all cases and
pathology reports, medical records and/or death

certificates were obtained whenever possible.

We selected 23 breast cancer patients with an indication for TP53 mutation testing due to a Li-
Fraumeni or Li-Fraumeni-like phenotype according to the classical criteria [32] or at least one
of the LFL definitions: Chompret, Birch or Eeles [4, 33-35]. In all families, TP53 mutation
testing was negative [36]. Additionally, some of these families also fulfilled mutation testing
criteria for other hereditary breast cancer syndromes, as described in the NCCN Practice
Guidelines in Oncology — v.1.2010[37].

Clinical features of the 23 probands are summarized in Table 1.

Multiplex ligation probe amplification (MLPA)

Deletions and duplications affecting all coding exons of the TP53 gene (12 probes) were
investigated by MLPA [38](MRC-Holland, Amsterdam, The Netherlands, kit P056). MLPA
experiments were performed in duplicates for each patient sample, with simultaneous analysis
of DNA samples from two healthy individuals from the general population (negative controls),
and two patients carrying previously characterized germlineTP53 rearrangements (positive
controls: a Li-Fraumeni patient with an intragenic TP53 deletion [39]; and a patient harboring a
large 17p13 duplication from our in-house database). Deletions and duplications affecting
BRCA1 and BRCAZ2 exons were also investigated by MLPA (MRC-Holland, Amsterdam, The
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Netherlands, kits P0O87 and P045, respectively; kit PO02 was also used for confirmatory
analysis of one detected BRCA1 microdeletion); duplicated experiments were performed
simultaneously in samples from patients, two healthy individuals, and samples previously
identified as carrying large duplications encompassing the BRCA1 and BRCA2 genes (positive
controls; patients from our in-house database).

The PCR-amplified fragments were separated by capillary electrophoresis on an ABI 3130 XL
genetic analyzer (Applied Biosystems, Foster City, California), and analyzed using the
Coffalyser software (MRC Holland). We performed direct normalization with control probes as
normalization factor, using the median of all imported samples, and two standard deviations.
Values >1.3 were considered as possible duplications, and deletions were considered for
probes exhibiting values < 0.7. Using this analysis, alterations present in all positive controls

were detected.

Comparative genomic hybridization on microarrays (array-CGH)

Array-CGH analysis was performed as previously described [40] to confirm a intragenic
BRCA1 deletion detected by MLPA in one patient (Y54). We used a whole-genome 180K
platform (Agilent Technologies), according to the manufacturer’s instructions; a gain or loss in
copy number was considered when the log2 ratio of the Cy3/Cy5 intensities of a given
genomic segment was > 0.6 or < -0.8, respectively. As reference DNA, we used commercially

available human Promega female DNA (Promega, Madison, WI, USA).

Breakpoint Sequencing Analysis

To assess the microdeletion breakpoints, specific primers (forward: 5'-
ACTCTGAGGACAAAGCAGCGGA -3'; reverse: 5'- GTGCCACCAAGCCCGGCTAA -3') were
designed in order to amplify the breakpoint region of the BRCA1 rearrangement
(microdeletion involving the same exons described by [20]. A 450 bp fragment was detected
only in the sample with the microdeletion, and absent in the normal controls. The 450 bp
fragment was purified from the gel using the Gel Band Purification Kit (lllustra, GE Healthcare
UK limited, Buckinghamshire, United Kingdom) and sequenced (forward and reverse) using
the Big Dye V3.1 Terminator Kit (Applied Biosystems, Forster City, CA, USA) on an automated
sequencer ABI Prism 310 Genetic Analyser (Applied BioSystems,) according to the
manufacturer’s instructions. We performed an in silico analysis of the genomic sequences
surrounding the breakpoints using the RepeatMasker program (http://www.repeatmasker.org/)

that screens DNA sequences for interspersed repeats and low complexity DNA sequences.
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Table 1. Characteristics of the probands: clinical phenotype, type of tumor and age of

diagnosis (years).

Figure 1. Mapping of the intragenic BRCA1 deletion detected in a patient with multiple primary
tumors and a cancer family history fulfilling criteria for TP53 and BRCA testing. In the upper
panel, the array-CGH profile of a region at chromosome band 17g21.31, showing a
heterozygous loss in copy number (red bar) of a genomic segment (image adapted from the
Genomic Workbench software, Agilent Technologies). The lower panel displays the deleted
segment (solid black bar) in the context of the genomic region, encompassing exons 9-19 of
the BRCA1 gene according to the analysis of breakpoint sequencing data (figure adapted from

UCSC Genome Bioinformatics, http://genome.ucsc.edu, Build 37.1).

Figure 2. Breakpoint  sequencing  analysis. Eletropherogram  showing the
g.29197_65577del36381 mutation in the BRCA1 sequence; the intron 8 sequence is followed

by intron 19 sequence. The blue arrow represents the inferred breakpoint.

Figure 3. Pedigree of the family with a large BRCA1 rearrangement. Type of cancer is

indicated under the subjects and the age of diagnosis is shown in brackets.
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Table1.Characteristics of theprobands: clinical phenotype,typeof tumor and age of
diagnosis(years).

Individual
Code

YO006TO00

Y29T000

Y36T000
Y41T000
Y51T000
Y54T000
Y83T000
Y93T000
Y95T000
Y101TO0O
Y110TOO0O
Y112T000
Y115T000
Y116T000
Y117T000
Y122T000
Y123T000
Y126T000
Y135T000
Y143T000
Y145T000
Y147T000
Y152T000

Classification
Birch
Birch/HBC

Birch/HBC
Chompret/HBC
Eelesl
Eeles1/HBC
Chompret/HBC
LFS/HBC
Eeles2/HBC
Eeles1/HBC
Eeles1/HBC
Chompret/HBOC
Chompret/HBC
Eeles2/HBC
Eeles1/HBC
Eeles1/HBC
Eeles1/HBC
Chompret/HBC
Eeles1/HBC
Eeles1/HBC
Chompret/HBC
Chompret/HBC
LFS/HBC

Breast tumor (age at

diagnosis)
breast (79)

breast (26)

breast (44)
breast (28)
breast (53)
breast (41)
breast (45)
breast (42)
breast (36)
breast (48)
breast (36)
breast (34)
breast (36)
breast (48)
breast (44)
breast (61)

breast bilateral (37)

breast (39)
breast (30)
breast (?)

Breast, bilateral (36;36)

breast (35)
breast (38)

Other tumors (age at
diagnosis)

Lymphoma (73), skin (81)
Osteosarcoma (19), soft tissue
sarcoma (23), head/neck (24)

Osteosarcoma (8)
Endometrium (44)

Soft tissue sarcoma (21)

Thyroid (52)

Colorectal cancer(68)

Lymphoma (23), skin (40)

Melanoma (36)
Skin (36)
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8. MANUSCRITO 4: BRCA1 and BRCAZ2 rearrangements in Brazilian individuals
with the Hereditary Breast and Ovarian Cancer Syndrome.
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ABSTRACT

Breast cancer is one of the most common malignancies affecting women worldwide. It
is well known that approximately 5-10% of the diagnoses are caused by germline mutations
in high penetrance predisposition genes. Among these, BRCA1 and BRCAZ2, associated with
Hereditary Breast and Ovarian Cancer (HBOC) syndrome, are the most frequently affected
genes. The observed frequencies of BRCA1/2 mutations in HBOC families are lower than
predicted by linkage analysis. Recent studies confirm that gene rearrangements, especially
in BRCA1, are responsible for a significant proportion of mutations in certain populations. In
this study, we determined the prevalence of BRCA rearrangements in 145 unrelated
Brazilian individuals at-risk for HBOC syndrome that were not previously tested for BRCA
mutations. Using Multiplex Ligation-dependent Probe Amplification (MLPA) and a specfic
PCR-based protocol to identify a Portuguese founder BRCA2 mutation we identified 4
(2,75%) individuals with germline BRCA1 mutations (including a deletion in exon 19 (two
patients) and a deletion in exons 9-19 and exons 16-17) and 3 probands with the
¢.156_157insAlu founder BRCAZ2 rearrangement. This study comprises the largest Brazilian
series of HBOC families tested for BRCA1 and BRCAZ2 rearrangements to date, and includes
patients from three regions of the country. The overall observed rearrangement frequency of
3,44% indicates that rearrangements are relatively uncommon in the admixed population of

Brazil.
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INTRODUCTION

Approximately 5-10% of all breast cancer diagnoses are associated to germline mutations in
high penetrance cancer predisposition genes. Among these, the tumor suppressor genes
BRCA1(OMIM # 113705)and BRCAZ2 (OMIM # 600185) are the most frequently affected and
better studied. Presence of a germline mutation in these genes defines the Hereditary Breast
and Ovarian Cancer (HBOC) syndrome, an autosomal dominant disorder, that predisposes
affected individuals to several early-onset tumors including breast, ovarian, prostate,
pancreatic cancer and melanoma. ldentification of at-risk individuals is important since
several risk-reducing strategies can be offered to at-risk patients, especially if they are not

yet affected by cancer [1-5].

Hundreds of deleterious germline BRCA1 and BRCAZ2 mutations have been described in all
populations and most frequently are single base substitutions (predominantly nonsense
mutations) or small frameshift insertions/deletions, which result in premature stop codons
and truncated non-functional proteins (http://research.nhgri.nih.gov/bic/) [6, 7,11]. However, in
many studies, the observed frequencies of deleterious BRCA71 and BRCA2 mutations in
HBOC families are lower than predicted by linkage analysis or mutation probability models:
pathogenic variations in the coding region or in splice sites of the genes are found in, at
most, two-thirds of BRCA-mutations-carrier families [8,9]. Several explanations for this
observation have been proposed, including heterogeneous inclusion criteria with different
stringencies, existence of other dominant genes associated with the phenotype and/or
additive effect of multiple lower penetrance alleles. In addition, presence of pathogenic
alterations that escape most of the current gene sequencing-based diagnostic approaches
were proposed, including partial or complete exon losses or duplications resulting in an out-
of-frame translation and in a mutant peptide with abnormal structure and/or function [10,11].
Several reports confirmed indeed that BRCA gene rearrangements, particularly in BRCA1,
are quite frequent in HBOC families from selected countries [12-16]. These mutations are
scattered throughout the gene and although most of them are deletions, duplications and
triplications, and combined deletion/insertion events have also been described. The higher
prevalence of rearrangements in BRCA1, as compared to BRCA2, has been attributed to its
molecular structure, characterized by an extremely high density of intronic Alu repeats and
by the presence of a duplicated promoter region containing a pseudogene that favors
unequal homologous recombination events. [17-20].

The highest proportion of BRCA71 rearrangements in HBOC families has been

observed in The Netherlands and represent approximately 36% of the identifiable mutations
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in the gene in this population [21,22]. A similar frequency of deleterious BRCAT gene
rearrangements has been described in HBOC families from Northern Italy [23] and a recent
study of Portuguese HBOC families identified a single founder BRCAZ2 rearrangement (c.
156_157insAlu) in 8% of the families studied [19,24-27]. In contrast, Danish families with
HBOC have a BRCA1 rearrangement prevalence less than 5%, in Finland and Canada few
or no BRCA1 rearrangements have been identified in high-risk families. Considering the
specificity of mutation prevalence in different populations, and the importance of the precise
identification of mutation carriers in at-risk families, the aim of this study is to determine the
frequency and nature of germline BRCA1 and BRCAZ2 rearrangements in Brazilian HBOC

families.

PATIENTS AND METHODS

Patient recruitment

A consecutive sample of 145 unrelated Brazilian patients, diagnosed with cancer and
with a significant personal and/or family history of HBOC syndrome, was evaluated at cancer
genetic counseling services from three Brazilian Institutions in the Southern (Hospital de
Clinicas de Porto Alegre, Porto Alegre — RS; n=69), Southeastern (Brazilian National Cancer
Institute — INCa, Rio de Janeiro — RJ; n=43) and Northeastern (Laboratory of Molecular
Biology and Oncogenetics - Federal University of Bahia, Salvador — BA; n=33) regions of
the country. The 69 probands from Porto Alegre had been previously studied for the

Portuguese founder rearrangement ¢.156_157insAlu in BRCAZ2 (Peixoto et al., 2010).

Cancer-affected probands were approached during their routine clinical visits and invited to
participate in the study. None of them had been previously tested for germline BRCA
mutations. All participants signed informed consent, and fulfilled one or more of the following
criteria: (a) personal and family history consistent with the American Society of Clinical
Oncology (ASCO) criteria for the HBOC syndrome (ASCO Subcommittee on Genetic Testing
for Cancer Susceptibility)[28]; or (b) a prior probability for a BRCA mutation = 20% using
either mutation prevalence tables published by Myriad Genetics Laboratories, Inc.
(http://www.myriad.com) or the Penn |l mutation prediction model [29-31]. Ethical approval
for this study was obtained from the institutional ethics committees of all participating

centers.
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Detection of BRCA rearrangements by MLPA

Relative quantification of the copy numbers of all 24 BRCA1 and 27 BRCAZ2 exons, was
performed using the SALSA P002B BRCA1 and SALSA P045 BRCAZ2 MLPA probe mix
assay (MRC-Holland, Amsterdam, The Netherlands) as recommended by the manufacturer
(MRC-Holland, http://www.mrc-holland.com/). Multiplex-PCR-amplified products obtained with
both SALSA MLPA P002B and P045 kits, were separated by capillary gel electrophoresis in
an ABI PRISM 3130XL Genetic Analyser and analysed using GeneMapper ID V3.2 Software.
Information on copy number was extracted with the Coffalyser V9.4 Software (MRC-Holland,
http://www.mrc-holland.com/). All analyses were performed in duplicates and in at least two
independent experiments. Positive results were confirmed in an additional independent
experiment performed on a second blood sample. Samples showing BRCA1 rearrangements
identified by the SALSA MLPA P002B kit were then analyzed by a different set of MLPA
probes (SALSA P087 MLPA probemix, MRC-Holland, Amsterdam, The Netherlands).

Characterization of rearrangementbreakpoints

To confirm BRCA rearrangements detected by MLPA, all rearrangement-positive samples
were submitted to long range PCR amplification using AmpliTaqg Gold® DNA Polymerase
(Applied Biosystems, Foster City, USA) and primers specifically designed to the regions of
interest(described in Supplemental Materials).Amplification products of long-range PCRwere
separated in a 2.0% agarose gel electrophoresis, visualized under UV and the mutant
(variant size) amplification products were extracted and purified using the Gel Band
Purification Kit (lllustra, GE Healthcare UK limited, Buckinghamshire, United Kingdom) as
described by the manufacturer. Isolated PCR-fragments were submitted to bidirectional
sequencing using the Big Dye V3.1 Terminator Kit (Applied Biosystems, Forster City, CA,
USA) on an ABI Prism 310 Genetic Analyser (Applied BioSystems, Foster City, USA) with
standard protocols. All sequencing electropherograms were analyzed using GeneMapper®
Software (Applied BioSystems, Foster City, USA).
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Detection of the ¢.156_157insAlu-BRCA2 mutation by PCR

To identify thec.156_157insAlu mutation, we performed a PCR reaction to amplify exon 3 of
BRCA2 gene. PCR products of were then visualized by electrophoresis. Normal samples
showed one band of ~200 pb, and Alu insertion-positive samples showed and extra band of
~550pb. To confirm the presence of the insertion detected in the first PCR, a second PCR
with specific primers flanking the Alu insertion were performed. As expected, a band of
~350pb were visualized by electrophoresis. All Alu insertion-positive samples were submitted
to sequencing analysis (protocol previously described by Teulges et al., 2005) to confirm the

presence of this specific rearrangement.

Statistical Analyses

Sample size for this study was estimated using WINPEPI (PEPI-for-Windows), SPSS
version 18.0 was used for data handling and statistical analyses. For descriptive analysis,
categorical variables were described by their absolute frequencies and quantitative variables
were expressed as mean and standard deviation (SD); a significance level of 0.05 was

considered acceptable.

Results

Clinical data of the 145 unrelated probands included in this study are summarized in Table
1.The mean age at diagnosis of the first HBOC-associated tumor was 43 years and the most
frequent tumor was breast cancer, as expected. Among all probands included, 118 (81,4%)
were diagnosed with their first primary tumor before the age of 50 years. The estimated prior
probability of carrying a BRCA gene mutation was greater than 20% for 65 (44,8%) and 71
(49,0%) probands according to the Myriad prevalence tables and the Penn [l model,
respectively, and as expected, a larger proportion of families met the less stringent ASCO
criteria. BRCA mutations were identified in 7 probands (4,82%), being three of them positive
for the Portuguese BRCAZ2 founder rearrangement ¢.156_157insAlu. All BRCA1- and one of
the BRCAZ2-positive probands had multiple primary tumors. Sequencing analyses identified
the break-points of two rearrangements identified by MLPA in BRCA1. The first case
(proband 24) had a microdeletion comprising exons 9 to 19, visualized after long-range PCR
amplification of the flanking regions as a variant amplification product of approximately 450
bp, when compared to the wild-type allele amplification product of 9 kb. Bidirectional

sequencing of the variant allele identified the exact breakpoints and characterized this
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rearrangement as g.29197_65577del36381 (Figure 1A). The second case (proband 117) had
a microdeletion comprising exons 16 and 17, visualized after long-range PCR amplification of
the flanking regions as a variant amplification product of approximately 590 bp when
compared to the wild-type allele amplification product of 6 kb. Bidirectional sequencing of the
variant allele identified the exact breakpoints and characterized this rearrangement as
€.4675+467_5075-990del(Figure 1B). In the other two cases (proband 26 and proband 32),
with a suspected deletion of exon 19, confirmatory MLPA with a second set of probes failed
to confirm the presence of a rearrangement and further sequencing of the region identified
the frameshift 5296del4 founder mutation initially described in African Americans
(NM_007294.2: ¢.5177_5180delGAAA) (Figure 1C), which is localized within the sequence
corresponding to one of the BRCA1 exon 19 probes of the SALSA P002B BRCA1 set(Figure
1). Description of the clinical and family history features of the four germline BRCA1 and of

the three BRCA2mutation carriers identified is summarized in Table 2

DISCUSSION

Using MLPA as a first approach to identify BRCA1/BRCAZ2 germline mutations in a sample of
cancer-affected Brazilian individuals with a high clinical suspicion for HBOC syndrome, we
identified four patients (2,75%) with germline BRCA mutations, and two of them were
confirmed to be large rearrangements.Additional screening with a PCR-based method to
identify a Portuguese founder BRCA2 rearrangement identified three other mutation positive
families. BRCA1 rearrangements are more prevalent than those in BRCA2mostly due to the
high density of Alu elements throughout the BRCA1 locus, which seem to be particularly
frequent in certain populations. In addition to possible founder effects in specific populations,
rearrangements have been most commonly encountered in probands and families with
multiple primary cancer diagnoses in at least one individual [32-37]. This phenotype was also
observed in the majority of rearrangement-positive patients from the present series,
reinforcing that rearrangements should always sought for in families where at least one
cancer-affected individual has more than one primary tumor.

The BRCA1 deletion 9-19, identified in a proband that developed breast cancer at the
age of 41 and endometrial cancer at the age of 44 years, and had a significant cancer history
with the presence of several early-onset BRCA-related tumors is the same as the one
identified in an Italian patient (Montagna et al, 2003). We were able to trace family history
back to the proband’s maternal grandfather, who emmigrated to Brazil from Italy in the 19"

century. On the other hand, deletions involving exons 16 or 17, are quite common and have
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been described in several populations. However, a rearrangement involving breakpoints at
Alu regions in intron 15 and in intron 17 had not been previously described [42-44]. One of
the most interesting results from this mutation screening strategy is the identification of a
small frameshift mutation (a deletion of four nucleotides in BRCA1 exon 19, 5296del4) in two
families by MLPA. Since the mutation occurs within the sequence of the MLPA probe for
exon 19, hybridization did not occur and a call for an exon 19 deletion was made. The use of
a second MLPA kit, with a different probe for that specific region failed to identify a
rearrangement and sequencing through the region confirmed the frameshift mutation. This
illustrates the importance of always confirming results of MLPA, which is considered a
screening strategy with an alternative mutation detection method in the diagnostic setting.
Interestingly, this particular frameshift mutation has been previously described as a founder
mutation in African Americans and has been associated with more aggressive tumors,
diagnosed at younger ages. Both of the mutation-positive families identified in our study
reported European ancestry (German), and although the probands have been diagnosed
with multiple primaries, there is no evidence in either of them for a more aggressive clinical
course. [38-41].

Considering the existence of a founder BRCA2 rearrangement (c.156_157insAlu),
which is very common in Northern Portugal, and is not identifiable by either sequencing or
MLPA, we added a second screening protocol, specific for the mutation, in this investigation.
This enabled identification of the founder in three families which is not unexpected given the
high proportion of Portuguese descendants among the Brazilian population (Marrero et al.,
2005). Our results reinforce the importance of characterizing mutations in specific
populations.

Most of the studies describing the prevalence of BRCA1 rearrangements in HBOC
individuals have screened for such mutations only after a negative result in full gene
sequencing. Considering the cost and complexity of sequencing the entire coding region of
both BRCA1 and BRCAZ2 genes, we designed this study to verify whether MLPA and a
specific protocol for a founder BRCA2 mutation could be cost-effective strategies as a first
mutation screening approach. Although these screening strategies were effective in
identifying germline BRCA1 mutations and the Portuguese founder mutation in this series,
mutation frequency was relatively low and in the majority of the patients included, molecular
diagnosis remains undetermined. Thus, we conclude that MLPA can be used as an initial
approach for the diagnosis of BRCA1 mutations in HBOC families especially considering that
it is an unexpensive and straightforward methodology which enables mutation screening of
the entire coding region of a gene in a few hours. In populations where a known founder

mutation occurs, screening for this specific founder as an initial step is also acceptable.
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However, continued investigation by gene sequencing must be proposed in all risk families
when these initial approaches have negative results. This study comprises the largest
Brazilian series of HBOC families tested for BRCA1 and BRCAZ2 rearrangements to date,
and includes patients from three regions of the country. The overall rearrangement frequency
observed of less than 5% indicates that rearrangements are relatively uncommon in this

country.
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A) Proband 24: del9-19

B) Proband 117: del16-17
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Figure 1. Pedigrees and molecular results of the mutation-positive probands. Panels A, B and C:
families with germline BRCA1 mutations identified by MLPA as first mutation screening strategy. Panels D, E
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and F: families with germline ¢.156_157insAlu-BRCA2 mutation identified by PCR. Panel G: agarose gel
electrophoresis showing the presence of an aberrant band (~550pb) corresponding to the Alu insertion in

probands 36, 56 and 100.

Table 1 — Clinical characterization of the series (n=145) of HBOC patients included in

this study

Feature

Sex
Female

Age at breast cancer (years)

Breast cancer diagnosed< 50 years

HBOC syndrome criteria’
ASCO
Mutation prevalence?® (Myriad) = 20%
Prior probability® (Penn 1) = 20%
Bilateral breast cancer

Type of tumor in the proband
Breast cancer
Ovarian cancer
Colorectal cancer
Other*

Multiple primaries

=2 Breast
1 breast and 1 ovarian

22 Breast and 1 ovarian
At least one breast + other
At least one ovarian + other

1. One proband may fulfill more than one criterion

144

118

84
65
71
18

129

31

-
_Nwo

%

99,9

81,4

57,9
44,8
49,0
12,4

88,9
4,2
4.1

21,4

Mean (SD) in years

42.92 (9.5)
range: 19-69

2. Patients with a family history compatible with mutation prevalence of = 20%

3. Estimated prior probability of being a germline BRCA mutation carrier

4. Gastric cancer, melanoma, carcinoma of the uterine cervix, prostate and kidney cancer.
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Table 2. Clinical features of the seven probands with identifiable germline BRCA1

mutations.
Prior Probability of
Age at -
BRCA1/BRCA2 Cancer diagnosis Mutation in BRCA
p - - h S * ASCO -
Case # mutation diagnosis of first Cancer family history’ criteria Mutation Prior
identified (index-case) primary revalence probability
(years) (FI:II riad) (%) of mutation
y °) | (Penn II) (%)
MAT Hepatob (M-36),
Esoph (M-N/A), Br (F- Yes 30,1 36,0
Deletion 30), Panc (M-N/A),
exons 9-19- Multiple Blad (M-N/A), Br (F-50),
24-RS 29197 655%7 primary: 1 Br and Panc (F-40,80),
9 del36381 breast and Prost (M-60), Ut (F-40),
endometrial CNS (M-8), Br (F-60).
PAT Br (F-60), No 6,9 10,0
Lu (M-N/A)
MAT Ovarian (F-54),
Thyr (F-30), Lymph (M -
Deletion exons Multiple 54) and Prost (M-72).
117-BA 16-17 primary: N
C.4675+467 5075 | breast and 49 o PAT Liv = (M 62), Yes 79,0 90,0
-990del ovarian varian (F52), Ovarian
(F 60), Panc (M-42),
Bilateral Br (F-29,35), Br
(F 60), Panc (M 60).
Multiple MAT Br (F-52), Ut (F-
32-RS primary:
5296del4 35 54), Ut (F-47) Ut (F-N/1), Yes 39,1 29,0
breast and
. Br (F-52)
ovarian
Multiple MAT Br (F-48), Br (F-
36-RS 5296del4 primary. 46 42),Skin (F-46), Skin (F- |  Yes 30,1 18,0
bilateral
B N/A)
reast
MAT Br (F-62), CCR
. (M-80), Ut (F-35),
{00.RS F’;"ﬂ‘;q'tg’r'; Ovarian (F-45),
c.156_157insAlu . : 51 stomach(M-52),panc (M- Yes 10,6 40,0
bilateral
Breast 62)3 panc (F- 67),
Glioblast (M-38)
Breast MAT Br (F-36),
36-RJ ¢.156_157insAlu 39 Stomach (M-N/A) Yes 15,8 14,0
56-RJ  |c.156 157insAlu | Breast 48 MAT Br ((,\F/Ii?) Tongue | yq 15,8 14,0

Legend: RS = family recruited from Rio Grande do Sul; BA
BA.MAT = cancer history in the maternal side of the family, PAT

family recruited from Salvador —
cancer history in the paternal side

of the family; * Other cancer diagnoses in family are indicated by the abbreviated cancer type (Br =
breast, Prost = prostate; Esoph = esophageal; Hepatob = hepatoblastoma; End= endometrial; CNS =
central nervous system, panc =
Glioblast = glioblastoma, Ut = uterine cancer, not defined whether cervix or endometrium) followed by
sex (M = male, F = female) and age at diagnosis (N/A= not available).

pancreatic, blad = bladder; Thyr =Thyroid; Lymph = Lymphoma;
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SUPPLEMENTARY MATERIALS

Primers

Nucleotide sequence

Deletion comprising exon 9 to exon 19,
BRCA1 gene

5-ACTCTGAGGACAAAGCAGCGGA-3’
5-GTGCCACCAAGCCCGGCTAA-3

Deletion comprising exon 16 and 17, BRCA1
gene

5-"TGAGGATGAGGGAGTCTTGGTGTAC-3'
5-TCCTAAACACAGCAGGCTATCTGCA-3’

Deletion of exon 19 of BRCA1 gene

5-TCTATCTCCGTGAAAAGAG-3
5-CTGGTTAGTTTGTAACATC-3

Exon 3 of BRCAZ2

5-GTC ACT GGT TAA AAC TAA GGT GGG A-3

5-GAA GCC AGC TGA TTA TAA GAT GGT t-3

Alu insertion in BRCA2: ¢.156_157insAlu

5-GAC ACC ATC CCG GCT GAAA -3
5- CCC CAG TCT ACC ATATTG CAT-3
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9. CONSIDERAGOES FINAIS E PERSPECTIVAS

O presente estudo teve como objetivo verificar a frequéncia de rearranjos
génicos em BRCA1 e BRCAZ2 em individuos brasileiros em risco para a Sindrome de
cancer de mama e ovario hereditarios (HBOC). Tradicionalmente, o diagndstico
molecular dessa sindrome €& particularmente dificil, pois os genes associados,
BRCA1 e BRCAZ2, sdo genes grandes (82.9Kb e 86.1Kb, respectivamente) e ha
grande heterogeneidade molecular, tendo sido identificadas centenas de mutagdes
patogénicasdistribuidas ao longo de toda a sequéncia codificadora e de diferentes
tipos, sendo as mutagdes de ponto ou pequenas insergdes ou delecbes as mais
comuns. Em certas populagdes fora do Brasil ou mesmo em amostras de familias
Brasileiras com HBOC, foram descritas mutacdes fundadoras que séo
significativamente mais prevalentes possibilitando uma abordagem inicial de
rastreamento simplicado.

Nesta tese, e em amostras de pacientes em risco para HBOC atendidas em
ambulatorios de risco para cancer hereditario nos estados do Rio de Janeiro (regiao
Centro-oeste), Bahia (regido Nordeste) e Rio Grande do Sul (regido Sul), os trés
estados Brasileiros com as mais altas taxas de incidéncia de cancer de mama no
pais, foram realizados dois estudos de frequencia de rearranjos em genes BRCA.
Em um primeiro estudo a mutagdo fundadora Portuguesa c¢.156_157insAlu em
BRCA2, frequente em familias HBOC do Norte dePortugal, (Machado et al., 2007,
Peixoto et al., 2009; Teugels et al., 2005) foi rastreada em multiplos paises da
Europa, América do Norte, América do Sul e Asia. Nosso laboratério contribuiu
com98 casos-indice nao-relacionados, com fendtipo de HBOC e procedentes de

Porto Alegre, Rio Grande do Sul, ndo sendo identificado nenhum individuo portador
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da mutagao fundadora ¢.156_157insAlu. Adicionalmente, colaboradores brasileiros
do Estado de S&o Paulo incluiram na amostra estudada mais 46 casos n&o tendo
igualmente identificado portadores (total de Brasileiros avaliados = 144). Nessa
primeira abordagem, portanto, a inexisténcia de pacientes portadores em uma
amostra de pacientes em risco, indicava baixa prevaléncia da mutagdo fundadora
c.156_157insAlu em individuos Brasileiros, ao contrario do esperado pela
significativa contribuicdo de Portugueses para o pool genético da populagado
Brasileira. No entanto, informacéo recente de colaboradores do Estado do Rio de
Janeiro (Vargas FR, comunicacgao pessoal 2011) confirmava a presenga da mutagao
fundadora Portuguesa em um pequeno numero de pacientes daquele Estado.
Considerando que a prevaléncia poderia ser distinta em diferentes regides
Brasileiras de acordo com a contribuicdo diferencial de alelos Portugueses
(especialmente do Norte de Portugal) em diferentes regides do Pais, decidimos
ampliar a nossa amostra de estudo, o que nos estimulou a realizagdo do segundo
estudo apresentado aqui.

No segundo estudo, propusemos o rastreamento inicial de pacientes com a
sindrome HBOC utilizando uma combinagao de estratégias para identificacdo de
rearranjos: MLPA para BRCA1 e BRCA2 associados ao mesmo protocolo baseado
em PCR para a detecgdo do rearranjo fundador de BRCAZ2. Essa estratégia foi
escolhida pela sua simplicidade e baixo custo. Em 145 casos-indice com critérios
clinicos de HBOC foi realizado o rastreamento para rearranjos génicos antes de
qualquer outra investigagao molecular, sendo identificados 4 (2,7%) portadores de
mutagdo germinativa no gene BRCA1(sendo 2 rearranjos e 2 mutagdes de mudancga
da matriz de leitura) e 3 (2.1%) portadores do rearranjo fundador Portugués

emBRCAZ2. Embora o resultado do rastreamento de rearranjos génicos em BRCA1 e
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BRCA2 aqui descritos indique uma baixa frequencia na amostra global, os
resultados obtidos por esta estratégia de rastreamento inicial, especialmente
considerando baixo custo e simplicidade metodoldgica, podem justificar o seu uso
como abordagem inicial em individuos Brasileiros com HBOC. Entretanto, devido a
grande heterogeneidade molecular da sindrome, nos casos em que os resultados do
rastreamento inicial sdo negativos, € imprescindivel analisar toda a sequéncia
codificadora dos genes BRCA1 e BRCAZ2 por sequenciamento bidirecional. Estudos
adicionais, incluindo rastreamento de mutag¢des pontuais deletérias nos genes
BRCA1 e BRCA2, fazem-se necessarios para um rastreamento molecular mais
eficaz e informativo para finalidade de aconselhamento genético. O entendimento da
sensibilidade e especificidade de cada um dos métodos de rastreamento e
diagnostico de mutagdes nos genes BRCA é essencial para a realizagdo de um
adequado aconselhamento genético e para a definigdo mais objetiva do risco em

familias afetadas.

10. CONCLUSOES

1. Afrequéncia de rearranjos génicos no gene BRCAT identificados por MLPA
(Multiplex Ligation-dependent Probe Amplification — MLPA) em uma estratégia de
primeira abordagem de rastreamentomolecular foi de 2 em 145 casos analisados
(1,4%), ndo tendo sido observados rearranjos de BRCAZ2 identificaveis por essa
técnica. Em ambos os casos o rearranjo identificado envolvia sequencias Alu
intrdbnicas. Um dos rearranjos (delecdo dos exons 9-19 de BRCA7) havia sido
descrito anteriormente, e o outro, (dele¢do dos exons 16-17de BRCA1), foi descrito
pela primeira vez neste estudo. A baixa frequéncia de resultados positivos impede

conclusdo acerca da existéncia de um rearranjo fundador Brasileiro, embora a

127



amostra estudada nao possa permitir identificacdo de uma alteragcdo fundadora mais
rara.

2. A frequéncia da mutagdo fundadora Portuguesa c.156_157insAlu no exon 3
deBRCA2 em familias Brasileiras com HBOC em uma estratégia de primeira
abordagem de rastreamentomolecular foi de 3 em 145 casos estudados (2.1%).

3. As duas familias com rearranjos em BRCA71 sao familias com multiplos
tumores, reforcando que rearranjos génicos, aparentemente sao mais frequentes em
familias com multiplos tumores, o que poderia justificar a indicagao inicial de triagem
para rearranjos quando ha este fendtipo.

4. As trés familias com rearranjo fundador Portugués em BRCA2, sdo familias
com diagnosticos de cancer de mama em idade jovem e aparentemente ndo sao
descendentes diretos de Portugueses. No entanto, se considerarmos o baixo custo e
a simplicidade metodoldgica da técnica podem justificar o0 seu uso como abordagem

inicial em individuos Brasileiros com HBOC.

As duas familias com a mutacdo frameshift identificada, sdo familias nao
relacionadas e possuem a mesma mutagcdo fundadora Afro Americana Aka
5296del4, com diagnéstico de multiplos tumores, levando também a uma associagao
com a possivel indicagao inicial de triagem para este fenétipo.

Este estudo compreende a maior série brasileira de familias HBOC testadas
rearranjos génicos em BRCA1 e BRCAZ2 até o momento e inclui pacientes de
trés regides do pais. A frequéncia de rearranjos global observada de menos de 5%

indica que rearranjos sao relativamente raros neste pais.
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11. ANEXOS

11.1 Producgao cientifica adicional no periodo (resumos)

10.1.1 FREQUENCIA DA MUTAGAO 5382insC NO GENE BRCA7 EM UM GRUPO DE
PACIENTES BRASILEIRAS COM CANCER DE MAMA BILATERAL

Ingrid Petroni Ewald, Silvia Liliana Cossio, Patricia |zetti-Ribeiro, Patricia Koehler-Santos, Cristina
Netto, Daniela Dornelles Rosa, Gustavo Py Gomes da Silveira, Maria Cristina Barcellos-Anselmi,
Edenir Inez Palmero, Taisa Manuela Bonfim Machado, Kiyoko Abe Sandes, Debora Bolsi de
Vasconcelos, Maira Caleffi, Patricia Ashton-Prolla.

As sindromes genéticas de predisposicdo ao cancer de mama (CM) estdo associadas a mutagdes
germinativas em genes supressores de tumor de alta penetrancia. A sindrome de predisposigao
hereditaria ao cancer de mama mais importante em numero relativo de casos € a chamada sindrome
de HBOC (do inglés Hereditary Breast and Ovarian Cancer Syndrome: Sindrome de Cancer de Mama
e Ovario Hereditario), causada principalmente por muta¢des germinativas nos genes BRCA1T e
BRCA2. A mutagédo germinativa 5382insC no gene BRCATtem sido encontrada em pacientes com
cancer de mama bilateral, bem como em pacientes com diagnéstico de CM em idade precoce. Sendo
assim, este estudo pretende estimar a frequéncia da mutagcdo 5382insC em 80 pacientes nao
relacionados de alto risco para a Sindrome de HBOC com cancer de mama bilateral provenientes de
trés estados Brasileiros (Rio Grande do Sul, Sdo Paulo e Bahia). A analise da mutagado germinativa
5382insC foi realizada por PCR seguido de seqlienciamento em DNA extraido a partir de sangue
periférico dos pacientes incluidos. Dos 80 casos analisados, 5% (quatro pacientes) apresentou a
mutagao.De acordo com esses resultados, o rastreamento da mutagao germinativa 5382insC poderia
ser utilizado como primeira abordagem em pacientes com diagnéstico de CM bilateral. |dentificar
pacientes de alto risco portadores de mutagdo germinativa em genes de alta penetrancia é

fundamental para o adequado manejo do paciente e da sua familia.
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10.1.2 FREQUENCIA DA MUTACAO 2152 C>T-MHS2 EM FAMILIAS BRASILEIRAS COM
SINDROME DE LYNCH

Ingrid Petroni Ewald, Silvia Liliana Cossio, Patricia Kohler-Santos, Patricia Santos da Silva, Cristina
Netto, Carla Pinto, Manuel Teixeira, Patricia Ashton-Prolla.

A Sindrome de Lynch (LS), doenca autossémica dominante de predisposicdo ao cancer, é causada
por mutacbes germinativas em um dos prinicpais genes do sistema MMR de reparo do DNA:
MLH1, MSH2, MSH6 e PMS2. Clinicamente, a SL se caracteriza pelo desenvolvimento de cancer
colorretal em idade precoce, bem como outros tumores extra-colénicos. O diagndstico clinico da SL é
realizado quando a familia do individuo afetado preenche os critérios de Amsterdam. Critérios menos
estritos (critérios de Bethesda) tém sido utilizados para a identificacdo de individuos em risco com
histéria familiar sugestiva. Mutagdes germinativas em MLH1 e MSH2 sdo encontradas na maioria (50-
90%) das familias Lynch. . Em 1999, uma mutag¢ao nova (c.2152 C>T-MSH2) foi descrita em familias
Lynch portuguesas. Este estudo tem por objetivo estimar a frequencia da mutagdo ¢.2152C>T em
familias brasileiras com SL. Para isto, foram incluidos 49 individuos nao relacionados com
diagndstico clinico da SL. A analise d a mutagdo germinativa ¢.2152C>T—-MSH2 foi realizada em DNA
extraido a partir de sangue periférico, através da técnica de PCR seguida de sequenciamento. Dos
pacientes analisados, 6.12% apresentou a mutagdo. A relativa frequencia dessa mutacdo na
populacdo brasileira sugere a analise da mesma como primeira abordagem no rastreamento

molecular em individuos de origem portuguesa com diagndstico clinico da SL.
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10.1.3 Prevaléncia da mutagdo fundadora c.5266dup no gene BRCA71 em
individuos Brasileiros em risco para a Sindrome de Cancer de Mama e Ovario
Hereditarios

Hered Cancer Clin Pract.2011 Dec 20;9:12.

Ewald et al, Hereditary Cancer in Ciinica! Practice 2011, 212
httpy www hoo pjournal com/content/9/1/12 H HEREDITARY CAMCER
IN CLINICAL PRACTICE
HCCP
RESEARCH Open Access

Prevalence of the BRCAT founder mutation
c.5266dupin Brazilian individuals at-risk for the
hereditary breast and ovarian cancer syndrome

Ingrid P Ewald'?, Patricia lzetti'”, Fernando R Vargas™, Miguel AM Moreira®®, Aline S Moreira™®,
Carlos A Moreira-Filho”, Danielle R Cunha® Sam Hamaguchiu, Suzi A Camey”, Aisharneriane Schmidt”,
Maira Caleffi '®, Patricia Koehler-Santos', Roberto Giugliani™'*'*" and Patricia Ashton-Prolla’~*'-'%13

Abstract

About 5-10% of breast and owvarian carcinomas are hereditary and most of these result frem gemnline: mutations in
the BRCA! and BRCAZ genes. In women of Ashkenazi Jewish ascendance, up to 30% of breast and ovarian
carcinomas may be attributable to mutations in these genes, where 3 founder mutations, 68 69del (185delAG)
and c.5266dup (5382insC) in BRCAT and c5%46del (6174delT) in BRCAZ, are commonly encountered, It has been
suggested by some authors that screening for founder mutations should be undertaken in all Brazilian wormen
with breast cancer. Thus, the goal of this study was to determine the prevalence of three founder mutations,
commonly identified in Ashkenazi individuals in a sample of non-Ashkenazi cancer-affected Brazilian women with
clearly defined risk factors for hereditary breast and ovarian cancer (HBOO) syndrome. Among 137 unrelated
Brazilian women from HBOC families, the BRCA 1c5266dup mutation was identified in seven individuals (59). This
prevalence is similar to that encountered in non-Ashkenazi HBOC families in other populations, However, among
patients with bilateral breast cancer, the freguency of c5266dup was significantly higher when compared wo
patients with unilateral breast turnors (12.19% vs 12%, p. = 0023). The BRCAT c68_69del and BRCAZ ¢ 5%46del
rmutations did not occur in this sample. We condude that screening non-Ashkenazi breast cancer-affected women
from the ethnically heterogeneous Brazilian populations for the BRCAT c68_69del and BRCAZ c5946del is not
justified, and that screening for BRCATC5266dup should be considered in high risk patients, given its prevalence as
a single mutation. In high-risk patients, a negative screening result should always be followed by comprehensive
BRCA gene testing. The finding of a significantly higher frequency of BRCAT c5266dup in women with bilateral
breast cancer, as well as existence of other as yet unidentified founder mutations in this population, should be
further assessed in a larger well characterized high-risk cohort.

Keywords: Hereditary breast cancer, Hereditary breast and ovarian cancer Syndrome, Founder mutations, BRCAT
gene, BRCAZ gene
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11.2 Critérios de Inclusaoe instrumentos para estimativa da probabilidade de

mutagdo em genes BRCA

11.2.1 Tabelas de prevaléncia de mutagao dos Laboratérios Myriad

1. The Prevalence of Deleterious Mutations in BRCA1 and BRCAZ2 (Excludes Individuals of Ashkenazi Ancestry)

Patient's History
No breast cancer
Of ovarian cancer
at any age

Breast cancer > 50
Breast cancer <50

Male breast cancer

Ovarian cancer at
any age, no breast
cancer

Breast cancer >50
and ovarian cancer
at any age

Breast cancer <50
and ovarian cancer
at any age

T May Include families with breast cancer =50 (in womean or men).

Family History (Includes at least one first or second degree relative)

Breast cancer =50
in one relative; no
ovarnan cancer in

any relative.

Mo breast

cancer <50, or
ovanan cancer,
in any relative.’

28%

29%
6.8%

12.8%

B.8%

17.6%

39.1%

4.5%

5.3%

15.8 %

21.8%

23.1%

26.1%

53.9%

T Includes family members with either or both diagnoses

Breast cancer <50
in more than one
relative; no ovarian
cancer In any
relative.

8.7%

11.4%

30.1%

41.9%

42.3%

46.2%

67.2%

Ovarian cancer at
any age in gne

relative; no breast
cancer <50 In any
relative,

5.6%

6.4%

16.9%

20.0%

21.1%

30.3%

66.0%

Ovarian cancer in
mare than ane
relative; no breast
cancer <50 in any
relative.

9.6%

12.2%
27.3%

40.0%"

33.2%

46.2%

70.8%

Breast cancer
<50 and ovarian
cancer at any
age.

12.2%

15.9%
39.2%

651.9%

46.5%

60.0%

79.0%

Number of observations in Table 1 Is 4914¢

N=2(

2. The Prevalence of Deleterious Mutations in BRCA1 and BRCAZ in Individuals of Ashkenazi Ancestry

Patient's History
No breast cancer
Or pvarian cancer
at any age

Breast cancer = 50
Breast cancer <50

Male breast cancer

Owvarian cancer at
any age, no breast
cancer

Breast cancer »50
and ovarian cancer
at any age

Breast cancer <50
and ovarian cancer
at any age

; May include families with breast cancer =50 (in women or men).

Family History (Includes at least one first or second degree relative)

No breast

cancer <50, or
avarian cancer,
in any relative’

5.9%

4.4%
12.0%

15.0%

22.2%

29.5%

71.1%

Breast cancer <50
in one refative; no
avarian cancerin

any relative.

13.7%

9.4%

24.2%

30.8%

3r.0%

64.3% *

BE9% *

T includes Tamily members with either or both diagnoses.
Table 2 includes individuals that tested for MultiSite3, which may have been for a known mulation in the family

Breast cancer <50
in more than one
relative; no ovarian
cancer in any
relative.

19.9%

11.3%

38.3%

0.0% *

60.6%

50.0% =

80.0% *

Ovarian cancer at
any age in one

relative; no breast
cancer <50 in any
relative

15.6%

15.8%

38.8%

40.0% *

42.0%

50.0% *

90.9% *

Ovarian cancer in
more than ong
relative; no breast
cancer <50 in any
relative.

23.6%

20.0%
59.2%

100.0% *

43.2%

100.0% *

100.0%*

Greast cancer
<50 and ovarian
cancer at any
age. T

27.5%

19.9%
51.4%

70.0% *

72.3%

63.6% *

75.0% *

Number of abservations in Table 2 is 15345

*N=<20
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11.2.2 Modelo de avaliagao de risco de mutagcao em BRCA71 e BRCA2 - Penn |l

meun] UNIVERSITY OF
PENNSYLVANIA

Abramson Cancer Center

The Penn Il Risk Model - What is the Penn Il Model?

This model can be used to predict the pre-test probability, or prior probability, that a person
has a BRCA1 or BRCA2 mutation. In general, individuals with at least a 5-10% chance of
having a mutation in either gene are considered good candidates for genetic testing.

This model does not predict breast cancer risk. It focuses only on the chance that an
individual has inherited a mutation in BRCA1 or BRCA2.

Instructions for use

1. Please answer the following questions.

2. Information from a single lineage in the family should be used and restricted to three
generations.

3. If there is cancer history present on both the maternal and paternal sides, each
lineage should be entered separately.

4. Since this model depends on the family history being accurate, attempts should be

made to confirm the family history with pathology reports, especially for cases of ovarian
cancer

Part A. Select the Side of the Family in Question: Maternal Paternal

Part B. Please provide Following Information: no yes

1. Presence of Ashkenazi Jewish ancestry? (0-100)

2. Number of women in family diagnosed with both breast and ovarian cancer? (0-100)

3. Number of individual women in family diagnosed with ovarian or fallopian tube cancer in
the absence of breast cancer? (0-100)

4. Number of breast cancer cases in family diagnosed in individuals under the age of 507?
(18-130)

5. What is the age of the youngest breast cancer case? no yes

6. Presence of mother-daughter breast cancer diagnosis in family? (0-100)

7. How many individuals with bilateral breast cancer in family? (0-100)

8. Number of male breast cancer diagnoses in family? no yes

9. Presence of pancreatic cancer in family? (0-100)

10. Number of prostate cancer diagnoses in family?

Part C. Closest Relative with Breast or Ovarian Cancer: Aunt/Uncle First Cousin
Grandparent/Grandson/Granddaughter Sibling/Parent/Child The Patient/Proband Unknown
Part D. Patient Information (Optional- for use on report only):

1. Patient's first name

2. Patient's last name

3. Patient's age

4. Clinic location
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11.2.3 Critérios de inclusao para Sindromes de Predisposi¢cao ao Cancer de
Mama: CRITERIOS DA ASCO

1. 3 ou mais casos de cancer de mama e 1 ou mais de cancer de ovario em qualquer
idade;

Mais de 3 casos de cancer de mama com dx antes dos 50 anos;

3 casos de cancer de mama com dx antes dos 50 anos;

Pares de irmas (ou mae-filha) com 2 dos seguintes antes dos 50 anos:

4A) 2 casos de cancer de mama

4B) 2 casos de cancer de ovario

4C) 1 cancer de mama e 1 cancer de ovario

BN

11.2.4 Critérios de inclusao para Sindromes de Predisposi¢ao ao Cancer de
Mama e Ovario: CRITERIOS NCCN

Caso for familiar (ou seja se a paciente ndo tem cancer) usar “e/” antes do
critério

B1. Ca de mama diagnosticado em idade igual ou inferior aos 40 anos, com ou sem
historia familiar;
B2. Ca de mama diagnosticado em idade igual ou inferior a 50 anos, com um ou
mais familiares com cancer de mama ou um ou mais familiares com ca de ovario;
B3. Ca de mama diagnosticado em qquer idade, com no minimo dois familiares
préximos com ca de ovario em gquer idade ou ca de mama, especialmente se, em
no minimo 1 mulher o dx foi antes dos 50 anos ou se foi bilateral,

B4. Familiar do sexo masculino com ca de mama;

B5. Histdria pessoal de ca de mama e de ovario;
B6. Descendéncia judaica Ashkenazi e dx do ca de mama em idade inferior a 50
anos, mesmo sem HF de ca ou em qquer idade se houver histéria de ca de mama
ou de ovario em algum familiar.
C1. No minimo 2 familiares com ca de ovario;
C2. 1 familiar com ca de ovario e, no minimo, 1 mulher com ca de mama < 50 anos
ou ca de mama bilateral;
C3. 1 familiar com ca de ovario e, no minimo, 2 familiares com ca de mama;
C4. 1 familiar com ca de ovario e, no minimo 1 homem com ca de mama;
C5. 1 familiar com ca de ovario e, se de descendéncia judaica Ashkenazi, nenhuma
HF adicional é requerida.

D1. 2 casos de ca de mama masculino;

D2. 1 caso de ca de mama masculino € 1 ou mais mulheres com ca de mama ou de
ovario;

D3. 1 caso de ca de mama masculino e, se de descendéncia judaica Ashkenazi,
nenhuma HF adicional é requerida.
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11.3 Termo de Concentimento Livre e Esclarecido (TCLE)

AMEXO 4 - TCLE

IDENTIFICAGAO E ANALISE DE ALTERAGOES (REARRANJOS) EM GENES DE
PREDISPOSIGAO HEREDITARIA AO CANCER DE MAMA E OVARIO.

INVESTIGADORES: Ingrid Petroni Ewald (1), Edenir Inéz Palmars (1), Patricia lzelti Lisboa
Ribeiro(1), Fernando Reala Vargas (2}, Miguel Mareira (2), Maira Caleffi (3), Huander Felipe
Andreolla (4), Danieta Dornelles Rosa (4), Patricia Ashton-Proila (1)

(1) Hospital de Clinicas de Paorto Alegre Tel: (51) 2101-78661
(2) Institute Macional do Cancer Tel: (21) 32331468
(3) Hospital Moinhos de Vento Tel (51) 3314 - 3696
{4} Hospital Fémina, Hospital Conceigio (GHC) Tal: {51} 33145291

TERMO DE CONSENTIMENTO INFORMADOD
OBJETIVO:

Viocé esta sendo convidade a participar de um projeto de pesquisa que vai estudar
alteracies genéicas no gene BRCA gue podem causar maior sco para cancer de mama e
de ovario. Estio sendo selecionadas para este esludo familias que tenham pessoas
diagnosticadas com cancer de mama e ovano e que preenchem alguns critérios especiais
em termas do nimero de casos de cancer na familia e Wade ao diagnéstico de cancer,

PROCEDIMENTOS QUE SERAD UTILIZADOS:

D estudo envolve pelo menos uma consulta de aconselhamento genético (AG), leitura e
assinatura do termo de consentimento, coleta de sangue e teste gendtico. A sua participacio
nesse estudo & volunténa e nao vai influenciar ou modificar seu acesso a lratamenio medico
agora ou no futuro, Como esse é um projete de pesquisa & o exame ndo serd realizado am
um laboratério comercial, ndo ha prazo exato nem garanfia abscluta de resultado conclusivo
{o resultado do teste poderd ser incenclusivo por material insuficiente ou inadequada, por
exemplo). Porém, todo esforgo serd feilo para gue o resultado seja liberado o mais breve
possivel. O teste genético requer a coleta de 10 mi de sangue do paciente para estudo de
alteragles genélicas em genes de predisposicio e em algumas veres, poderd ser
necessdrio repelir essa coleta. Vocd tem a opgfo de ndo querer receber ou retardar o
recebimento dos resultados da andlise genética durante qualquer momento do processo de
testagem.

Se voce quiser saber qual & o resultado, este serd fornecido durante uma sessdo pessoal
de aconselhamento genélico no Ambulaténio de Genélica do Cancer do Haspital de Clinicas.
A principio, esse aconselhamento é realizado individualments, mas vocé poderd trazer um
familiar ou oufra pessoa para acompanhar a consulta. O resultado nio sera transmitido por
telefone, fax ou carta Durante o aconsslhamento vao lhe explicar que ha trés resultados
possivers para o teste;

1) Vocé pode ter herdado essa alteragdo nesses genes de predisposicio ao cancer de
mama e ovano. Com isso, vocé poderd descobrir que tem um risco aumentado de ter
urm segundo cancer, do mesmo tipe, ou de um tipo diferente do que j& teve. Em
estudos prévios, realizados em outros paises, cerca de 15-35% das familias com uma
sindrome de predisposicdo hareditaria ao cancer de mama efou ovario apresentavam
rearranjos no gene BRCA; B
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2) Vocé pode ndo ter herdado essas alteractes nesses yenes de predisposigdo. Com
isso, podemos chegar & conclusdo que essas alleracdes ndo explicam sua historia
pessoal e familiar de cancar. Ainda assim, & possivel gue vocd tenha herdado uma
oulfra alteragiio em BRCA ou wma afteragdo em um oulro gene de predisposicio para
o gual ainda ndo ha testes disponiveis;

3) Pode ser impossivel de delerminar se vocd herdou ou ndo um gena de predisposiciio
alterado {teste inconclusiva). Nesta hipétese, voca poderia ter herdade uma alteragio
em oulre gene de predisposicdo ao cancer, para o qual ndo foi testado(a).

COMPLICAGOES E RISCOS ESPERADOS:

Mormalmente hé riscos minimos enveolvidos na coleta de uma amostra de sangue, que
incheem dor local, sangramento, hematoma e infecgio. Os riscos deste esfudo sdo
principalmente de origerm psicoldgica para agueles pardicipantes que desejarem saber o
resultade. Saber que vocd tem maior risco de desenvolver cartos tipos de cancer por ber uma
alteragde genética poderia causar depressao, ansiedade, raiva e medo do futuro, ©
aconselhamento genético tem o objetivo de ajudd-lofa) a ajustar e lidar com a informagao
recebida.

A Sindreme de Céncer de Mama e Ovario Hereditarios (HBOC) & uma sindrome
hereditaria de predisposicdo ao cancer, que aumenta as chances de desenvolvimento de
cancer de mama, ovario e outros tumores. O risco aparenta ser maior em mutheres, devido
ac alto risco de desenvolvimento de cancer de mama ¢ ovario. Esses tumares podem ser
rastreados, enconfrados em estagios iniciais e muitas vezes menas invasivos. O teste
genstico, nesse caso, visa identificar alteragdes (rearranjos) nos genes BRCAT e BRCAZ
que podemn aumentar ¢ risco para esses tumores. No entanto, em parte dos casos ndo é
possivel detectar as alteragtes gensticas pelos meétodos atuais.

BENEFICIOS QUE PODERAD SER OBTIDOS:

Ezte estudo permite o diagndstice molecular de rearranjos em genes ja associados ao
cancer de mama e ovario. Essas alteracBes (rearanjos) podem levar a uma maior
predisposigiio para o desenvolvimento desses tumores, confirmando o diagnostico clinico,
Uma vez identificada alguma alteracdo, o diagndstico em familiares assintomaticos pode ser
realizado, acompanhado de aconselhamento gengtico das familias acometidas. A realizagdo
do teste possibilita identificar pessoas em risco € encaminha-as para programas mais
intensivos de prevengdo, diminuindo desta forma 05 danos causados pelo tumaor devido ao
diagnéstico e tratamento precoce. A descoberta de alteragfes nos genes de predisposiciio e
& comparagio com alleragies previaments descritas possibilitario uma melhor compreensio
dos mecanismos da doenga e o desenvolvimente de estratégias de rastreamente mais
eficazes.
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DOCUMENTAGAD DE COMSENTIMENTD:

1. Declaro ter sido esclarecido sobre a garantia de receber resposta a qualquer pergunta ou
esclarecimento sobre procedimentos, riscos, beneficios ligados 4 pesquisa e ao fratamento e
gue serei informado guanto ao desenvelvimento de novos exames refacionados,

S i NAD

2. Dedaro estar ciente de meu dirgito de retirar meu consentimento a qualquer momenta,
sem que isso lraga prejuizo a continuidade de meu tratamento.
Sim

NAD
3. Declaro ter sido esclarecido gue nao receierei nenhum tipo de remuneragio financeira.
SIM NAO

4. Declaro ter sido esclarecido sobre a seguranca de que minha identidade sera preservada
e que todas as informagdes por mim fornecigas sardo confidenciais.
Sim NAD

5, Autorizo o armazenamento da amostra de meo OMA, obtido neste projeto de pesguisa
para utiizagao futura,
SiM MAO

. Declaro estar ciente de que poderei optar por ndo saber o resultado do teste quando este
estiver disponivel, -
SiM MNAD

7. Em caso de impossibilidade de receber o resulfado pessoalmente, autorizo
a recebé-lo.

8. Consentimento:
Eu expliqusi a os objetivos e procedimentos necessarios para
este teste genético e os possiveis riscos @ beneficios na minha melhor capacidade.

Assinatura Nome por extenso Data

Eu li & recebi uma copia deste formulario de consentimento. Eu concorde em realizar a
analise genélica e aceito 0s riscos. Eu entendo a informagao fornecida por este documento &
au tive a oportunidade de fazer perguntas e esclarecer dividas que eu tinha sobre o teste, o
procedimento, os riscos associados e as alternativas.

Participante Data Data de nascimento

Testemunha Data

HCPA | GPPG
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11.4 Ficha Clinica

AGCH |

FICHA CLINICA ,
CANCER DE MAMA E/OU OVARIO HEREDITARIOS

IDENTIFICACAO
Loae | I Jaercna ard DT s pamivia wEREN

4, Mome completo:; e
(e Jesra de Torma ¢ begivel, exntamcntc oo consta i carteirn de ientidade)

HDDDDD b, Instit: _D

§ Mome de familia paterno

5, Mo, Prontudirio:

7. Mome de Familia materno:
%, Endorcgo: 10, Telefone:

- 11. Municipio: I__H:":]DDD 12, Estado: DD

13, CER: I—]DDDD DDD 14. Contato (fel):

- 15, Data de nascimento: _F_J_DDD 16. ldnchDanos 17. Sexcr.D I. Masc 2. Fem

18. Etnia: ___ DD 19, Pem:DDD kg 20, Mlura:DDD cm
21. Maturalidade: _ DDDDDD 22, Estado: JD
23. Escolaridade : D 1. Analfabeto 2, Peim. income ] 24, Oeupagio A.DI:”:‘ B. DDD

4. Prim. completn 4, Seeund. ines opl
5. Secund completo 6, Sup incompiets 7. Sup complete

25. Estado civil: L__| 1. Solteirofz) 2. Casado(a) 3. Vidvora) 4 Scparado(a) 5 Ol

26. Encaminado(a) por: Dr.{a) 27. Loeal de origem:D
1. Amb risco SR 2, Amb Oneo HER 3. Amb Cir HSI 4, Crutro Fospital 5, Crutra: .

DIAGNOSTICO

28, Casn: m 1. Portador de ca. de mama 2. Porlador de code ovhrio 3, Portadar de ca, rama ¢ ovario
A, Familiar com ca de mami 5. Familiar com e de ovirio 6. Familiar com co mams ¢ ovhrio

29, Médico ¢ fou instituigio onde foi feito o diaglmsiico:'_i'l
30, Data do diagnéstico: 1 |_J[_J[_] 31. Localizagéio N
32. Idade ao diagndstico: E]D anos 33, Tipo histoldégico: _I:ID
sopsago T LN [Iw [

[

35. ACOMPANHANTES{ |1, 5im 2. Néo 36.Quem ? [ ]I Mae 2.Pai 3. Tnmao/ima 4.Tio‘tia
5, Canjupe 6. Amigofa) 7 Ouro
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IS HMIP:

39.HCP: _

RASTREAMENTO PARA CANCER;: Realiza atualmente:
40. auto-exame da mama D I Sim 2. Mo 41 Periodicidade: ] |

42. mamografia [ ] 1.8im 2.Ndo 43, Periodicidade: ) []
44. ultrassonografia TV D 1. 8im 2. Nio 45, Periodicidade; I_]

46. CA-125 [7] 1 sim 2. M50 47, Periodicidade: ]

48, exame finecoligico [:r [.Sim 2. Mao 49, Periodicidade:
i. Semanal 2. Memsal 3, Semestral
S Anual 6. Bi-anual 7. Ouitro

HISTORIA MASTOLOGICA
50. Data da dltima ma mografia; DDE}E’ Tdade na 1a, mamografia: DD anos

52, Data do altimo exame de m :D 53. No. total de mamografias:
54. Doenga benigna da mama 2| |1, Sim 2. Nio 55, Tipe: D
56. Bidpsias de mams 7 D 1. Sim 2. Nio 57, Niumero de biopsias: Di I

HISTORIA GINECOLOGICA

58. Data do iltimo exame pélvico: DDD 5%, Data do dltimo pmvenﬁwDDD

HISTORIA REPROD
60, Idade na maum:ﬁﬁ anos 61, DUM:DDD 62 Padriio ciclmD I Reg 2 Irreg

03, Idade na menspansa; D anos 64, Tipo: D I Matura 2. Gestagio (amament.)
3 Induzida medic. 4, Ooforectomia bila,
b Induzida RXT 6, Panhisterectomia
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H5.Constitucional T1.Pele

66.0lhos 1 T T fbwsculeesquel. |
ORL S "i'&?ﬂT;ﬁEiéﬁ;H'""" S N
68.Respiratorio — | Tpwquiatieo |
69.Cardiovascular Tﬁ-.Enductt'nnlﬂ‘i;gj-m T
70.Gastrointestinal - | 77.Hematoldgico

71.Genito-urinirio 78.Jmunologico

FATORES DE RISCO PARA CANCER DE MAM
79, Idade ao nascimento do lo. fi]hu:DD anos

AJOVARIO

80. G[_|P[JaE[Jai[ ]

|G il n b (m) |
1 81 82 83, 84. BS.
2 6. 7. 8. 89, 9.
3 91, 92, 93. 04, 95. o
4 96. 97. 98. 9. 100. |
5 101. 102. 103. 104, 105.
106. USO DE ESTROGENOS EXOGENOS[_|  1.5im 2. Nao
107. Tip 1. ACO 2. TRH 3, Ou 1L Tipo:[ | 1. ACO Z.TRH 3.0umw
108, Nome comercial: 112.Nome comercial: DD
109. Duracio do uso meses 113. Duragio dousof || | meses
110. Form 1.V 2, EV 3 IM 114. Form LVO Z.EV 3.1M

115. CONSUMO DE ALCOOL|_] 1. §im 2. o

116. Tipo: eja 2. Vinho 3. Destilados 119, Tipo: 1, Cerveja 2. Vinho 3. Destilados
117, Volume: Jl_‘ﬁm coposfdoses 120, Volume: copos/doses
118. Freqiiéneia: | | 1. Didrio 2. Semanal 121, Fregiiéncia: L. Didrio 2. Semanal

3. Mensal 4. Anual 3. Mensal 4. Anual

122. FUMOD l.Sim 2. Mao 123 HﬁDD anos 124, No. cignrmsﬁ;iaDD

125. EXPOSICAO A RADIACAO: L] i sim 20
126, Namero de raios X: antes dos 20 anos 127, DD apos os 20 anos
128. Outra exposigio a radiagio innizante:rj
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EXAME FiS1CO:

AVALIACAO RADIOLOGICA:

CONSULTORIAS:

IMPRESSAO:

-165. RECOMENDACAO QTO. TESTE GENETICO: [:| [ INDICADO 2. NAD INDICADO

PLANG:

RECOMENDACOES DE PREVENCAQ/DIAGNOSTICO PRECOCE:

ASPECTOS ESPECTAIS DO ACONSELHAMENTO GENETICO:

166. DIAGNOSTICO:
ATENDIDO POR: CREMEIRS:
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CONSULTA#2

AGCH

CONSULEAS D S UIMENTO

DATA: [ 1 ACOMPANIANTES:

CONSULTA#3  DATA: _/ / _ ACOMPANHANTES:
CONSULTA #4  DATA: _ / /  ACOMPANHANTES:

\
CONSULTA#5 DATA: /| __ ACOMPANHANTES:
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11.5 Protocolos Laboratoriais

11.5.1 Caracterizag¢ao dos pontos de quebra dos rearranjos identificados,
realizados no Instituto de Oncologia do Porto — IPO, Porto, Portugal

Mix da reagcao de PCR (BRCA 1 exons9-19)

Reagente Concentragao de Volume final por Concentracgo final

uso amostra (ul)

H.O - 19,9 -

Tampao 10X 3 1X

MgCl, 50 mM 3 3 mM

dNTP 1uM 0,3 0.02 uM

Primer F 20 uM 1,5 0.4 uM

Primer R 20 uM 1,5 0.4 uM

Taq 5 U/ul 0.2 0.01 Urul

platinum

DNA 100 ug/ul 1,0 -
Volume final: 30ul

Mix da reacédo de PCR (BRCA 1 exons16-17)

Reagente Concentragao de Volume final por Concentracgo final

uso amostra (ul)

H.0 - 15,5 -

Tampao 10X 1,5 1X

MgCl, 50 mM 1,0 3 mM

dNTP 1uM 1,0 0.02 uM

Primer F 20 uM 0,3 0.4 uM

Primer R 20 uM 0,3 0.4 uM

Taq gold —

applied 5 Ulul 0,2 0.01 U/ul

Bios.

DNA 100 ug/ul 0,2 -
Volume final: 20ul
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Programa de termociclador: Applied Biosystens (Del 9-19)

Temperatura (°C) Tempo Numero de ciclos
97 15min 1
97 1min
68 1min 6
72 1min
97 1min
66 30seg 6
72 1min
97 1min
64 30seg 6
72 1min

Programa de termociclador: Applied Biosystens (Del 16-17)

Temperatura (°C) Tempo Numero de ciclos
95 Smin 5
94 1min
56 1min 5
72 1min
94 1min
54 1seg 5
72 1min
94 1min
50 1min 25
72 1min
72 10min 1

Programa de termociclador: Mastercycler — Eppendorf (Del exon 19)

Temperatura (°C) Tempo (minutos) Numero de ciclos

94 Smin 1
94 3min
60 1min 34
72 1min
72 10min 1
10 20min 1
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Primers utilizados: Metabion— 20 pmol,
BRCA1 —exon 19
5-TCTATCTCCGTGAAAAGAG 3’ and 5-CTGGTTAGTTTGTAACATC -3’

BRCA1 — exons 9-19
5-ACTCTGAGGACAAAGCAGCGGA-3'and 5- GTGCCACCAAGCCCGGCTAA -3

BRCA1 —exons 16-17

5’-TGAGGATGAGGGAGTCTTGGTGTAC -3 and
5TCCTAAACACAGCAGGCTATCTGCA-3-
Protocolo de sequenciamento génico:

Apés verificar os produtos de PCR (feito em gel de agarose 2%e Ladder —
Invitrogen) para checar os produtos em tamanho (bp) de cada fragmento a ser
amplificado.

Efetuou-se a purificagcdo dos mesmos através do kit: llustras GE Helthcare UK
Limited, Buckinghamshire, United Kingdom). Os produtos de PCR ou as bandas
retiradas do gel foram purificados segundo o protocolo recomendado pelo fabricante.
Para avaliar a qualidade e quantidade dos produtos purificados, submeteram-se os
produtos a electroforese em gel de agarose a 2% (p/v) corado com brometo de
etideo.

Reacgao de sequenciamento:

Pré mix 1ul
Primer (5uM) 0,35uL
buffer 1,9uL
Amostra 4uL

H20 Milli-Q 3,75uL
Volume total  10puL (pode exceder)

Programa sequenciamento termociclador:
Ciclar: 95°C 20”

55°C 15” 30 ciclos
60°C 1°30”
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Os produtos de sequenciamento foram precipitados e purificados com acetato de
sédio e etanol (Merck) de acordo com protocolos convencionais. Em seguida as
amostras foram analisadas em sequenciador automatico ABI PRISM TM 310
Genetic Analyser.

11.5.2 Protocolo de amplificagao para detec¢cao de mutagao fundadora
portuguesa ¢.156_157insAlu — BRCA2

Mix da reagédo de PCR (BRCAZ2 exon 3)

Reagente Concentragao de Volume final por Concentracgo final

uso amostra (ul)

H.O - 19,9 -

Tampao 10X 3 1X

MgCl, 50 mM 3 3 mM

dNTP 1uM 0,3 0.02 uM

Primer F 20 uM 1,5 0.4 uM

Primer R 20 uM 1,5 0.4 uM

Tag 5 U/ul 0.2 0.01 Urul

platinum

DNA 100 ug/ul 1,0 -
Volume final: 30ul

Programa de termociclador: Mastercycler — Eppendorf

Temperatura (°C) Tempo Numero de ciclos
97 15min 1
97 1min
68 1min 6
72 1min
97 1min
66 30seg 6
72 1min
97 1min
64 30seg 6
72 1min

Primers utilizados: Invitrogen — 20 pmol,

1° PCR exon 3 do gene BRCAZ2 :
5’gtc act ggt taa aac taa ggt ggg a 3’ and 5’ gaa gcc agc tga tta taa gat ggt t 3’

2° PCR especifico c. 156_157insAlu BRCA2:
(ALU): 5'gac acc atc ccg gct gaa a3’ and ccc cag tct acc ata ttg cat 3’
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Programa de termociclador: PCR Mastercycler — Eppendorf

94°C 00:01:00

94°C 0:03:00 52°C 00:01:00| 72°C 0:10:00

72°C 00:04:00

35
cycles

11.5.3 Protocolo de amplificagao de MLPA (MRC-Holland)

1° Etapa: Hibridizagao
Em tubos de 0,2ml - as amostras de DNA: 5ul por amostra (com concentracdo média
de 50ng/ul com H20)

*Desnaturar as amostras a 98°C por 5 minutos no termociclador.

*Adicionar a amostra 1,5ul de SALSA probemix (black cap) + 1.5 3| MLPA buffer
(yellow cap) para cada tudo.

*Incubar por 1 minuto a 95 °C, durante 16 hrs a 60 °C.

2° Etapa: Reacgao de Ligagao
*Reduzir a tempreratura do termo a 54°C: adicionar 3ul de buffer A + 3ul de buffer B
+ 25 ul de H20 + 1ul de ligase 65 (colocar 32ul desse mix por amostra)

*Incubar 15 minutos a 54 °C, e 5 minutes at 98 °C.

3° Etapa: Reagao de PCR
*4 ul de SALSA PCR buffer + 26 ul de H20 + 10ul da reagéo de ligagéo

[Colocar esse mix (30ul no total por amostra) em novos tubos de 0,2ml

*Posteriormente colocar 10ul do produto de ligagdo que esta no termo e aquecer a
60°C durante 5 minutos.

Por fim:

*2ul (salsa PCR primers)

*2ul (SALSA Enzyme Dilution buffer)

*5,5ul de H20

*0,5ul (SALSA Polymerase)

Adicionar 10ul do mix para cada amostra e deixar no termo com o seguinte
programa de PCR:

35 ciclos: 30 segundos 95°C; 30 segundos 60°C; 60 segundos 72°C e 20 minutes
incubando a 72°C.
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11.5.4 Mix de sondas kit P002B (MRC-Holland) para analise de rearranjos por
MLPA no gene BRCA1

MRC-Holland

- —
Description varsion 27 24-09-2011 T

Table 1. SALSA MLPA P002 BRCA1 probemix

Chromosomal position
Length (nt) SALSA MLPA probe f ERCAL
64-70-76-82 | Q-fragments: DNA quantity: only visible with less than 100 ng sample DNA
28-92-96 D-fragments: Low signal of 82 or 96 nk fragment indicates incomplete denaturation
100 x-fragment: Specific for the ¥ chromosome
105 Y-fragment: Specific for the ¥ dhromosome
127 Reference probe 00797-L00093 Sg31
136 Reference probe 06452-L05578 6p22
148 BRCA1 probe 00763-L00268 exon la
157 BRCA1 probe 00754-L00269 exon 1b
166 BRCA1 probe 00755-L00270 exon 2
175 BRCA1 probe 00226-L00341 exon 3
184 BRCA1 probe 00767-L00272 exon 3
198 Reference probe 02946-L03265 7g31
208 BRCA1 probe 00227-L00342 exon &
216 BRCA1 probe 00755-L00274 exon 7
226 BRCA1 probe 01004-L00559 exon §
236 BRCA1 probe 01005-LO0521 exon 9
244 BRCA1 probe 00772-L00277 exon 10
256 Reference probe 00518-L00098 2qi3
266 BRCA1 probe 00230-L00345 exon 11
277 BRCA1 probe 00774-L00279 exon 11
285 BRCA1 probe 00775-L00220 exon 12
295 + BRCA1 probe 02603-L02074 exon 13
305 BRCA1 probe 00233-L00349 exon 14
316 Reference probe 00495-L00303 12p12
328 BRCA1 probe 00773-L00347 exon 15
337 BRCA1 probe 00775-L00003 exon 16
346 BRCA1 probe 00730-L00223 exon 17
355 + BRCA1 probe 00731-L00224 exon 18
364 BRCA1 probe 00732-L00225 exon 19
374 Reference probe 00B55-L00304 4q27
389 BRCA1 probe 00733-L00355 exon 20
359 BRCA1 probe 00734112004 exon 21
407 BRCA1 probe 00735-L00228 exon 22
415 BRCA1 probe 00736-L 00229 exon 23
427 + BRCA1 probe 02231-113882 exon 24
436 Reference probe 00596-L00083 11p13
445 Reference probe (4074-L03710 17ql1
454 Reference probe 00673-L00117 3p22
463 = BRCA1 probe 11233-112001 exon 13

+ Probe has a higher standard variation.

Mote: The exon numbering in Table 1 is different as compared to the exon numbering used by the NCBI in
the NM_0072394. 3 reference sequence! We used the same exon numbering as in all previous versions of this
product description. Please notify us of any mistakes, The identity of the genes detected by the reference
probes is available on request: info@mlpa.com.

SALSA™ MLPA™ probemix POOZ BRCAL Page 3 of &
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11.5.5 Mix de sondas kit P087 (MRC-Holland) para analise de rearranjos por

MLPA no gene BRCA1

Desorphion varson 19; 18-01-2012

MRC-Holland

T MLPA—

e

Table 1. SALSA MLPA P087-B1 BRCA1 probemix

Length Chromosomal position
(nt) SALSA MLPA probe reference BRCAL
64-70-76-82 | Q-fragments: DNA guantity; only visible with less than 100 ng sample DNA
88-92-96 C-fragments: Low signal of 88 or 96 nt fragment indicates incomplete denaturation
100 ¥-fragment: Specific for the X chromosome
105 Y-fragment: Specific for the ¥ chromosome
130 Reference probe 02265-L01761 ip3s
136 Reference probe 02283-L01774 13q13 (BRCAZ, exon 1)
148 BRCAL probe 02807-1L01268 Promoter region
157 BRCA1 probe 02802-102158 Promoter region
167 BRCA1 probe 02810-L02239 Exon 2
175 BRCAL probe 02811-L02240 Exon 3
185 BRCA1 probe 03352-102354 Exon 18
193 Reference probe 03217-L02642 10g25

200 * BRCA1L probe 11457-112139 Exon 22
208 BRCA1 probe 02813-102242 Exon &
219 BRCAL probe 02814-102243 Exon 7
226 BRCA1L probe 02815-102244 Exon &
234 BRCA1 probe 02816-L02245 Exon 9
244 BRCAL probe 03411-102074 Exon 13
2565 Reference probe 02279-L01770 13q13 (BRCAZ exon 11}

263 * BRCA1 probe 11802-1L12150 Exon 14
276 BRCA1L probe 02813-102247 Exon 11
287 BRCA1 probe 02819-102248 Exon 12
295 BRCA1 probe 03890-103337 Exon 13

310 * Reference probe 03809-L 10644 13q13 {BRCAZ, exon 5)

219 Reference probe 00495-L03128 12p12
329 BRCA1 probe 02821-102250 Exon 15
337 BRCA1L probe 02822102251 Exon 16

ELR BRCA1 probe 03395-L12877 Exon 5
355 BRCAL probe 03822-103235 Exon 10
364 BRCA1L probe 02826-102355 Exon 19
371 Reference probe 02667-L02134 11922 (ATM. exon 25}

380 Reference probe 00655-L03268 4927
320 BRCA1 probe 02827-102356 Exon 20
397 BRCA1 probe 02823-L02257 Exon 21

408 ¥ BRCA1L probe 03357-L13116 Exon 17
416 BRCA1 probe 02830-102259 Exon 23

425 * BRCAL probe 04573-L04755 Exon 24

436 ¥ BRCA1L probe 02100-L02537 Exon 1
445 Reference probe 02445-L01409 16pl3
454 Reference probe 02355-L01415 9934

* New in version B1 (lot 0508 onwards)
¥ Changed in version B1. Small change in length or peak height. No change in sequence detected.

Mote: The exon numbering in Table 2 is different as compared to the exon numbering used by the MCBI in
the NM_007294. 3 reference sequencel We usad the same exon numbering as in all previous versions of this
product description. Please notify us of any mistakes., The identity of the genes detected by the reference

probes is available on request: info@mlpa.com.

Please note that two probes for exon 13 are present. The 244 nt probe (03411-L02074) detects the same
saquence as the exon 13 probe at 295 nt in SALSA MLPA POOZ probemi.

SALSA® MLPA™ probemix POET BRCAL
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11.5.6 Mix de sondas kit P045 (MRC-Holland) para analise de rearranjos por
MLPA no gene BRCA2

|‘-.-‘.Rgﬂolla nd _

Description version 19: 07-02-2012 My —

Table 1. SALSA MLPA P045-B3 BRCA2/CHEK2 probemix

Length Chromosomal position
(nt) SALSA MLPA probe F- cHEIO BRCAD
£4-70-76-82 | Q-fragments: DNA quantity: only visible with less than 100 ng sample DNA
88-92-96 | D-fragments: Low signal of 88 or 95 nt fragment indicates incomplete denaturation
100 X-fragment: Specific for the ¥ chromosome
105 Y-fragment: Specific for the ¥ chromosome
130 Reference probe D0737-LO4E3 S5g31
137 BRCA2 probe 02233-112281 Exon 1
143 BRCA2 probe 02285-L01776 Exon 1
154 BRCA2 probe 05257-L08056 Exon 14
160 FRY probe 02143-L09585 20 kb before BRCAZ
166 BRCA2 probe 024386-L01%85 Exon 2
172 oo BRCA2 probe 08858-L09557 Exon 3
178 BRCA2 probe 01555-L10642 Exon 3
184 Reference probe 0121 7-L00654 4935
151 BRCA2 probe 09812-110643 Exon 23
187 BRCA2 probe 01600-L04571 Exon 4
202 BRCA2 probe 08265-103128 Exon 7
211 Reference probe 02333-L01825 12q23
220 BRCA2 probe 01602-101184 Exon 8
229 BRCA2 probe 01603-L01185 Exon 9
238 Reference probe D051 7-LO00S7 2ql3
247 BRCA2 probe D1604-L01186 Exon 10
256 © BRCA2 probe 02279-L01770 Exon 11 stark
265 HCS20 probe 05300-L02040 In CHEKZ promobor region
274 BRCA2 probe 01605-L01158 Exon 11 end
283 BRCA2 probe 01607-L01189 Exon 12
292 Reference probe 03013-L02458 12q13
301 BRCA2 probe 02220-L01771 Exon 13
310 BRCAZ probe 03809-L10257 Exon 3
319 BRCA2 probe 05295-111090 Exon 27
326 BRCA2 probe 01610-L01192 Exon 15
337 BRCA2 probe 01611-101193 Exon 16
346 BRCA2 probe 04535-103%83 Exon &
355 BRCAZ probe 02281-L01772 Exon 17
364 BRCA2 probe 01613-L01195 Exon 18
373 Reference probe 02667-L04984 11922
382 BRCA2 probe 01614-101196 Exon 19
391 BRCA2 probe 08265-L03129 Exon 20
400 ~= CHEK2 probe 02579-L12282 CHEK2 Exon 10
409 BRCA2 probe 02065-L01570 Exon 21
418 BRCA2 probe 01617-L01199 Exon 22
427 Reference probe 06542-106522 11g12
436 BRCA2 probe 08267-L03130 Exon 24
445 BRCA2 probe 082658-1L08131 Exon 25
454 N4BP2L1 (CGO18) probe 02144-L01613 9 kb after BRCAZ
463 BRCAZ probe 11934-115346 Exon 26
476 £ BRCA2 probe 09293-L15678 Exon 27
485 Reference probe 05028-L15679 2q32
495 £~ CHEK2 probe 01772-L15580 CHEK2 exon 12, Mutation 1100delC specific!

~ The CHEK2 excn numbering has changed. We now use the exon numbering as present in the NCBI NM_001005735
reference sequence.

# This probe is located within, or close to, a very strong CpG island, A low signal of this probe can be due to
incomplete sample DMA denaturation, 2.g. due to the presence of salt in the sample DMA

§ Mutation 1100delC-specific! This peak will only appear if the point mutation is present,

Legend continues below Table 2.
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