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RESUMO

Torrezan GT. Identificacido de mutacdes nos genes APC e MUTYH em familias
com polipose adenomatosa intestinal. Sio Paulo; 2014. [Tese de Doutorado-

Fundagao Antonio Prudente].

Atualmente, pacientes com multiplos adenomas colorretais sdo avaliados para
mutagdes germinativas em dois genes, APC e MUTYH. Pacientes com mutagdes em
APC apresentam Polipose Adenomatosa Familiar Classica ou Atenuada
(FAP/AFAP), enquanto que pacientes portadores de mutagdes bialélicas em MUTYH
apresentam Polipose Associada ao MUTYH (MAP). O espectro das mutagdes em
APC ¢ MUTYH, assim como as correlagdes gendtipo-fendtipo nestas sindromes,
apresentam importante impacto clinico e podem ser distintas em cada populagao,
tornando necessaria a obten¢do de dados genéticos e clinicos de diferentes
populacdes. Além disso, cerca de 10-15% dos pacientes com polipose nao
apresentam mutagdes nesses genes, 0 que sugere a existéncia de outros genes de
predisposicdo ainda desconhecidos. Assim, os objetivos deste estudo foram
caracterizar mutacdes germinativas nos genes APC e MUTYH em pacientes
Brasileiros com polipose, além de identificar novos genes associados com a
sindrome através de sequenciamento de exoma dos pacientes negativos. No total, 23
pacientes ndo relacionados foram avaliados para mutacdes pontuais na regiao
codificante dos genes APC e MUTYH através de sequenciamento capilar, e para
rearranjos gendmicos nos mesmos genes por meio de MLPA (Multiplex Ligation-
Dependent Probe Amplification), arrays de hibridagdo gendmica comparativa (CGH-
array), € PCR duplex quantitativo. Este Gltimo método de avaliacio do niimero de
copias gendmicas foi desenvolvido e validado no presente estudo. Foram
identificados 21 pacientes mutados nesta coorte (91%) - 6 pacientes apresentaram
mutagdes patogénicas em MUTYH, 14 apresentaram mutagdes patogénicas em APC e
um paciente foi portador de uma nova variante missense de significado clinico
desconhecido em APC (p.Val1789Leu); seis mutagdes foram descritas pela primeira

vez neste trabalho. Em um destes pacientes identificamos a primeira grande dele¢ao



genomica descrita no gene MUTYH. Correlagcdes gendtipo-fenotipo dos dados
clinicos dos probandos e seus familiares (totalizando 113 individuos afetados)
revelaram resultados divergentes em comparacdo com os descritos em outros
estudos, especialmente em relacdo a ocorréncia de tumores desmodides em familias
com mutagdes antes codon 1444 (6/8 familias com desmoides). Dois pacientes ndo
apresentaram mutagdes em nenhum dos genes avaliados e foram investigados para
mutagdes em outros genes através do sequenciamento completo do exoma na
plataforma SOLiD 5500XL. Foi identificada em um desses pacientes uma alteragao
nova em um gene da familia das polimerases, cuja principal fungdo é o reparo de
DNA, nao presente em bancos de dados e nem em populagcdo controle Brasileira.
Andlises de segregacdo e experimentos funcionais serdo realizados para verificar a
associacdo deste e de outros candidatos selecionados com o fendtipo de polipose.
Esta primeira investigacdo abrangente do espectro mutacional dos genes APC e
MUTYH em pacientes com polipose brasileiros mostrou uma alta taxa de deteccao e
identificou novas mutacdes patogénicas. Notavelmente, um nimero significativo de
familias com muta¢do em APC nao foram consistentes com as correlagdes genotipo-

fenotipo previstos de outras populagdes.



SUMMARY

Torrezan GT. [Mutational screening of APC and MUTYH genes in families with
adenomatous polyposis]. Sdo Paulo; 2014. [Tese de Doutorado-Fundagdo Antonio

Prudente].

Patients with multiple colorectal adenomas are currently screened for germline
mutations in two genes, APC and MUTYH. APC-mutated patients present classic or
attenuated familial adenomatous polyposis (FAP/ AFAP), while patients carrying
biallelic MUTYH mutations exhibit MUTYH-associated polyposis (MAP). The
spectrum of APC and MUTYH mutations as well as the genotype-phenotype
correlations in polyposis syndromes present clinical impact and can be population
specific, making important to obtain genetic and clinical data from different
populations. Furthermore, up to 10-15% of polyposis patients do not harbor
mutations in these genes, suggesting that other yet unknown polyposis-predisposing
genes could exist. Thus, the aim of this study was to characterize germline mutations
in APC and MUTYH genes in Brazilian polyposis and to investigate novel
susceptibility genes by exome sequencing of negative patients. At total, 23 unrelated
polyposis patients were screened for APC/MUTYH point mutations through DNA
capillary sequencing, and for APC and MUTYH genomic rearrangements through
MLPA (multiplex ligation-dependent probe amplification), array-comparative
genomic hybridization, and duplex quantitative PCR. This last gene dosage method
was developed and validated in this study. We identified 21 mutated patients in this
cohort (91%) — 6 patients carried MUTYH pathogenic mutations, 14 carried APC
pathogenic mutations and one carried a novel APC missense variant of unknown
clinical significance (p.Vall789Leu); six mutations were described for the first time
in this series. One of these patients harbored the first large genomic deletion
identified in MUTYH gene. Genotype-phenotype correlations of clinical data from
probands and their affected relatives (113 individuals in total) revealed divergent
results compared with those described in other studies, particularly regarding the

occurrence of desmoid tumors in families with mutations before codon 1444 (6/8



families with desmoid) . Two patients were negative for mutations in the evaluated
genes and were screened for mutations in other genes through exome sequencing at
SOLiD 5500xI platform. One of these patients was found to harbor a novel alteration
in a polymerase gene, which main function is DNA repair, and was not described in
any database nor present in a Brazilian control population. The association of this
and other selected candidates with the polyposis phenotype will be further
investigated through segregation analysis and functional assays. This first
comprehensive investigation of the APC and MUTYH mutation spectrum in Brazilian
polyposis patients showed a high detection rate and identified novel pathogenic
mutations. Notably, a significant number of APC-positive families were not
consistent with the predicted genotype-phenotype correlations from other
populations. Furthermore, we expect that exome sequencing can reveal novel genes

associated with the polyposis phenotype.
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1 REVISAO DE LITERATURA

O Cancer Colorretal (CCR) representa um importante problema médico e de
saude publica, sendo o terceiro cancer mais comum ¢ a segunda causa de morte por
cancer nos paises desenvolvidos. Nos Estado Unidos, foram estimados 142 mil novos
casos ¢ 50 mil mortes em 2013 decorrentes de CCR (The Surveillance,
Epidemiology, and End Results-SEER 2013). No Brasil, o cancer de célon e reto € o
segundo mais frequente em mulheres e o terceiro em homens, excluindo os tumores
de pele ndo melanoma, € o nimero de casos novos de cancer colorretal estimado para
o0 ano de 2014 sera de 15.440 casos em homens e de 17.240 em mulheres (Ministério
da Saude 2014).

Atualmente, estima-se que 20-30% de todos os tumores colorretais
apresentem algum componente hereditario, incluindo-se aqueles devido a genes de
baixa penetrancia e com heranca multifatorial (MARKOWITZ ¢ BERTAGNOLLI
2009). Dentre os casos de cancer colorretal familiar em que se identificam mutagdes
de alta penetrancia em Unico gene (aproximadamente 5% a 10% de todos os casos de
CCR), existem duas principais sindromes: a Polipose Adenomatosa Familiar (FAP) e
a Sindrome de Lynch. O entendimento da base genética dessas doengas, mesmo nao
estando completo, melhorou as estratégias de rastreamento e prevengdo, ¢ podera
também melhorar as opg¢des de tratamento. Além disso, estas sindromes representam
modelos Unicos para estudar a tumorigénese colorretal, e, portanto podem prover
informagdes sobre a etiologia e acompanhamento de outros tumores hereditarios ou

esporadicos de colon (STRATE e SYNGAL 2005).



1.1  ASPECTOS CLINICOS E GENETICOS DAS SINDROMES DE

POLIPOSE

A Polipose Adenomatosa Familiar (FAP) ¢ uma condigdo rara, com
incidéncia em torno de 2 por milhdo e prevaléncia de 40 por milhdo, afetando
igualmente homens e mulheres (BULOW 2003). Apenas uma pequena fracdo (<1%)
de todos os CCR ¢ devida a FAP, e esta por¢do aparentemente esta diminuindo
devido a diagnostico precoce e medidas preventivas, como cirurgias profilaticas que
removem o intestino antes da malignizacao dos p6lipos (STRATE e SYNGAL 2005;
ROZEN e MACRAE 2006).

FAP ¢ uma doenca hereditaria marcada pelo surgimento de centenas a
milhares de pdlipos adenomatosos colorretais durante a segunda ou terceira década
de vida. Na maioria dos casos, ¢ herdada como uma doenca autossdmica de alta
penetrancia e grandes genealogias sdo descritas nas quais o fenotipo esta presente em
um parental afetado e em aproximadamente metade de seus filhos por muitas
geragdes. Entretanto, cerca de 30% dos pacientes com FAP ndo apresentam historia
familiar, e apresentam o fenotipo devido a existéncia de alteragdes genéticas de novo
(VARESCO 2004).

Pacientes com FAP tem uma forte predisposi¢ao para inicio precoce de CCR,
assim como outras malignidades (STRATE e SYNGAL 2005). A forma classica de
FAP ¢ caracterizada pela presenca de 100 a 5.000 pélipos adenomatosos no célon e
reto, que geralmente sdo diagnosticados entre os 20-30 anos de idade e
inevitavelmente levam ao desenvolvimento de carcinoma colorretal aos 40-50 anos

(VASEN et al. 2008). Os polipos podem ser assintomaticos e indistinguiveis de



adenomas esporadicos, porém a incidéncia dos adenomas ¢ muito maior em
pacientes com FAP. O numero de pélipos aumenta significativamente o risco de
carcinogénese colorretal, comparado a um tUnico adenoma encontrado nos casos
esporadicos. O risco de desenvolvimento do cancer em pacientes FAP nao tratados ¢
de 100% (BEGGS ¢ HODGSON 2008).

Em 1987, estudos de ligacdo com familias de individuos afetados por FAP
demonstraram que o gene responsavel pela doenga estava localizado no brago longo
do cromossomo 5 (LEPPERT et al. 1987). Apods esta descoberta, estudos de
clonagem realizados em 1991 identificaram o gene Adenomatose Polipose Coli
(APC) como responsavel pela sindrome, e muitas mutagdes patogénicas em sua
regido codificadora foram encontradas em diversos pacientes com FAP (KINZLER
et al. 1991; NISHISHO et al. 1991).

Além do cancer colorretal, varias manifestagdes extracolonicas também
podem ser observadas em pacientes FAP, principalmente tumores desmoides,
osteomas ¢ polipos na porgdo superior do trato gastrointestinal (KNUDSEN et al.
2003; NIELSEN et al. 2007) e, em geral, ha uma correlacdo entre o local da mutagao
e a severidade das manifestagdes clinicas (ROZEN e MACRAE 2006).

Mutagdes germinativas no gene APC podem ser identificadas em 80-90% das
familias com FAP (POWELL et al. 1993). Entretanto, aproximadamente um tergo
dos casos de FAP apresenta uma mutagdo germinativa de novo em APC. A auséncia
de histéria familiar nesses casos pode atrasar o diagnostico, que as vezes sO ira
ocorrer apds o desenvolvimento do cancer (STRATE e SYNGAL 2005). Mutagdes
no gene APC também tém papel no desenvolvimento do CCR esporadico e sdo

encontradas em até 80% desses tumores (TSAO e SHIBATA 1994).



Existem algumas variantes da sindrome, como a Sindrome de Gardner,
Turcot, e a Polipose Adenomatosa Atenuada (AFAP). Para todas estas sindromes a
colectomia profilatica representa uma excelente estratégia para prevenir o cancer
colorretal, mas prevenir as demais malignidades extracolonicas continua um desafio
(STRATE e SYNGAL 2005). Nos ultimos anos tem se dado muita atengdo para a
forma atenuada da doenga (AFAP) que esta associada a um menor nimero de
polipos, evolugdo menos agressiva, inicio mais tardio e menor incidéncia de
manifestagdes extracolonicas (KNUDSEN et al. 2003; NIELSEN et al. 2007). AFAP
geralmente ¢ causada por mutagdes nas extremidades 3°, 5° e em uma por¢ao do
éxon 9 do gene APC que sofre splicing alternativo e estd ausente em algumas
isoformas da proteina.

Mutagdes em um segundo gene, denominado MUTYH (homologo humano do
MutY), ocasionam um fenotipo semelhante a AFAP (BEGGS e HODGSON 2008).
A presenca de mutagdes germinativas em MUTYH associadas ao cancer colorretal foi
primeiramente descrita na “Familia N”” por AL-TASSAN et al. (2002). Nesta familia,
trés de sete irmaos eram afetados por um fenotipo AFAP com carcinoma colorretal e
polipos, porém na auséncia de mutagdes germinativas em APC. Estes pacientes,
entretanto, apresentavam em seus tumores mutacdes somaticas em APC ocasionadas
por transversdes G:C para T:A, sugerindo que existia uma mutacdo germinativa
ocasionando um defeito na via de reparo de mutacdes relacionadas a 8-oxo-guanina
(AL-TASSAN et al. 2002). A identificacdo dessas mutagdes levou ao surgimento do
conceito de polipose associada a MUTYH (MAP) (SIEBER et al. 2003).

A MAP difere do fenotipo clinico da polipose classica, pois apesar de o risco

de desenvolver CCR ser em torno de 100%, os pacientes tendem a desenvolver



polipose mais tardiamente (30-50 anos de idade) e desenvolvem um menor nimero
de polipos (SAMPSON et al. 2005). Além disso, diferentemente do que ocorre com
mutagdes no gene APC, a heranca por mutagdo em MUTYH ¢ autossomica recessiva,
ou seja, para que o fendtipo se manifeste duas copias alteradas de MUTYH devem ser
herdadas (mutagdes bialélicas) (BEGGS e HODGSON 2008).

Quanto menos agressivo ¢ o fenotipo da polipose, mais dificil se torna o
diagndstico, visto que pacientes com poucos polipos podem ser portadores de AFAP,
MAP, Lynch ou outras poliposes menos comuns. Estudos recentes em pacientes com
fenotipo de polipose atenuada (3 a 100 adenomas), nos quais ndo foram encontradas
mutagdes germinativas em APC, demonstraram que aproximadamente 25% dos
afetados eram portadores de mutagdes bialélicas em MUTYH (SIEBER et al. 2003;

ISIDRO et al. 2004; VARESCO 2004).

1.1.1 O Gene APC

O gene APC ¢ um supressor de tumor localizado no braco longo do
cromossomo 5 (5g21). Mais de 1100 mutagdes germinativas diferentes ja foram
descritas em familias com FAP e estdo depositadas no banco de dados LOVD
(Leiden Open Variation Database). Essas mutagdes sdo semelhantes as que ocorrem
em adenomas esporadicos e a maioria (>90%) sdo mutagdes nonsense (mutacdes de
uma unica base gerando de codon de parada prematuro) e frameshift (pequenas
inser¢des/delecdes que ocasionam mudanca de quadro de leitura e levam a formagao
de codons de parada prematuros) (STRATE e SYNGAL 2005). O resultado destas
alteracdes ¢ a auséncia da proteina ou uma proteina APC truncada, resultando em um

nivel insuficiente de atividade da proteina nas células do epitélio coldnico, levando a



um descontrole da proliferacao celular (VARESCO 2004). Mutagdes em sitios de
splice e de troca de aminoacido (missense) sdo encontradas em baixa frequéncia e
podem apresentar uma significancia desconhecida, representando um desafio para o
diagnéstico e aconselhamento genético (HEINIMANN et al. 2001; AZZOPARDI et
al. 2008). Nenhuma mutagdo missense em APC foi claramente associada com o
fenotipo de FAP, mas algumas variantes, como [1307K e E1317Q, ja foram descritas
como possiveis alelos de suscetibilidade para formagdo de adenomas e CCR
(VARESCO 2004).

O transcrito mais abundante de APC tem 8532pb e ¢ dividido em 15 éxons,
sendo que o éxon 15 corresponde a 77% da regido codificadora. O gene APC
codifica uma proteina multifuncional com dominios distintos (FODDE et al. 2001)
que regula diversos processos celulares, incluindo transcrigdo, controle do ciclo
celular, migracdo, diferenciacdo e apoptose. A proteina APC desempenha um papel
importante na via de sinalizagdo Wnt, visto que ela se liga e regula negativamente a
B-catenina (MORIN et al. 1997). Em células indiferenciadas, a glicoproteina Wnt se
liga ao receptor Frizzled, gerando um sinal de transdugdo que permite que a B-
catenina seja translocada e se acumule no ntcleo, onde ela ird agir como
transativadora do fator de transcrigdo Tcf4. Os genes MYC e CCND1 (Ciclina D1)
foram identificados como os principais alvos dessa via e sdo responsdveis por
estimular a proliferacdo celular (GOSS e GRODEN 2000). Em células que
apresentam perda da funcao do gene APC, como algumas células do CCR, o acimulo
de B-catenina e a ativagdo da transcri¢do de seus alvos ocorre constitutivamente,

mesmo na auséncia de proteinas Wnt. A interagdo APC/B-catenina também



influencia as interacdes célula-célula por interagir com a E-caderina (KLAUS e
BIRCHMEIER 2008; PINEDA et al. 2009).

Atualmente, métodos baseados em PCR permitem a detec¢do de mutagdes
germinativas em APC em uma grande propor¢ao de familias com FAP. Em mais de
70-80% dos pacientes com FAP classica pode ser identificada alguma mutagdo em
APC que ative constitutivamente a via Wnt. Em pacientes AFAP, entretanto, a
porcentagem de mutacdes identificadas em APC ¢ bem menor, em torno de 25%
(NIELSEN et al. 2007). Mutagdes patogénicas sdo encontradas em toda a regido
codificadora do gene, mas existem dois hotspots mutacionais (aminoacidos 1061 e
1309) que contam por aproximadamente 11% e 17% de todas as mutagdes

germinativas em descritas APC, respectivamente (Figura 1) (PINEDA et al. 2009).
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Figura 1 - Distribuicdo dos dominios proteicos e das mutacdes patogé€nicas mais
frequentes de APC. O painel superior apresenta uma representagio esquematica dos diversos

dominios da proteina APC. O grafico inferior representa a posi¢do das mutagdes mais frequentemente
encontradas em familias FAP, destacando-se as muta¢des nos cddons 1061 e 1309 que representam

hotspots no gene APC.



1.1.2 O Gene MUTYH

O gene MUTYH esta localizado em 1p32-34, apresenta 16 éxons e codifica
uma proteina de 535 aminoacidos que atua no reparo de DNA por excisdo de base
(SAMPSON et al. 2005). O produto do gene MUTYH ¢ uma DNA glicosilase que
juntamente com os produtos dos genes OGG1 e MTH1 realizam o reparo de excisao
de bases danificadas do DNA (BER - Base Excision Repair). No processo normal de
metabolismo aerdbico, as formas 8-dihydro-8-oxoguanina (8-oxoG) geradas por
danos oxidativos ao DNA pareiam-se rapidamente com adenina. A proteina MUTYH
age removendo da fita de DNA a base adenina mal pareada a 8-oxo-guanina. Este
pareamento erroneo, caso ndo seja reparado, levard a formacdo de mutagdes por
transversdes de G:C para T:A. Por este motivo, tumores de pacientes MAP
apresentam uma elevada taxa dessas transversdes em genes comumente mutados em
CCR, como APC e KRAS (AL-TASSAN et al. 2002; BEGGS e HODGSON 2008).

Foram identificados dois hotspots no gene MUTYH, p.Tyr179Cys e
p.Gly396Asp (anteriormente p.Tyrl65Cys e p.Gly382Asp) (Figura 2). Estas
variantes s3o as mutagdes mais frequentes em caucasianos de origem do norte da
Europa e afetam residuos de aminoéacidos altamente conservados, diminuindo a
atividade enzimatica da proteina (VARESCO 2004; CHEADLE e SAMPSON 2007).
Além dessas variantes, aproximadamente 300 alteracdes foram descritas em
MUTYH, sendo que cerca de 80 delas sdo comprovadamente mutagdes de
susceptibilidade a adenomas e carcinomas colorretais (LOVD Database).

Mutagdes somaticas ou adquiridas em MUTYH aparentemente sdo incomuns,
assim a expressao fenotipica da MAP requer duas mutacdes germinativas e apresenta

um padrdo de heranga autossomico recessivo. Por este motivo, a maioria dos casos
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de MAP ¢ visto em pacientes esporadicos, familias onde apenas os irmaos sdo
afetados e familias com relatos de casamentos consanguineos (STRATE e SYNGAL

2005; VARESCO 2004).

Y165C
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Fonte: Modificado de CHEADLE ¢ SAMPSON (2003).

Figura 2 - Distribuicdo dos dominios protéicos e das mutacdes patogénicas mais frequentes
de MUTYH. As mutagdes p.Tyr165Cys e p.Gly382Asp (atualmente p.Tyr179Cys e p.Gly396Asp)
representam hotspots no gene MUTYH. APE1: endonuclease apurinica 1; HhH: helix-hairpin-helix;

PCNA: antigeno nuclear de proliferacdo celular; RPA: proteina de replicagdo A.

1.2 CORRELACAO GENOTIPO-FENOTIPO

Varios estudos descreveram uma associagao entre o sitio da mutacao em APC
e o fenotipo dos pacientes com FAP. Caracteristicas como o niimero de polipos, a
idade de acometimento e a ocorréncia de manifestagdes extracolonicas parecem estar
relacionadas com sitios mutacionais especificos. Estes resultados abrem novas

perspectivas para a medicina personalizada, pois o conhecimento genético pode
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direcionar a andlise de mutagdes e provavelmente auxiliar na tomada de decisdes
terapéuticas (NIEUWENHUIS e VASEN 2007). Por exemplo, um paciente que
apresente polipose extensa na infancia pode ser rastreado diretamente para mutagdes
no cédon 1309 e, no caso de ser portador, a vigilancia nos familiares deste paciente
deveria ser iniciada na infincia, devido ao inicio excepcionalmente precoce dos
sintomas em pacientes com mutagao neste sitio (GEBERT et al. 1999).

NIEUWENHUIS e VASEN em 2007 revisaram diversos estudos de
correlacdo gendtipo-fenotipo e buscaram categorizar os fenotipos de acordo com a
severidade da polipose e o sitio de mutacdo em APC. O fendtipo atenuado (<100
polipos) ¢ restrito a mutagdes localizadas antes do cddon 157, ap6s o cddon 1595 e
na regido do éxons 9 que sofre splicing alternativo. Um niimero abundante de polipos
(milhares) estd associado com mutagdes dos codons 1250 a 1464. Um numero
intermediario de pdlipos (100-1000) esta relacionado com mutagdes no restante do
gene. Em relacdo as manifestacdes extracolonicas, a maioria pode ocorrer associada
a mutagdes em qualquer local do gene APC, exceto a ocorréncia de CHRPE
(hipertrofia congénita do epitélio pigmentado da retina), que parece estar restrita a
mutagdes nos coddons 311-1444, e tumores desmoides, que geralmente estdo
relacionados a mutacdes apds o codon 1444. Tumores do trato gastrointestinal
superior frequentemente estdo associados com mutagdes apos o coéddon 1395, mas
também foram descritos para alteragdes em outras regides do gene (NIEUWENHUIS
e VASEN 2007).

Embora varios modelos para explicar a alteragdo da funcdo de APC e o
fenotipo correspondente tenham sido propostos, nenhum modelo unico explica todos

os dados disponiveis (SIEBER et al. 2000). O seguinte modelo ¢ frequentemente
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utilizado para explicar a variabilidade de fenotipos de FAP: os pacientes com FAP
herdam uma muta¢ido germinativa e de acordo com a hipdtese dos dois eventos de
Knudson, um segundo hit € necessario para que os adenomas se desenvolvam. O tipo
de mutacdo germinativa parece determinar a natureza do segundo evento em APC.
Pacientes com mutagdes proximas ao cddon 1300 tendem a ter o segundo hit por
perda alélica, enquanto pacientes com mutagdes distantes deste cddon apresentam
mutagdes que produzem proteinas truncadas. No caso da perda alélica, ndo resta
nenhum produto de APC e os pacientes desenvolvem polipose severa. Entretanto,
mutagdes nas porgdes 5’ e 3’ do gene podem causar uma alteragdo leve na
funcionalidade da proteina e manter uma grande por¢do do gene intacta, resultando
em fenodtipos mais atenuados (LAMLUM et al. 1999). O splicing alternativo de
mutagdes no éxon 9 podem moderar o efeito das mutagdes retirando a parte da
informagdo genética que contém a mutagdo (YOUNG et al. 1998).

Deve-se considerar que o local da mutagdo ndo ird prever exatamente o
produto de um gene e um fendtipo subsequente, e que embora correlagdes gendtipo-
fenotipo gerais tenham sido estabelecidas, inconsisténcias e contradigdes também
foram reportadas e elas enfatizam as limitagdes dessas correlagdes. Provavelmente
fatores genéticos adicionais e fatores ambientais apresentam papéis importantes na
determinagdo das manifestagdes colonicas e extracolonicas (BURT et al. 2004). A
utilizacdo da correlagdo genotipo-fendtipo na pratica clinica deve estar sempre
combinada a utilizagdo dos dados clinicos. Investigacdes futuras sdo necessarias, em
particular em relagdo a tumores desmoides e adenomas no duodeno, visto que estes
sdo comuns em pacientes com FAP e sdo responsaveis por grande parte da

mortalidade desta sindrome (NIEUWENHUIS e VASEN 2007).
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1.3 TESTES GENETICOS

Anteriormente, o diagndstico de molecular de FAP era feito pelo
rastreamento de mutacdes no gene APC utilizando o teste da proteina truncada
(PTT), seguido de sequenciamento. Alternativamente, utilizava-se a metodologia de
DHPLC (cromatografia liquida desnaturante de alta performance) seguida de
sequenciamento dos amplicons que apresentassem um padrao aberrante. Entretanto,
ambas as tecnologias apresentavam uma baixa sensibilidade, podendo ocasionar
resultados falso-negativos (VAN DER LUIT et al. 1997). Hoje em dia, o padrdao
ouro para avaliacdo de mutagdes nos genes APC e MUTYH ¢ o sequenciamento de
todos os éxons codificantes e limites intron-éxon, que ¢ capaz de identificar com alta
sensibilidade alteragdes de ponto e pequenas insergdes e delegdes.

Além da realizagdo do sequenciamento para a avaliagdo de alteracdes
pontuais, também sdo necessarias técnicas que avaliem o numero de copias
genOmicas, para poder identificar grandes delecdes ou amplificacdes de éxons tnicos
ou multiplos. Para esta finalidade, as técnicas mais utilizadas na atualidade sdo o
MLPA (amplificagdo de multiplas sondas dependente de ligagdo) e o CGH-array
(arrays de hibridagdo gendmica comparativa). Com o uso conjunto destas
metodologias, a taxa de deteccdo de mutagdes em pacientes com polipose chega a
cerca de 70-90% (NIELSEN et al. 2007; GROVER et al. 2012).

Atualmente, com o advento do sequenciamento de nova geragdo (NGS), a
velocidade de sequenciamento aumentou substancialmente a um custo inversamente
proporcional. Estas plataformas tornaram factivel a aplicacdo de metodologias de

rastreamento de painéis de genes ou at¢é mesmo do exoma completo (regido
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correspondente a todos os éxons do genoma). Para isso, o sequenciamento paralelo
massivo ¢ combinado com métodos de captura de ou amplificagdio de DNA para
focar a analise em regides especificas.

O sequenciamento paralelo de multiplos genes nas plataformas de NGS tem
sido cada vez mais utilizado em centros de diagndstico molecular, visto que por um
custo menor que do sequenciamento capilar ¢ possivel sequenciar todos os genes
conhecidos como associados a determinada sindrome em um Unico experimento.
Esta estratégia ja foi utilizada com sucesso para o rastreamento de genes associados
ao cancer colorretal hereditdirio (PRITCHARD et al. 2012). Entretanto, esta
metodologia permite avaliar apenas aqueles genes previamente identificados por
outros estudos.

Por outro lado, ao avaliar todos os genes conhecidos através da utiliza¢ao do
sequenciamento de exoma se torna possivel identificar novos genes de
susceptibilidade ao cancer. Recentemente, trés estudos baseados em sequenciamento
de exoma identificaram mais de 50 genes como possiveis novos genes de
susceptibilidade ao cancer colorretal hereditario, sendo que dois genes (POLD1 e
POLE) foram considerados como fortes candidatos apos extensas analises de
validagdo (DERYCKE et al. 2013; GYLFE el al. 2013; PALLES et al. 2013). Assim,
quanto mais genes forem identificados € um maior espectro de mutagdes for
encontrado, mais eficiente serd o rastreamento e aconselhamento genético dos

pacientes.
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2.1
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OBJETIVOS

OBJETIVO PRINCIPAL

O objetivo geral deste trabalho ¢ caracterizar mutagdes germinativas nos

genes APC e MUTYH em pacientes com multiplos polipos adenomatosos intestinais

e identificar outros genes possivelmente associados a sindrome.

2.2

OBJETIVOS ESPECIFICOS

Caracterizar mutagdes germinativas em APC e MUTYH em pacientes com
polipose pelas técnicas de PCR seguido de sequenciamento direto, CGH-
array e MLPA.

Classificar a significancia patogénica das mutagdes encontradas por andlise
dos resultados de mutacdo e conferéncia nos bancos de dados. Mutacoes de
substitui¢do de aminoacido ndo previamente descritas serdo avaliadas quanto
o impacto na fun¢do protéica através de programas de predicdo de
patogenicidade.

Correlacionar as caracteristicas clinicas de pacientes portadores de diferentes
mutagdes germinativas.

Identificar novos genes possivelmente associados com a sindrome através de
sequenciamento de exoma dos pacientes com polipose e negativos para

mutagdes em APC e MUTYH.
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3 COMENTARIOS INICIAIS

Neste primeiro item de comentarios iniciais, ¢ feita uma breve introdugao
sobre a casuistica, o delineamento experimental e um resumo dos resultados finais
deste trabalho. Os trés capitulos seguintes da tese correspondem aos trés manuscritos
publicados a partir deste trabalho (TORREZAN et al. 2011, 2012 e 2013). Por fim,
um ultimo capitulo de resultados ¢ dedicado as analises dos dados provenientes do
sequenciamento de exoma, que ainda estdo em andamento. Todas as metodologias
utilizadas neste estudo estao apresentadas em detalhe no Anexo 1.

Para a realizacdo deste estudo foram selecionados pacientes com critérios
clinicos para FAP Cléssica (mais de 100 polipos adenomatosos) e AFAP/MAP (10-
100 polipos adenomatosos) a partir do banco de dados do Registro de Cancer
Colorretal Hereditario do A.C. Camargo Cancer Center. Para o estudo de
rastreamento de mutacdes, foram recrutados 23 probandos afetados nao relacionados,
8 familiares afetados e 13 ndo afetados, totalizando 44 individuos.

Além dos dados clinicos dos 44 individuos recrutados, informagdes clinicas
também foram obtidas para os demais familiares afetados de cada familia através da
pesquisa de prontuarios ou durante a entrevista do probando com o aconselhador
genético para montagem do heredograma, totalizando 113 pacientes afetados por
polipose. Este estudo foi aprovado pelo Comité de Etica em Pesquisa do Centro de
Tratamento e Pesquisa do A.C. Camargo Cancer Center, sob o n° 1169/08-B. As
informagdes sobre os objetivos da pesquisa foram apresentadas aos pacientes para a

assinatura do Consentimento Livre e Esclarecido (Anexo 2).
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O rastreamento de mutagdes de ponto e rearranjos gendmicos nos genes APC
e MUTYH foi realizado inicialmente nos 23 pacientes portadores de polipose. Apds a
identificagdo da mutagdo presente na familia, os demais familiares recrutados foram
sequenciados pontualmente em busca das altera¢des ja conhecidas.

Em resumo, foram identificadas mutagdes patogéncias em 20 dos 23
probandos (87%), sendo que dos trés pacientes restantes, um apresentou uma nova
variante missense no gene APC de significado clinico desconhecido, enquanto dois
ndo apresentaram nenhum tipo de alteracio e foram avaliados através de
sequenciamento do exoma. O fluxograma abaixo representa o delincamento do

estudo e resume os resultados encontrados com o emprego dos métodos utilizados.
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Figura 3 - Delineamento experimental. Foram selecionadas neste estudo 23 familias
portadoras de polipose, das quais 15 apresentavam uma polipose classica (>100 polipos) e foram
sequenciadas inicialmente para o gene APC, enquanto oito apresentavam o fenotipo atenuado e foram
primeiramente sequenciadas para o MUTYH. Os pacientes negativos para o primeiro gene analisado
foram entdo sequenciados para o segundo gene. Apds o sequenciamento, foram encontrados 12
pacientes com alteragdes patogénicas em APC, e cinco com alteragdes em MUTYH, sendo que destes
trés eram heterozigotos compostos para duas mutagdes distintas. Para estes pacientes, a técnica de
PCR-alelo especifica (PCR-AS) foi utilizada para confirmar a presenca de alteracdes bialélicas. Cinco
pacientes ndo apresentaram muta¢des pontuais em nenhum dos genes, e um paciente apresentou uma
variante de significado clinico desconhecido (do Inglés VUS — variant of unknown significance). Para
estes seis pacientes, as técnicas MLPA, CGH-array e duplex PCR quantitativa foram empregadas na
busca de grandes rearranjos genomicos. Trés alteracdes de numero de copias foram identificadas —
duas em APC e uma em MUTYH. Por fim, dois pacientes foram negativos para mutagdes nesses genes

e foram selecionados para o sequenciamento do exoma.
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Os resultados obtidos encontram-se organizados em trés artigos cientificos
provenientes do estudo. A primeira publicagdo resultante deste trabalho
(TORREZAN et al. 2011) refere-se a identificagdo e caracterizagdo do primeiro
grande rearranjo gendmico descrito para o gene MUTYH. Esta alteracdo ¢ uma
dele¢do que envolve os éxons 4 a 16 deste gene, e foi identificada em homozigose
em um paciente através de PCR multiplex e CGH-array.

O segundo manuscrito originado deste projeto (TORREZAN et al. 2012)
descreve as caracteristicas fenotipicas de um paciente com uma delecdo de 5,2Mb
que engloba o gene APC inteiro e mais 19 genes. Esta alteragdo foi identificada por
CGH-array e validada por um novo método de avaliagio do numero de copias
genOmicas baseado em uma PCR duplex quantitativa (duplex qPCR), que foi
desenvolvido neste trabalho ¢ vem sendo utilizado frequentemente por nosso grupo
para validar dele¢des e amplificagdes de éxons inteiros.

O 1ultimo artigo publicado (TORREZAN et al 2013) refere-se a descri¢ao
detalhada dos dados genotipicos e fenotipicos de toda a casuistica. A avaliagao das
correlagdes genotipo-fenodtipo revelou algumas divergéncias entre a populacio deste
estudo e outras populacdes ja descritas na literatura.

Por fim, os resultados provenientes do sequenciamento de exoma de dois

pacientes com polipose sdo apresentados no quarto capitulo.
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Abstract

Background: MUTYH-associated polyposis (MAP) is a recessive, hereditary,
colorectal cancer-predisposing syndrome caused by biallelic mutations in the
MUTYH gene. Most MUTYH pathogenic variants are missense mutations, and until
recently no gross genomic deletions had been described. Case Presentation: We
have identified a large deletion in the MUTYH gene: a >4.2 kb deletion
encompassing exons 4-16. This is the second description of this rearrangement,
which has been recently described as the first large deletion in this gene. The
clinically suspected MAP patient was homozygous for this mutation and presented
with no amplification products for 14 exons of MUTYH on initial screening. Deletion
breakpoints were refined to base pair level through array comparative genomic
hybridization (aCGH) analysis followed by sequencing. The identified breakpoints
were located within intron 3 and 146 bp downstream of the 3’ end of the gene, with
the presence of an Alulr element adjacent to the distal breakpoint. The presence of a
2 bp insertion at the junction suggests the involvement of the non-homologous end
joining (NHEJ) repair mechanism, possibly facilitated by rearrangement-promoting
elements. Examination of the MUTYH locus revealed a high Alu density that may
make this region prone to rearrangements. Conclusion: Large deletions are a
possible mechanism for loss of function of the MUTYH gene, and investigation of

such mutations may be important in identifying causative mutations in MAP patients.
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Background

MUTYH-associated polyposis (MAP) (MIM#608456), a recessive inherited
syndrome characterized by colorectal adenomatous polyposis and a high risk of
colorectal cancer, is a disorder caused by biallelic pathogenic germline variants in the
human mutY homologue (MUTYH) gene [1]. MUTYH spans 11.2 kb on chromosome
1p34.1 [2] and encodes a DNA glycosylase that plays a key role in base excision
repair (BER) of 8-0xoG: A mismatches by removing the mismatched adenine [3].
The oxidation product 8-0x0G is the most stable product of oxidative DNA damage
[4], which can lead to G:C to T:A transversions if not repaired’. Tumorigenesis in
MAP patients is thought to be initiated by somatic G:C —T:A transversions in KRAS
and/or APC [5].

The clinical manifestations of MAP resemble familial adenomatous polyposis
(FAP; MIM#175100), which is caused by autosomal dominantly inherited
pathogenic variants in the APC gene. Most biallelic MUTYH mutation carriers have
between ten and several hundred polyps, usually with later onset compared to FAP
patients [1,6]. Also, a number of MAP patients with CRC and no polyps have been
reported [5]. Mutations in MUTYH account for approximately 40% of patients with
10-100 colorectal adenomas (attenuated FAP patients) and positive familial history, a
proportion slightly higher than that of APC mutations in these patients (30%) [7].

Nearly 300 different sequence variants have been identified so far in this gene
(MUTYH Leiden Open Variation Database;
http://chromium.liacs.nl/LOVD2/colon_cancer/home.php?select db=MUTYH). In
contrast to pathogenic APC variants, which mostly result in a truncated or absent

protein, most pathogenic MUTYH variants are missense variants and only a minority
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consists of splice site and truncating variants [2] The two hotspot mutations
p.Tyr179Cys (exon 7) and p.Gly396Asp (exon 13) are prevalent in populations of
European origin, probably due to a founder effect, and account for approximately
80% of all reported mutant alleles [5,8]. In the Brazilian population, a recently
published paper on patients with clinical phenotypes of MAP, FAP and Lynch
syndrome identified 4/60 (6.6%) patients with these two hotspot mutations in a
biallelic state [9]. Until recently, no gross genomic deletions or duplications had been
described in this gene in any population.

Here, we report a case study in which we have characterized a large MUTYH
deletion in a MAP patient. During the composition of this manuscript, an
independent study performed by a French group identified this same rearrangement
in one of their polyposis patients [10]. We have refined the breakpoint of this >4.2 kb
deletion to the base pair level. Based on the analysis of the sequences at breakpoints,
we suggest a possible mechanism of origin for this alteration. Presence of this

deletion was also analyzed in familial colorectal patients and a control group.

Case Presentation

A Brazilian female patient (FAP15) from the Hereditary Colorectal Cancer
Registry of Hospital AC Camargo (Sao Paulo, Brazil), who was clinically suspected
for MAP, was screened for mutations in the MUTYH gene by direct sequencing. The
age at onset of the attenuated polyposis (approximately 40 polyps) was 42 years and
of the rectal cancer was 44 years. No extracolonic manifestations were observed in
this patient. Family history was accessed through personal report. The patient stated

that she had unaffected deceased parents, four unscreened siblings (without
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colonoscopy) and one affected sister from whom biological material was unavailable
due to residence distance (figure 1). The affected sister presented with attenuated
polyposis at the age of 44 years. The proband had a Caucasian ancestry, since her
great-grandparents were Portuguese.

In addition, the presence of this MUTYH deletion was screened through PCR in
other 183 Brazilian individuals: three APC/MUTYH-mutation negative and 18
APC/MUTYH-mutation positive polyposis patients (12 APC mutation carriers , 5
MUTYH biallelic and one MUTYH monoallelic mutation carriers); 51 clinically
suspected Lynch syndrome patients (fulfilling Amsterdan II or Bethesda criteria),
who were non-carriers of germline mutations in the mismatch repair (MMR) genes
MLH1, MSH2, MSH6 and PMS2; and 111 healthy controls. Written informed
consent was obtained from all patients and controls. This study was approved by the

ethics committee of A.C. Camargo Hospital (approval number: 1169/08-B).

Identification and characterization of the deletion

We detected a homozygous deletion encompassing several exons of the
MUTYH gene in this MAP patient. Genomic DNA was obtained from blood using
the Puregene Genomic DNA Isolation Kit (Gentra Systems, USA) according to
manufacturer’s instructions. Eleven primer pairs were designed to amplify all 16
exons of MUTYH gene (NM 001128425.1), including intron-exon boundaries.
Primers used for these analyses and PCR conditions are available upon request.
Unexpected results were observed when performing standard PCR for MUTYH
mutation screening on this patient; exons 3-16 could not be amplified (data not
shown). As a positive control for the reaction, multiplex PCR in the presence of

primers for control genes (GAPDH intron 7; HPRT1 exon 3) was performed for each
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MUTYH exon and confirmed the absence of genomic template for this gene. The
results of multiplex PCR for the patient and a control DNA are shown in figure 2A.

With the purpose of elucidating the extent of the deletion, comparative
genomic hybridization based on microarrays (aCGH) was performed. Briefly,
samples were labeled with Cy3- and Cy5-dCTPs by random priming. Experiments
were performed in duplicate using a 180K whole-genome platform (OGT
Technologies). Purification, hybridization, and washing were performed as
recommended by the manufacturer. Data extraction was conducted using the Feature
Extraction software (Agilent Technologies). We applied the Genomic Workbench
software (Agilent Technologies) for identifying the constitutive genomic imbalances
using the statistical algorithm ADM-2, with a sensitivity threshold of 6.7, a threshold
log, ratio of 0.4 or 1.1 for duplication or high copy number gain, and -0.4 and -1.1
for deletion and homozygous loss, respectively.

Data analysis detected two sequences mapped within the MUTYH gene that
exhibited log, ratio values compatible with a homozygous deletion (oligoprobes
A 14 P107667, mapped at chrl:45794902-45794961, and A_14 P122926, at
chr1:45797594-45797640; coordinates given according to UCSC Feb. 2009
(GRCh37/hg19) assembly) (figure 2B). Oligoprobes flanking the deletion at the 5’
end of MUTYH gene sequence and downstream of the 3’ end had log, ratios values
consistent with two copies (A 14 P122926 - chrl:45804348-45804405, and
A 14 P118536 - chr1:45793780-45793830) (figure 2B). Using an exon 2 forward
primer (5'-GGTGGATGAGAGGGAGATAG-3") and reverse primers designed on
the position of the A 14 P118536 undeleted probe and 600 bp upstream (primers

16R2: 5'-CTTCAGGTCTTCACCAAGTCC-3' and 16R1: 5'-
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CTTCTCCTGTGCTTCCTCTC-3', respectively), we successfully amplified the
junction fragments for this deletion. After confirming that the primer 16R1 was
located at an undeleted region and as it was closest to the breakpoint, further analyses
were performed only with this primer. The PCR reaction of the control DNA pool
failed to amplify any detectable PCR product (theoretically 5889 bp in length),
whereas PCR products of = 1600 bp were detected using genomic DNA from the
patient (figure 2E). Briefly, the PCR conditions consisted of 25 ng of genomic DNA,
0.3 pmol of each primer and 1X Platinum® PCR SuperMix High Fidelity
(Invitrogen) in a 20 uL reaction. Cycling conditions entailed a preincubation at 95°C
for 2 minutes followed by 35 cycles of denaturation at 95°C for 20 seconds,
annealing at 62°C and extension at 72°C for 2 minutes. Direct sequencing of the
junction fragments identified the exact breakpoints (genomic position:
chrl:2.45,794,768 45,799,052del4285insTA, cDNA position:
c.348+33 *64+146del4285insTA), the precise size of the deletion interval (4,285 kb)
and the affected exons (4-16) (figure 2C and D). Genomic positions were confirmed
using MUTALYZER 2.0 software. Previously, exon 3 appeared to be deleted in the
PCR analysis because the breakpoint is located upstream of the reverse primer site.
No region of the adjacent HPDL gene is deleted downstream of the 3° end of
MUTYH.

As the patient investigated in this study presented a homozygous mutation and
reported no inbreeding in her family, we examined the presence of this deletion
among 111 healthy controls, 21 polyposis patients and 51 patients with familial CRC
negative for mutations on MMR genes. The junction fragment could not be amplified

from the DNA of any other patient or control (data not shown). One possible
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explanation for the homozygous occurrence of the deletion in this patient, without
consanguineous parents, is the inheritance of two alleles of a founder mutation in the
population. The proband’s great-grandparents were Portuguese, therefore she had
Caucasian ancestry. In this sense, very recently this same deletion was found in a
European MAP patient in compound heterozygosity with the common MUTYH
Caucasian mutation p.Gly396Asp [10]. The description of the same rearrangement in
patients from different geographic regions is a very exciting discovery and additional
studies to uncover the origin and frequency of this mutation would be of great value.
Another potential explanation for the homozygosity is the occurrence of isodisomy, a
type of uniparental disomy that results in two identical segments from one parental
homologue and can occur due to a recombination event in the zygote, , though the
existence of an affected sibling does not support this hypothesis.

Analysis of the junction sequence revealed several important features,
including an insertion of 2 bp of non-template DNA (figure 2F), several
recombination motifs such as GCG and GAS [11] and the presence of an Alulr
element located 2 bases upstream of the distal breakpoint (figure 2G). No repetitive
element is present at the upstream breakpoint. Examination of the MUTYH locus
using the Repeat-Masker software (http://www.repeatmasker.org/) revealed an Alu
density of 22.2% for an 11,800 kb region (chrl:45,794,343-45,806,142), which
includes the entire gene (11,229 bp), and 571 bp downstream, which encompasses
the distal breakpoint characterized in this study (figure 3).

This study is particularly important from both a clinical and research
perspective because we have identified the first large intragenic deletion in MUTYH:

a 4.285 kb homozygous deletion in a MAP patient
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(c.[348+33 *64+146del4285insTA];[348+33 *64+146del4285insTA]). This
mutation was submitted to the MUTYH LOVD Mutation Database and has been
publicly available since May 12th:
(http://chromium.liacs.nl/LOVD2/colon_cancer/variants.php?select db=MUTYH&a
ction=view&view=1012041%2C0002450%2C10). The patient presented a
homozygous deletion encompassing exons 4 to 16 detected and mapped through
PCR, aCGH and sequencing. Breakpoints were sequenced and analysis of the
junction sequence allowed us to postulate that classical nonhomologous end joining
(NHE)) is the most likely mechanism responsible for the deletion, as a 2-bp non-
template insertion sequence is observed at the breakpoint junction [12,13]. This
repair process involves the double strand breakage of DNA followed by end joining
in the absence of extensive sequence homology, and is associated with small
insertions at the junction sites [14] and with very short stretches of sequence identity
(a few bp) between the two ends of the breakpoint junctions [15]. Analysis of
breakpoints surrounding sequences revealed the presence of an AluJr adjacent to the
distal breakpoint and the existence of recombination/deletion promoting motifs [11]
such as GAG and GCS trinucleotides. These motifs are known DNA polymerase
pause-site core elements [16] and might have facilitated deletion.

In silico analysis of the Alu content in the MUTYH gene region revealed a high
ratio of Alu sequences per kb, with Alu elements occurring once in every 1.8 kb
(22.2%) when compared with the average of the human genome where Alu elements
account for about 10% and occur once every 3 kb [17]. A recent study of more than
20 genes found evidence that a high content of transposable elements causes

increased frequency of gene disruption by gross deletions in human disease [18].
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Additionally, the local enrichment of Alus has been observed in regions with
recurrent Alu-mediated rearrangements, e.g., the VHL locus in von Hippel-Lindau
disease patients [19], and in genes implicated in colorectal cancer-predisposing
disorders such as Lynch and Peutz—Jeghers syndromes (EPCAM-MSH2 [20] and
STK11 [21], respectively). However, not every Alu-rich gene is prone to this type of
deletion formation. Examples include the thymidine kinase or b-tubulin genes
[20,22]. In the MUTYH gene, a recent study has shown that a polymorphic AluY
insertion in intron 15 when in a homozygous state, leads to a 2.15 fold increase in the
levels of 8-0x0G in leukocyte DNA and is associated with type 2 diabetes mellitus
[23]; however, this insertion has not yet been studied in the context of colorectal

cancer.

Conclusions

Currently, there is no information on the percentage of defects in the MUTYH
gene caused by deletions/duplications of complete exons, and screening for this type
of mutation is not a common practice as it is with the APC gene. Our finding
highlights the importance of performing screening methods, such as gPCR, MLPA or
long-range PCR, for large MUTYH deletions in polyposis patients. Furthermore, it
remains to be addressed whether the high density of Alu elements in this gene can
cause an elevated frequency of Alu-mediated deletions and rearrangements.
Nevertheless, the evidence shown here suggests that deletions could represent an

important mechanism of loss of function in the MUTYH gene.
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Figures and Legends
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Figure 1: Family tree of patient FAP15. The proband is indicated by the arrow. The
proband’s age at onset of the polyposis (42 years) and of the rectal cancer (44 years)
are indicated. The patient presented unaffected deceased parents, four unscreened
(without colonoscopy) siblings and one affected sister. The affected sister presented
with polyposis at the age of 44 years. The Caucasian patient stated having

Portuguese great-grandparents and no report of inbreeding in her family.
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Figure 2: Homozygous deletion and characterization of the breakpoint in patient
FAPI15. A: Agarose gel of multiplex PCR performed for MUTYH exons 1 to 16 (E1-
E16) and control genes GAPDH or HPRT1. The patient (FAP15) exhibited absence
of amplification for MUTYH exons 3 to 16, whereas a healthy individual (Control)
presented all expected fragments. B: The blue line on the profile of chromosome 1
(bottom panel) indicates the mapping at 1p34.1 of the two intragenic probes with
log, ratio values compatible with a homozygous deletion (green circles, upper panel);
probes flanking this deletion (at 5° of MUTYH, and downstream of its 3’ end)
exhibited normal values. The red arrow indicates the position of probe
A 14 P118536 where novel reverse primers were designed. C: Schematic drawing
of the normal gene with genomic and cDNA (NM_001128425.1) positions of the

breakpoints. D: Schematic drawing of the deleted gene and primer locations (2F
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primer: chrl: 45800257-45800276; 16R1 primer: chrl: 45794388-45794407). E:
Agarose gel showing the amplification of the deletion junction in the patient and
amplicon absence in the control DNA pool. F: Partial chromatogram of the junction
sequencing showing in highlight the two inserted nucleotides (TA). G: Nucleotide
sequence around the deletion breakpoints and the deletion junction. Red larger
nucleotides are the non-template insertion (filler DNA). Light gray nucleotides
indicate the deleted sequence. Shaded nucleotides represent shared sequences
between the breakpoints. Rearrangement-promoting elements GAG/GCS* are shown
underlined. The gray arrow beneath the intergenic deleted sequence shows the
location of the AluJr element. *S denotes the ambiguity code symbol for G/C.

Coordinates at chromosome 1 are given according UCSC Feb. 2009 (GRCh37/hg19)

assembly.
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Figure 3: Short interspersed nucleotide element (SINE) content of the MUTYH
genomic region (chrl:45794343-45806142) (data from UCSC database and
RepeatMasker). A region of 11.8 kb is shown, extending 571 bp downstream of the
MUTYH gene. Vertical bars in the genomic sequence indicate exons. The direction of
the arrowheads denotes the orientation of the SINE repeat elements and each family
is represented by a different color (Red: AluJ, Blue: AluS, Green: MIR, Purple:
FLAM C). The black arrow indicates the AluJr element involved in the distal

breakpoint; no repetitive element is present on the proximal breakpoint.
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Abstract

Background: Familial adenomatous polyposis (FAP) is a hereditary colorectal
cancer syndrome caused by a loss of function of the APC gene. Large deletions in
APC are a common cause of FAP; despite the existence of a variety of gene dosage
detection methodologies, most are labor intensive and time and resource consuming.
Methods: We describe a new duplex qPCR method for gene dosage analysis based
on the coamplification of a target and a reference gene in a SYBR Green reaction,
followed by a comparison of the ratio between the target and the reference peaks of
the melting curve for the test (patient) and control samples. The reliability of the
described duplex qPCR was validated for several genes (APC, HPRT1, ATM, PTEN
and BRCA1L). Results: Using this novel gene dosage method, we have identified an
APC gene deletion in a FAP patient undergoing genetic testing. Comparative
genomic hybridization based on microarrays (aCGH) was used to confirm and map
the extent of the deletion, revealing a 5.2 MB rearrangement (5q21.3-q22.3)
encompassing the entire APC and 19 additional genes. Conclusion: The novel assay
accurately detected losses and gains of one copy of the target sequences, representing
a reliable and flexible alternative to other gene dosage techniques. In addition, we
described a FAP patient harboring a gross deletion at 5q21.3-q22.3 with an unusual

phenotype of the absence of mental impairment and dysmorphic features.

Keywords: Gene dosage; quantitative PCR; familial adenomatous polyposis; APC

whole gene deletion
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Background

Familial adenomatous polyposis (FAP) is a dominantly inherited syndrome
characterized by the development of hundreds of adenomatous colorectal polyps and,
consequently, colorectal cancer (CRC) [1,2]. FAP is caused by mutations in the
tumor suppressor gene APC (adenomatous polyposis coli - NM_000038.5) mapped
at 5q21-q22 [3, 4]. Over 1100 different pathogenic APC mutations have been

reported to date (LOVD Mutation Database - http://www.lovd.nl/2.0/), and the great

majority are nonsense mutations or small deletions and insertions leading to a
truncated protein. Large gene deletions account for approximately 5% of the
germline APC mutations, but the true prevalence of this type of alteration remains
unknown due to the lack of easy screening techniques [5]. Such alterations have been
detected by Southern blotting, MLPA®, competitive and differential qPCR, long-
range PCR and DNA array-based methods [6]. Despite the great variety of
techniques that exist to determine gene dosage, most of them are labor intensive and
time and resource consuming.

The aim of this study was to develop a novel gene dosage method using
SYBR Green to confirm a genomic alteration in a FAP patient. The technique is
based on the coamplification, by duplex PCR, of the target and reference genes and
the comparison of the peaks of the melting curve (PMc) ratio between patient and
controls. This method was successfully validated and applied to identify a large
genomic deletion encompassing the APC and 19 additional genes. Thus, this paper
presents the detailed description of this novel gene dosage method, as well as

evaluates the genotype-phenotype correlation of the APC-deleted patient.
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Methods
Samples

The index patient (FAP02) was a Brazilian male with clinically suspected FAP
identified in the Hereditary Colorectal Cancer Registry of AC Camargo Hospital
(Sao Paulo, Brazil). His family history was accessed through the index patient report:
his paternal grandmother, his father and one paternal uncle were affected with polyps
and CRC at unknown ages, and one sister presented with polyps/CRC at the age of
44 that progressed to liver metastasis. The affected relatives were deceased;
therefore, no biological material was available for mutation screening. One
unaffected sister and one unaffected niece were available for genetic testing
(Additional file 1, supplementary figure 1). The index patient was diagnosed with
colorectal cancer (TINOMO) at the age of 40, and harbored more than 100
synchronous adenomatous colorectal polyps, including duodenal and gastric polyps;
no signs of other extracolonic manifestations commonly associated with FAP were
observed. The patient was referred for total proctocolectomy with ileoanal pouch
anastomosis. Examinations performed by a gastroenterologist and a genetic
counselor did not identify any dysmorphic features or severe mental impairment. The
patient completed his high school education at a regular school, and then has been
working and living independently.

The validation of the gene dosage assay was performed on samples from 24
healthy controls and three patients with previously detected genomic alterations. In
addition, the novel missense variant identified in the FAP patient was screened for in

95 healthy individuals.
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This study was executed in compliance with the Helsinki Declaration and was
approved by the ethics committee of AC Camargo Hospital (approval number:
1169/08-B). Written informed consent was obtained from all patients and controls.
Genomic DNA from patients and controls was obtained from blood samples using
the Puregene Genomic DNA Isolation Kit (Gentra Systems - Minneapolis, MN,
USA) according to the manufacturer’s instructions. The DNA concentration was
verified with a NanoDrop 1000 Spectrophotometer (Thermo Fisher Scientific —
Waltham, MA, USA) and DNA samples were diluted to a concentration of 25 ng/uL.
Immediately before the qPCR assay, the concentration of DNA samples was
reassessed and they were diluted to a 3.6 ng/uL solution, from which 5 pL was used

in each qPCR reaction (a total of 18 ng).

PCR and sequence analysis

Sanger sequencing of all APC exons (NM_000038.5), including intron-exon
boundaries, was performed in the FAP patient. The amplified fragments were
directly sequenced in both directions using the ABI3130xl sequencer (Applied
Biosystems - Foster City, USA). The output results were aligned to the reference
sequence using CLC Bio Main Workbench Software (Muehltal, Germany). In
addition, the presence of the novel missense variant was screened for in 95 control
samples by PCR followed by sequencing. The primer sequences and PCR conditions

are available upon request.
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SYBR-based duplex gPCR

Two main principles were followed for designing the duplex qPCR primers, as
follows.

1) The total length of the amplicon (including the primers) should be between
90 and 220 bases.

2) Amplicons for the target and reference genes should have a minimum of 5
°C of difference between their melting temperatures (Tm), such that a clear
individualization of target and reference gene melting peaks can be achieved.

In all duplex qPCR reactions, the target and reference genes were coamplified
with 0.15 pmol of each primer, 18 ng of DNA and 1X SYBR® Green PCR
MasterMix (Applied Biosystems - Foster City, CA, USA) in a 20 pL reaction. gPCR
was performed using an ABI Prism 7500 detection system (Applied Biosystems -
Foster City, CA, USA). The amplification conditions were as follows: a 10 min
preincubation at 95°C followed by 25 cycles of 15 sec at 95°C and one minute at
60°C. The reduced number of cycles (25) maintains the reaction in the exponential
phase, ensuring that the final amount of amplified product (demonstrated by the PMc
height) is proportional to the starting amount of template DNA.

After coamplification, the PCR products were subjected to a linear temperature
transition from 60°C to 95°C at 0.1°C/s, and melting curves of the decrease of SYBR
Green fluorescence were generated using the ABI Prism 7500 software (Applied
Biosystems - Foster City, USA). The PMc were identified by plotting the negative
first derivate of the change in fluorescence (—dF/dT, the rate of change of
fluorescence) vs. temperature, allowing discrimination of the two PMcs, one from

the reference gene and the other from the target gene.
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The ratio between the target and reference PMc height reflects the relative
concentration of the target gene in the sample. Normalizing the PMc target/reference
ratio of the patient sample with the PMc ratio of the control sample generates a value
that corresponds to the DNA dosage, revealing whether the target sequence is
deleted, duplicated or normal. Ratios between 0.9 and 1.1 were considered normal,
ratios between 0.6 and 0.7 indicated deletions of one allele, and ratios above 1.4
indicated amplifications; ratios outside these intervals were considered inconclusive
and repeated. Values were determined empirically based on the X chromosome
dosage assay, target genes validation tests and sensibility assay described below. All
the assays included three healthy controls and were performed in duplicate for
patients and controls.

Validation of this novel gene dosage assay was accomplished through the
assessment of X chromosome dosage in 24 healthy controls (12 males and 12
females) by determining the ratio between HPRT1 exon 3 (Xq26.1), as the target
gene, and GAPDH intron 7 (12p13), as the reference gene. A control sample from a
female was used to normalize the ratios. Further validation was performed for
different target genes (ATM exon 4, PTEN exon 2 and BRCA1 exon 24) in samples
from patients harboring germline gene deletions and duplications previously detected
by aCGH in other studies of our group.

For the FAP patient, the duplex qPCR was performed for APC exons 2 and 15
using GAPDH as the reference gene. After confirming the APC deletion in this
patient, the detection sensitivity of this method was assessed by mixing five different
DNA proportions of the APC-deleted patient (P) and a healthy control (C). We used

18 ng of DNA in each reaction as follows: 1 P: 0 C (18 ngP:0ngC); 3P:1C
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(13.5ngP:45ngC); 1P:1COngP:9ngC); 1 P:3C4.5ngP:13.5ngC);
and 0P : 1 C (0ngP: 18 ng C). All mixtures were submitted to a duplex qPCR for
the APC exon 15 as the target gene and GAPDH as the reference gene. Experiments
were performed in duplicate and data obtained from the sample containing only

DNA from the wild-type control was used to normalize the PMc ratios.

aCGH experiments and data analysis

Comparative genomic hybridization based on microarrays (aCGH) was
performed in duplicate for patient FAP02 using an 180K whole-genome platform
(OGT - Oxford, UK). Briefly, the samples were labeled with Cy3- and Cy5-dCTPs
by random priming. Purification, hybridization, and washing were performed as
recommended by the manufacturer. Data extraction was conducted using the Feature
Extraction software (Agilent Technologies - Santa Clara, USA). Genomic
Workbench software (Agilent Technologies - Santa Clara, USA) was used to identify
the constitutive genomic imbalances using the statistical algorithm ADM-2 with a
sensitivity threshold of 6.7 and threshold log2 ratios of 0.4 and 1.1 for duplication
and high copy number gains, and -0.4 and -1.1 for deletion and homozygous loss,

respectively.

Results
A novel homozygous missense variant (c.6965A>G p.GIn2322Arg — figure
1A) at exon 15 was identified in one FAP Brazilian patient undergoing genetic

testing of the APC gene (consulted databases: LOVD -http://www.lovd.nl/2.0/,

dbSNP  -http://www.ncbi.nlm.nih.gov/projects/SNP/, and 1000 Genomes -
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http://www.1000 genomes.org/). Because FAP is generally characterized by loss of

function mutations in only one allele, the presence of an undescribed homozygous
missense mutation led us to suspect the existence of a large APC deletion in the
second allele. To test this hypothesis, we developed and validated a new SYBR®
Green-based duplex gPCR method for gene dosage assessment.

To determine the ability of our technique to dose chromosomal copy
alterations, an X chromosome dosage assessment was carried out. Male and female
control samples were evaluated to determine the ratio of the HPRT1 (Xq26.1) and a
reference gene (GAPDH). The normalized PMc ratios from the male samples ranged
from 0.63 to 0.70, and the ratios from the female samples ranged from 0.90 to 1.09,
indicating the presence of one X chromosome in the male samples and two in the
female samples (figure 2A). Visual inspection revealed a clear reduction in the
HPRT1 melting peak in the male samples relative to that in the female samples
(figure 2B).

To further validate this approach for different target genes and samples, we
used genomic DNA previously submitted to aCGH in which chromosomal alteration
had been detected (data not shown). The duplex qPCR was performed in two
samples harboring gene deletions and one sample carrying gene duplication. All
genomic alterations were confirmed by this method: the deleted samples showed
normalized PMc ratios of 0.63 and 0.64 (ATM and PTEN genes, respectively), and
the BRCA1 duplicated sample displayed a normalized PMc ratio of 1.5. No overlap
between the ratios of any of the wild-type controls and the ratios of the

deleted/duplicated patients was detected.
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For the APC gene, the duplex qPCR was performed for exons 2 and 15, and
gave normalized PMc ratios of 0.67 and 0.61, respectively (figure 1B), revealing a
heterozygous deletion for these APC exons in the FAP patient. These results were
confirmed using standard differential qPCR with 2%2°Y calculations [7] (see
Additional file 1, Methods), which revealed values of 0.56 and 0.49 for APC exons 2
and 15, respectively. With the purpose of elucidating the extent of the patient APC
deletion, aCGH was executed using an OGT 180K whole-genome platform; we
detected a 52 Mb deletion at 5921.3-q22.3 —
chr5:2.(107,755,923 107,818,559) (113,079,145 113,113,875)del (UCSC  Feb.
2009 — GRCh37/hgl19) — that encompasses the entire APC gene and 19 additional
genes (figure 1C).

Finally, the sensitivity of this method was assessed by mixing different
proportions of DNA from the deleted FAP patient and a healthy control (figure 3A
and B). The results demonstrated that this approach could detect gene dosage
alterations even when only 25% of the DNA carried the heterozygous gene deletion

(proportion 4), making this technology capable of detecting mosaic gene deletions.

Discussion

We have described a simple and inexpensive duplex gPCR method employing
SYBR Green for the assessment of DNA copy number, thereby revealing genomic
duplications and deletions. We also identified a FAP patient carrying a 5.2 MB
deletion in 5qg21.3-q22.3 in addition to a novel missense APC variant
(p.GIn2322Arg). We examined the presence of this undescribed missense variant in

95 healthy controls, and the alteration was not detected in any control individual.
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Because FAP is a dominant condition that is usually caused by truncating mutations
or large deletions in the APC gene, we strongly believe that the causative mutation of
the polyposis observed in this family is the large deletion and that the missense
variant represents a rare neutral variant in the index patient.

Data regarding clinical characteristics of individuals carrying whole-gene APC
deletions are limited. However, reported cases have consistently exhibited a degree
of polyposis typical of classical FAP (between 100 and 1000 adenomatous polyps)
[8,9,10]. Our patient was diagnosed with colorectal cancer at the age of 40 and
harbored more than 100 adenomatous colorectal polyps, including duodenal and
gastric polyps, but no other extracolonic manifestations commonly associated with
FAP (desmoids, osteomas, cutaneous soft-tissue tumors, dental abnormalities and
CHRPE).

Severe to mild mental impairment is an additional common phenotype
described for FAP individuals with chromosomal deletions at 5q15-q22, 5q21—-q22
and 5g22.1-q31.1, as revised by Readle et al. [9] and described in the Decipher

Database (http://decipher.sanger.ac.uk/). Furthermore, those patients have generally

been characterized by dysmorphic facial features, including macrognathia,
hypertelorism, a high forehead, a well-demarcated philtrum, a high arched palate,
and “carp mouth” [10]. The similarities between these patients raise the possibility
that the various phenotypes represent a contiguous gene syndrome resulting from
partial or complete loss of adjacent genes at 5q, usually occurring as de novo
mutations, with only a few deletions being described as inherited within families [9].
In these patients, distal deletions (5q22 to 5q31.1) appear to be associated with

severe intellectual disability, while deletions encompassing the 5q15 to 5922 region
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result in a milder phenotype in terms of both intellectual disability and physical
features [8,9]. In our study, the identified gross deletion (5q21.3-q22.3) encompasses
the entire APC gene and 19 additional genes and is likely to have been present in this
family for at least three generations, with a quite unusual phenotype of absence of
mental impairment and dysmorphic features. However, mild mental impairment
cannot be ruled out because no test was applied to measure the cognitive ability of
the index patient.

To date, the most frequently used techniques to detect gene copy number
alterations include aCGH, which is expensive; MLPA®, which depends on the
availability of the gene of interest; and quantification using real-time PCR, which can
be performed with intercalating dyes (such as SYBR® Green) or TagMan® assays.
The latter are more financially onerous because specific primer and probes sets for
each target gene must be ordered commercially.

Regular SYBR® Green qPCR can be performed either in a single tube with
an internal control fragment (competitive PCR) or using separate reactions for the
target and control genes (differential PCR). However, competitive qPCR is a time-
consuming process that is limited to sets of primers available from one supplier [11],
and the reproducibility of differential qPCR 1is inevitably compromised by the
variable efficiency of the PCR itself because small variations in reaction components
can greatly influence the final yield of the amplified product [12,13]. In this sense, a
duplex PCR, as performed in this study, avoids the variations in template starting
amounts that can occur in independent PCR reactions, e.g., due to operator loading

€ITors.
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It is important to notice that this method requires that target and reference
gene amplicons display a minimum difference between the melting temperatures,
such that a clear individualization of the target and the reference gene melting peaks
can be achieved. In our experience, this minimum difference was >5°C. Another
important point to consider is that, similar to other amplicon-based gene dosage
approaches, the duplex qPCR only assesses the copy number of the amplified region
(90-220 bp), meaning that primers for each exon should be designed to screen the
entire coding-sequence of a gene.

The novel assay presented here accurately detected losses and gains of one
copy of the target sequence in all analyses (including mosaics of down to 25% of
heterozygous mutated cells). Therefore, this methodology represents a reliable and
flexible alternative both for screening gene dosage changes and as a validation assay
for previously detected alterations. Nevertheless, validation of this technique for
diagnostic purposes demands additional analytical studies in larger cohorts and for

different genes.

Conclusions

We have described a simple and inexpensive duplex qPCR method
employing SYBR Green for the assessment of DNA copy number, thereby revealing
genomic duplications and deletions. We also reported a FAP patient carrying a 5.2
MB deletion at 5q21.3-q22.3 in addition to a novel missense APC variant
(p.GIn2322Arg). This gross deletion that encompasses the entire APC gene and 19

additional genes is likely to have been present in this family for at least three
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generations, with a quite unusual phenotype of absence of mental impairment and

dysmorphic features.
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Figure 1: Missense mutation and deletion of the APC gene in one FAP patient.

A: Chromatogram of the novel missense variant ¢.6965A>G p.GIn2322Arg in APC

exon 15 apparently in homozygosis. B: Melt curve of duplex qPCR of APC exon 15

and GAPDH intron 7 (reference gene) — PMc ratio of APC/GAPDH in the control

sample was 1.4 and in the FAP patient it was 0.86, leading to a normalized PMc ratio

of 0.61 for the FAP patient, indicating the presence of deletion. C: aCGH

chromosome 5 profile of the FAP patient showing a 5.2 Mb deletion at 5q21.3-q22.3

that encompasses the entire APC sequence (red circle) and 19 additional genes.
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Figure 2: X chromosome dosage assay for validation of the SYBR Green Duplex
qPCR. A: Distribution of the normalized HPRT1 / GAPDH ratio in 24 control
samples (12 females and 12 males); the normalized ratio of the 12 female samples
ranged from 0.90 to 1.09, while in the 12 male samples the range was from 0.63 to
0.70, when using a female sample as the control. B: Visual comparison of the melt
curve revealing a reduction of the HPRT1 peak when comparing a male to a female

sample.
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Figure 3: Sensitivity of the Duplex qPCR. The sensitivity of this methodology was

investigated by mixing different DNA proportions of the deleted patient and a

healthy control. A: First panel presents the melting curve of the five different DNA

proportions used (described in the first line of the table); second and third line show

the gene dosage ratio between APC and GAPDH present in each mixed DNA

solution and the respective expected normalized PMc ratio; last line presents mean

and standard deviation (SD) of the observed normalized PMc ratio duplicates. The
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results demonstrated that this approach could detect gene dosage alterations even
when only 25% of the DNA carried the heterozygous gene deletion (proportion 4 = 1
P : 3 C). B: Linear regression of the observed normalized PMc ratio in relation to the

expected PMc ratio, demonstrating an r* of 0.957.
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Additional file 1

Methods:

Differential qPCR: 18 ng of each DNA sample was amplified in a 20 pL reaction
containing 0.3 pmol of each primer and 1X SYBR® Green PCR MasterMix (Applied
Biosystems). qPCR was performed on an ABI Prism 7500 detection system (Applied
Biosystems) as following: preincubation of 95°C for 10 minutes and, 40 cycles of
denaturation at 95°C for 15 seconds and annealing and extension at 60°C for 1
minute. Samples were amplified in duplicate for both target and normalizer genes.
The average C, of duplicates was used in the gene dosage ratio calculations. For each
exon, four control individuals were used to calculate the average control C,. Gene
dosage ratios were calculated using the following equation: 27AC4 (tareet) - ACq (reD]
where AC, (target) equals the difference between the C, values for the patient and the
control average for the target exon, and AC, (ref) equals the difference between the
Cq values for the patient and the control average for the reference gene. The pAAca
method was performed for two APC exons (2 and 15) and for two reference genes:
GAPDH intron 7 (12p13) and HPRT1 exon 3 (Xq26.1). Ratios in the range 0.82 -
1.22 were considered normal, ratios between 0.41 and 0.61 indicated one copy

deletion, and ratios > 1.4 indicated amplifications (10% error in measured

concentration).
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Supplementary Figure 1: Family pedigree of patient FAP02. The arrow indicates
the index patient. All affected individuals presented both polyposis and colorectal
cancer. The patient presented four affected deceased relatives: grandmother, uncle,
father and one sister. One unaffected sister (III:4) and one unaffected niece (IV:1)
were tested and neither the deletion nor the missense variant were detected. Genetic
testing of the unaffected individual II:1 could not be performed. The symbol (?)

indicates unknown cause of death in individuals II:3 and I1:4.
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ABSTRACT

Background: Patients with multiple colorectal adenomas are currently
screened for germline mutations in two genes, APC and MUTYH. APC-mutated
patients present classic or attenuated familial adenomatous polyposis (FAP/AFAP),
while patients carrying biallelic MUTYH mutations exhibit MUTY H-associated
polyposis (MAP). The spectrum of mutations as well as the genotype-phenotype
correlations in polyposis syndromes present clinical impact and can be population
specific, making important to obtain genetic and clinical data from different
populations. Methods: DNA sequencing of the complete coding region of the APC
and MUTYH genes was performed in 23 unrelated Brazilian polyposis patients. In
addition, mutation-negative patients were screened for large genomic rearrangements
by multiplex ligation-dependent probe amplification, array-comparative genomic
hybridization, and duplex quantitative PCR. Biallelic MUTYH mutations were
confirmed by allele-specific PCR. Clinical data of the index cases and their affected
relatives were used to assess genotype—phenotype correlations. Results: Pathogenic
mutations were identified in 20 of the 23 probands (87%): 14 in the APC gene and
six in the MUTYH gene; six of them (30%) were described for the first time in this
series. Genotype-phenotype correlations revealed divergent results compared with
those described in other studies, particularly regarding the extent of polyposis and the
occurrence of desmoid tumors in families with mutations before codon 1444 (6/8
families with desmoid). Conclusions: This first comprehensive investigation of the
APC and MUTYH mutation spectrum in Brazilian polyposis patients showed a high
detection rate and identified novel pathogenic mutations. Notably, a significant
number of APC-positive families were not consistent with the predicted genotype-
phenotype correlations from other populations.

Keywords: APC, MUTYH, genotype-phenotype, mutation screening, polyposis
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BACKGROUND

Patients with multiple colorectal adenomas are screened for germline
mutations in two distinct genes, APC and MUTYH. According to the polyp number
and age of onset, the phenotype of APC-mutated patients can be classified as
classical familial adenomatous polyposis (FAP: more than 100 polyps, early onset)
or attenuated FAP (AFAP: fewer than 100 polyps with later onset) [1-3]. MUTYH
biallelic mutation carriers usually present 10 to 100 polyps and are categorized as
having MUTYH-associated polyposis (MAP) [4].

FAP/AFAP (OMIM #175100) is a dominantly inherited colorectal cancer
(CRC) predisposing syndrome [1, 2] caused by mutations in the tumor suppressor
gene adenomatous polyposis coli (APC). The encoded APC protein controls [-
catenin turnover in the Wnt pathway [5, 6]. Besides colonic polyposis and colorectal
cancer, individuals with FAP can present a number of benign extracolonic features,
including multiple osteomas, epidermoid cysts, desmoid tumors, and congenital
hypertrophy of the retinal pigment epithelium [2]. Over 1100 different pathogenic

APC mutations have been reported to date in the Leiden Open Variation Database

(http://www.lovd.nl/2.0/), the majority of them being nonsense mutations or small
insertions or deletions that lead to a truncated protein. Mutations causing AFAP have
been reported to occur mainly in three regions of APC: at the 5" end (the first five
exons), in the alternatively spliced region of exon 9, or at the 3’ end (after codon
1580) [7-9].

MAP (OMIM #608456) is a recessively inherited syndrome caused by
biallelic mutations in the mutY homolog (MUTYH) gene that maps to chromosome

1p34.1 [4]. MUTYH encodes a DNA glycosylase that plays a key role in the base
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excision repair pathway by removing mispaired bases caused by the oxidation
product 8-0xo0G [4]. Nearly 300 different sequence variants have been identified in
this gene (LOVD Mutation Database), including about 80 pathogenic mutations
distributed throughout the gene at positions corresponding to different functional
domains of the encoded protein [10]. In contrast to APC pathogenic variants, which
mostly result in a truncated or absent protein, most MUTYH pathogenic variants are
missense substitutions and only a minority are splice site or truncating mutations
[11].

With regard to clinical features, most MUTYH-mutated patients present 10 to
100 colorectal adenomas, usually with later onset compared with FAP patients [4, 12,
13]. MUTYH mutation carriers represent approximately 7.5% of patients with more
than 100 adenomas without an APC mutation, 40% of all patients with 10-100
polyps, and 0.3—1.7% of patients with fewer than 10 polyps and early-onset CRC
with no family history [12, 14, 15, 16]. Furthermore, it has also been reported MAP
patients having no polyps at the time of CRC diagnosis [17, 18].

Because of the observed overlap between the clinical phenotype of
FAP/AFAP and MAP syndromes, the identification of the causative mutation has
important implications for family management, allowing effective clinical
surveillance and accurate genetic counseling. Moreover, the spectrum of mutations
and the genotype—phenotype correlations may have clinical impact and can be
population-specific. Therefore, it is important to obtain genetic and clinical data from
FAP/AFAP and MAP families in different populations.

The aim of this study was to conduct a comprehensive molecular analysis to

determine the spectrum of point mutations and large genomic rearrangements (LGR)
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in the APC and MUTYH genes in a series of 23 Brazilian polyposis patients. This
paper summarizes the mutation screening data and outlines the most cost-effective
approach to detect APC and MUTYH mutations in Brazilian polyposis patients. In
addition, we discuss the genotype—phenotype associations found in these families in

the context of previously described data from the literature.

METHODS

Patients

The study examined the Hereditary Colorectal Cancer Registry of A. C.
Camargo Hospital (Sao Paulo, Brazil) [19], for families clinically suspected for FAP
(> 100 colorectal adenomas) or AFAP/MAP (10-100 colorectal adenomas), enrolled
between January 1998 and July 2011. Between 2010 and 2011, the genetic test was
offered to forty registered unrelated polyposis families, from which 23 were
available and willing to undergo genetic testing. Index patients were interviewed
after providing informed consent and the family history was obtained through verbal
report and, whenever possible, confirmed with clinical or pathological reports.

This study was performed in compliance with the Declaration of Helsinki and
was approved by the ethics committee of A. C. Camargo Hospital (approval number:
1169/08-B). Once a mutation was identified in the index case, genetic counseling and

molecular testing were offered to relatives.
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PCR and sequence analysis

Mutation screening was performed by capillary sequencing of all coding
exons of the APC [GenBank:NM 000038.5] and MUTYH
[GenBank:NM_001128425.1] genes, including the intron—exon boundaries. Patients
clinically suspected for FAP (> 100 polyps) were first screened for APC mutations,
while patients with attenuated polyposis (< 100 polyps) were first screened for
MUTYH mutations. Patients negative for the first screened gene were then screened
for the remaining one.

Genomic DNA was obtained from leukocytes using a Puregene Genomic
DNA Isolation Kit (Gentra Systems, Minneapolis, MN, USA) according to the
manufacturer’s instructions. PCR reactions used 25 ng of template and 500 nM of
each primer in a final volume of 20 pl with GoTaq Green Master Mix (Promega,
Madison, WI, USA). Approximately 200 ng of PCR-amplified fragments were
purified with ExoSAP-IT (USB Corporation, Cleveland, OH, USA) and sequenced in
both directions. Products were analyzed using an ABI 3130xl DNA sequencer
(Applied Biosystems, Foster City, CA, USA) and the resulting sequences were
aligned using CLCBio Genomics Workbench Software (Muehltal, Germany). The
sequences of primers used for these analyses are available upon request. All
mutations were confirmed in a second DNA sample. Mutations were recorded and
referenced with respect to the cDNA sequence, using the nomenclature guidelines
proposed by the Human  Genome  Sequence  Variation  Society

(www.hgvs.org/mutnomen).
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Allele-specific PCR

Allele-specific PCR [20] was performed for MUTYH mutations to confirm
the presence of two heterozygous alleles (compound heterozygosity). Primers were
designed to be specific for the wild-type or mutated nucleotide of one of the MUTYH
mutations. Sequencing of allele-specific PCR amplicons was performed to reveal the
haplotype phase of the second mutation. PCR conditions and primers are available

upon request.

LGR screening

Seven patients were selected for LGR screening using multiplex ligation-
dependent probe amplification (MLPA), array-comparative genomic hybridization
(aCGH), and duplex quantitative PCR (qPCR): five negative for APC or MUTYH
point mutations, one with a novel APC missense variant, and one with a monoallelic
MUTYH mutation. All experiments were performed in duplicate.

MLPA was performed using the SALSA P043-C1 APC Probemix kit (MRC
Holland, Amsterdam, The Netherlands) following the manufacturer’s protocol. PCR
products were analyzed using an ABI 3130x]1 DNA sequencer (Applied Biosystems -
Foster City, CA, USA), and gene dosage was calculated using Coffalyser V9.4
software (MRC Holland, Amsterdam, The Netherlands).

The aCGH platform used in this study was the SurePrint G3 Human CGH
Microarray Kit 4x180k (G4449A; Agilent Technologies, Santa Clara, CA, USA),
which has an average resolution of 18 kb, with 13 and three probes located within
APC and MUTYH, respectively. Briefly, samples were labeled with Cy3- or Cy5-

dCTPs by random priming. Purification, hybridization, and washing were performed
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as recommended by the manufacturer. Data extraction was conducted using Feature
Extraction software (Agilent Technologies - Santa Clara, CA, USA). Genomic
Workbench software (Agilent Technologies - Santa Clara, CA, USA) was applied to
identify constitutive genomic imbalances using the statistical algorithm ADM-2, with
a sensitivity threshold of 6.7, and a threshold log; ratio of 0.4 for duplication and —
0.4 for deletion.
Genomic alterations identified by MLPA and aCGH were validated using the

duplex gPCR method previously established by our group [21].
Variant analysis

Mutations in the APC or MUTYH genes were considered deleterious if they: a)
were classified as pathogenic in LOVD database; b) introduced a premature stop
codon in the protein sequence (nonsense or frameshift mutation); ¢) occurred at
donor or acceptor splice sites; or d) were whole-exon deletions or duplications. To
establish the pathogenicity of one novel missense variant, web-based programs that
predict the effect of an amino acid substitution were applied (SIFT, Polyphen, and
MutationTaster). In addition, the frequency of this variant was assessed in 95 healthy

Brazilian individuals.

Clinical features and genotype-phenotype correlations

The following clinical and pathological data were obtained from all families
from the Hereditary Colorectal Cancer Registry of A. C. Camargo Hospital [19]:
number of affected individuals, age at diagnosis, number of patients with
extracolonic features, and primary sites of extracolonic tumors. The extent of

polyposis burden (number of adenomas) was assessed for the index cases through
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colonoscopy records and/or pathological report from surgical specimens. For most
family members this information was unavailable. Patients and their families were
grouped according to the affected gene and the index case polyposis burden into five
categories: group 1, APC-mutated families with fewer than 100 colorectal adenomas
(attenuated polyposis); group 2, APC-mutated families with 100-1000 adenomas
(intermediate polyposis); group 3, APC-mutated families with more than 1000
adenomas (severe polyposis); group 4, MUTYH-mutated families; and group 5,
mutation-negative families.

Genotype—phenotype correlations in the three APC-mutated groups were
compared with those previously described, as reviewed by Nieuwenhuis and Vasen
(2007) [22]. This review evaluated a large number of studies in FAP patients and
proposed a categorization of the phenotypes according to the severity of the
polyposis and the associated site of the APC mutation.

Statistical evaluation was performed using the Student’s t-test using Prism 5
software (GraphPad, San Diego, CA, USA). Statistical significance was set at a p-

value < 0.05.

RESULTS

Twenty-three Brazilian families with a clinical diagnosis of classical or
attenuated polyposis were included in this study. The majority of the index cases (15)
presented an intermediate or severe FAP phenotype (> 100 polyps) and 13 of them
harbored an APC pathogenic mutation, while one patient was mutation-negative and

one had a monoallelic MUTYH mutation. The remaining eight patients presented an
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attenuated polyposis burden (< 100 polyps), among whom five carried biallelic
mutations in the MUTYH gene, one carried a novel APC duplication of exons 1-3,
one presented a novel APC missense variant, and one was mutation-negative. Seven
novel germline mutations (six pathogenic and one variant of unknown significance)
were detected in this cohort, and two of them have been recently published by our
group [21, 23]. The APC and MUTYH mutation spectrum, including information

about previous reports of the detected mutations, is summarized in Table 1.

APC mutations

Fourteen pathogenic APC mutations were identified in this series: three small
duplications, five small deletions, four nonsense mutations, one multiple exon
duplication, and one whole-gene deletion. Six of them were novel mutations (Table
1). All patients presented distinct mutations, except for two unrelated probands that
presented the hotspot mutation at codon 1309 (c.3927-3931delAAAGA;
p.Glul1309Aspfs*4).

One patient (ID13) presented a novel missense APC variant of unknown
significance: ¢.5365G>C (p.Vall789Leu). This patient was diagnosed with
attenuated polyposis at the age of 56 years, presenting around 20 polyps at the time
of clinical diagnosis. In silico studies using three different functional prediction
programs (Polyphen, SIFT and MutationTaster), which all classified the
p.Vall789Leu variant as having minimal or no effect on protein function, with the
following scores: 0 (Polyphen); 0.30 (SIFT); 0.87 (P: 0.99, MutationTaster). Because
the proband was the only affected member of the family, it was not possible to

perform co-segregation analysis of the variant with the disease within the family;
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nevertheless, this variant was not detected in a control population of 95 healthy
individuals.

In this series, two patients presented APC LGRs, identified by MLPA and/or
aCGH and confirmed by gene dosage qPCR. Patient ID02 presented a 5.2-Mb
deletion at 5921.3—q22.3 that encompassed the entire APC gene and 19 additional
genes, which have been previously published by our group [21]. The second patient
(ID17) presented a duplication of APC exons 1-3 that was identified by MLPA
(Figure 1A) and validated by duplex qPCR [21] (Figure 1B).

MUTYH mutations

Biallelic germline mutations in the MUTYH gene were identified in five
patients, among whom two were homozygotes for the causative mutation and the
remaining three were compound heterozygotes for two distinct pathogenic variants.
A monoallelic mutation was identified in one patient.

One patient (ID19) and her brother were homozygous for the p.Arg241Trp
missense mutation, because of a consanguineous marriage between the parents. The
second homozygous patient presented a deletion of exons 4-16
(c.348+33 *64+146del4285insTA) on both alleles, and stated having no known
inbreeding in her family. This 4,285 bp deletion was the first LGR to be described in
MUTYH, recently published by us [23] and by an independent group that found this
deletion in a French patient [24].

For the three patients harboring two distinct pathogenic variants (ID16, ID18,
and 1D447), we used allele-specific PCR to confirm the biallelic nature of the

mutations. All cases presented the hotspot missense mutation p.Tyr179Cys in one
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allele accompanied by a second truncating mutation in the remaining allele (one
deletion, one duplication, and one splice site mutation).
One patient (ID24) was a monoallelic carrier of the hotspot missense mutation

p.Gly396Asp, and no other mutation could be identified.

Clinical Features

Clinical records and verbal reports obtained from the 23 index patients and
their relatives revealed 113 affected individuals among all families; their summarized
clinical data are described in Table 2.
Polyposis/CRC age at diagnosis

Across the entire series, the average age at diagnosis and first symptoms of
CRC and/or polyposis was 32.6 years (range 7-67 years). The mean age of onset in
APC-positive families was 46.3 years (range 35-56) for group 1 (attenuated FAP);
35.7 (range 18-67) for group 2 (intermediate FAP); and 29.2 (range 7-58) for group
3 (severe FAP). MAP families presented a mean age of 37.9 years (range 27-53
years); while the average age of onset in families with no identified mutation was
27.5 years (range 2629 years). Comparison among the five groups revealed that the
APC-positive group 1, group 2, and MAP patients demonstrated a later age of onset

compared with the severe FAP patients (group 3) (Figure 2).

Extracolonic manifestations
Extracolonic manifestations were reported in all APC-mutated families (Table
2). Gastric and duodenal polyps (upper gastrointestinal polyps) were the most

common extracolonic manifestations observed in these patients, and occurred in
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11/14 families (79%) and across all three APC groups. Osteomas were observed most
often in the severe FAP patients (6/9), and epidermoid cysts/lipomas occurred in the
intermediate and severe FAP patients (5/13).

Desmoid tumors were observed in 8/14 APC-positive families (57%) and
were associated with different mutation sites, with only two of them occurring after
codon 1444. Five families had more than one individual affected by desmoid tumors.

MAP families had fewer extracolonic manifestations: only one family
presented upper gastrointestinal polyps and none presented desmoid tumors.

Regarding other tumor sites, papillary thyroid carcinoma appeared in one
family of APC group 3; liver and breast cancers were reported in two families each:
one from group 2 and one from group 3; uterine cancer was reported in one group 1
and one group 4 (MAP) family. Finally, lung, hematologic, brain, or skin cancer and

melanoma were reported in one family each.

Comparison with described APC genotype—phenotype correlations
Genotype—phenotype correlations in polyposis syndromes have been
evaluated in several studies, and a general association between the location of the
mutation and the clinical manifestation has been observed, albeit with some
inconsistencies [7, 21, 25-27]. Recently, Nieuwenhuis and Vasen (2007) [22]
performed a meta-analysis and proposed categorization of the phenotypes into three
degrees of polyposis severity and the associated site of APC mutation. Attenuated
FAP was associated with mutations before codon 157, after codon 1595, and in the

alternatively spliced region of exon 9; severe polyposis was related to mutations
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between codons 1250 and 1464; and an intermediate phenotype was associated with
APC mutations located in the remaining sequence of the gene (Figure 3).

We compared the clinical and genetic data from our cohort with the APC
codon limits defined by Nieuwenhuis and Vasen (2007) [22]. Figure 3A and B show
the distribution of the polyposis phenotype of the index cases according to the
location of their APC mutation, and compare it with the genotype—phenotype
correlations previously proposed. Nine (64%) of 14 FAP families with an APC
pathogenic mutation presented the expected polyposis severity according to the
location of the APC mutation, while the remaining five families exhibited discordant
results from the anticipated phenotype. Nine families presented a profuse polyposis
burden (> 1000 polyps) — two of them carried a mutation in codon 1309, two in
codon 1367, and one in codon 1294, while the four remaining patients carried
mutations in codons usually associated with an intermediate number of polyps

(codons 283, 302, 1017, and 1465) (Figure 3A and B).

Particular phenotypes

Two of the herein identified mutations presented a remarkably more
aggressive phenotype than expected given their location and the phenotypes reported
in the literature. The mutation ¢.447dupC (p.Lys150GInfsX18), identified in family
IDO0S5, is located in exon 4; the 5’ region of the APC gene is generally associated with
attenuated polyposis and later age of onset. While the mean age of onset in this
family (40 years old) was within the predicted range, the polyposis phenotype caused
by this novel mutation was more aggressive than expected, since several members of

the family presented more than 100 adenomatous polyps. Furthermore, three
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relatives had developed a desmoid tumor, usually not observed in patients with a
mutation at the 5" end of the APC gene.

An aggressive phenotypic expression was also observed for the mutation
¢.3050-3053delATGA (p.Asn1017MetfsX4), identified in family ID10 (Figure 4).
Although the mutation is located in the region associated with an intermediate FAP
phenotype, the proband presented a high number of polyps (> 1000) at the age of 15,
a desmoid tumor at the age of 20, and thyroid carcinoma and jaw keratocysts at 21
years. Her brother and seven cousins also developed polyps at early ages (7, 14, 15,
19, 17, 22, and two at 29 years old). Desmoid tumors were described in another three

relatives.

DISCUSSION

This is the first report of a comprehensive mutational analysis and genotype—
phenotype correlation in Brazilian polyposis families. Through direct sequencing of
the APC and MUTYH genes, MLPA, aCGH, and duplex qPCR, we were able to
identify pathogenic mutations in 20 of 23 index cases — a detection rate of 8§7%. Of
the remaining three patients, two were mutation-negative and one harbored a novel
APC missense variant (p.Vall789Leu). Because of the lack of affected relatives for
co-segregation analysis and the inconclusive results given by in silico analysis and
control population screening, the clinical significance of this alteration is yet to be
determined. Interestingly, a parallel study from our institution, performed in high risk
cancer patients, revealed that this patient also presents a rare germline microdeletion

of the PIP gene possibly associated with an increased cancer risk (Silva 2013,
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unpublished observations), suggesting that these two alterations may be acting in
synergy.

The detection rate in polyposis patients from other populations varies
markedly, ranging from 39 to 90%; the variation reflects different selection criteria
for testing and diverse sensitivity of screening strategies [4, 28-32]. Our data
reinforce the need to apply a combination of mutation-screening methods to detect
the disease-causing mutation in polyposis patients efficiently. Most APC mutations
previously described were identified with conventional methods, for instance
denaturing high performance liquid chromatography or the protein truncation test,
which can have a relatively low detection rate. Nowadays, the gold standard
detection method for polyposis patients is direct DNA sequencing of all APC and
MUTYH coding exons (including intron—exon boundaries), accompanied by
screening for LGR, as was performed here.

The majority of mutations identified in our cohort were distinct, except for
two families who shared the codon 1309 hotspot APC mutation and three families
who presented the p.Tyr179Cys hotspot mutation in one of the MUTYH alleles. The
absence of the commonly reported APC mutation at codon 1061, and the relatively
low frequency of the hotspot mutations APC 1309, MUTYH p.Tyr179Cys, and
p.Gly396Asp are consistent with the fact that Brazilian patients represent an admixed
population, probably lacking a founder APC or MUTYH mutation.

The p.Tyr179Cys and p.Gly396Asp MUTYH mutations were identified in
three families and one family, respectively, and corresponded to 44% of all mutated
alleles identified in this gene (4/9). These are also the most prevalent mutations in

populations of European origin, probably because of a founder effect, and account
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for approximately 80% of all reported mutant alleles [12]. A recent report described a
screen for these two variants in 30 Brazilian patients with clinical phenotypes of
MAP and FAP; 5/30 patients were identified as carrying one of these two hotspot
mutations, and four of them were in a biallelic state [33]. However, because the
entire coding sequence of MUTYH was not evaluated in all patients in this study, we
cannot perform comparisons with the frequency found in our patients.

In our series, we could not identify a causative mutation in two index cases—
one with attenuated polyposis and one with an intermediate polyposis phenotype. A
possible explanation for the polyposis phenotype in these patients is the presence of
unusual mutations in the APC or MUTYH genes, such as intron or promoter point
mutations, epimutations or genetic mosaicism. In this sense, a recent study
demonstrated that up to 8% of APC/MUTYH-negative polyposis patients presented a
deep intronic APC variant that led to an aberrant transcript [34]. A second possibility
is the existence of other susceptibility genes, and with the current possibility of
screening all coding genes by next generation exome sequencing, it can be
anticipated that novel polyposis-predisposing genes will be identified.

Considering that this study is the first comprehensive analysis of APC and
MUTYH mutations in Brazilian polyposis patients, we attempted to determine the
most cost-effective approach to detect the causative mutation in this population. In
patients presenting fewer than 100 polyps (N = 8), 62% carried a biallelic mutation in
the MUTYH gene. Among patients with more than 100 polyps (15 cases), three cases
presented a mutation in APC exon 8 and eight cases (53%) exhibited a mutation
between codons 1017 and 1650 of APC exon 15. Interestingly, this initial region of

exon 15 comprises only 16% of the coding sequence of APC, yet presented a high
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mutation rate in our cohort. Therefore, based on our results, an optimized scheme for
the molecular diagnosis of APC and MUTYH mutations in the Brazilian population
might be obtained as follows: for patients presenting > 100 polyps, codons 1017—
1650 of APC exon 15 should be sequenced first, followed by exon 8, and then the
remaining APC exons; for patients presenting fewer than 100 polyps, MUTYH should
be firstly screened. Because none of the studied MUTYH patients presented only the
hotspot mutations p.Tyrl179Cys or p.Gly396Asp, the whole gene should be
sequenced, instead of undertaking an initial search for these variants, as
recommended for other populations [18].

Genotype—phenotype correlations in polyposis syndromes are of great clinical
interest, because they can contribute to better genetic counseling and simplify
mutation screening. In several studies, an association between the location of the
mutation and the clinical manifestations has been observed [7, 20, 25-28]. However,
since several contradictions have also been reported [22], it remains unclear whether
the genetic information should guide clinical decision-making, such as the extent of
the prophylactic colectomy or the protocol for clinical surveillance [7, 35 36, 37, 38,
39].

Regarding the age at which clinical surveillance should begin, the established
guidelines suggest that classical FAP patients should start endoscopic surveillance
from the early teens, while AFAP and MAP families could start surveillance at age
18-20 [38]. Similar to the literature, our results demonstrated that severe FAP
patients had an earlier age of onset (on average 10 years younger than AFAP or MAP
patients). However, the most premature case in our series was a 7-year-old patient

from a family with an APC mutation at codon 1017 — a region usually associated
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with an intermediate phenotype. A particularly aggressive phenotypic expression of
this mutation was observed in this family; several relatives presented a high number
of polyps (> 1000), an early age of onset, and desmoid tumors. This case
demonstrates the importance of considering the family clinical history when planning
the surveillance of other family members.

One of the most clinically important discrepancies observed in our study
concerns desmoid tumors, which, even if histologically benign, can lead to life-
threatening complications through their size and impingement on vital structures.
Indeed, desmoid tumors represent the second leading cause of death in FAP patients
[38,40] and were identified at high frequency in our cohort, occurring in 57% (8/14)
of APC-mutated families. Although described as usually associated with mutations
after codon 1444 [22], only two out of eight families affected by desmoid tumors in
our study harbored mutations after this codon. In concordance with our findings,
previous studies with large cohorts have also failed to confirm this association [41],
or described different boundaries for the increased risk of these tumors, such as
codon 1310 [42] or 1395 [26]. Furthermore, besides the location of APC mutations,
several other risk factors are suggested to be related with desmoid tumor
development, such as surgical trauma [43], pregnancy [44] and especially positive
family history for desmoid tumors [41]. In this regard, the last appears to be the most
important risk factor for our population, since five of eight families with desmoid
tumors presented more than one relative affected by this tumor.

The differences observed in certain phenotypic features between our series
and those of others may be because of our relatively small number of FAP and MAP

families, may reflect some selection or data collection bias, or may be related to
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phenotypic peculiarities in this specific population. In this sense, the majority of FAP
genotype-phenotype studies were performed in Europeans cohorts [25-27, 29-32, 35,
39, 41] and the self-declared ethnic origin of most families from our study was also
European (Portuguese, Italian and Spanish, mainly) - except from two Japanese and
one Arabian families. However, it is important to highlight that Brazilians represent
an extremely admixed population, with most individuals presenting some degree of
African and Amerindian ancestry [45].

Furthermore, intra and interfamilial variations in the FAP phenotype are also
well documented in other populations, and it is likely that modifying genes and
environmental factors, as well as functional polymorphisms of the normal APC
allele, play a crucial role in determining the clinical course of disease [46, 47]. In this
regard, the different genetic background and/or environmental factors of our
population could be responsible for the phenotypic differences observed in our study.
For instance, in our series, desmoid tumors were much more prevalent in APC-
mutated patients (57%) than in others previous studies (10-15%) [22, 41, 46],
indicating that perhaps our set of patients represents a distinct group regarding this
extracolonic feature.

Finally, the lack of a clear phenotypic expression of the mutations identified
in our study complicates clinical predictions based on knowledge of the mutation
site, and as a result, we can make no specific surveillance and management
recommendations for the Brazilian population. In order to accomplish that, larger
studies need to be carried out. Instead, we recommend that clinical decisions
regarding an individual patient should not be based strictly on the genotype, but

mainly on the colonic phenotype and family clinical history.
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CONCLUSIONS

In this comprehensive investigation of the APC and MUTYH mutation
spectrum in Brazilian polyposis patients, we identified a high frequency of germline
mutations, allowing the identification of several novel pathogenic variants and the
proposal of a cost-effective screening approach for this population. Notably, a
significant number of APC mutation-positive families were not consistent with
predicted genotype—phenotype correlations, and this should be taken into

consideration for genetic counseling and patient management of our population.
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Figure 1: Duplication encompassing exons 1 to 3 of the APC gene (patient ID17). A:
MLPA graphic showing normalized ratios of probes ordered by genomic position;
the box marks the probes that indicate duplication of APC exons 1, 2, and 3 (exons 4,
5, and 6 according to MLPA exon numbering [GenBank:NG 008481]). B: Melt
curve of duplex qPCR of APC exon 2 and GAPDH intron 7 (reference gene). The
ratio of APC/GAPDH peaks of the melting curve was 0.72 in the control sample and
1.06 in patient ID17, leading to a normalized ratio of 1.47 for the FAP patient, which

confirms the duplication.
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Figure 2: Age of onset per group. The graph shows the distribution and the mean
(horizontal line) age of onset for each of the five defined groups. Groups 1, 2, and 4
patients had a significantly later age of onset than group 3 patients (t = 2.35 p =

0.024;t=2.15p=0.04;t=2.01 p=0.05, respectively).
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Figure 3: Genotype—phenotype correlation. A: Distribution of the polyposis
phenotype of the index case and the presence of desmoid tumors along the APC
gene. Schematic representation of the two large genomic rearrangements (top bars)
and the 13 point mutations or small insertions/deletions (circles) identified in this
series (including the variant of unknown significance — last circle). The asterisk
inside the circles denotes patients with desmoid tumors. The lower, thick bar
represents the APC regions defined by genotype—phenotype correlations proposed by
Nieuwenhuis and Vasen (2007) [22]. Genotype—phenotype correspondence between
our results and those previously published is indicated by concordant colors
(blue/green/red/black). Numbers represent APC codons. B: Number of families
presenting APC point mutations (N = 13) according to the index case polyposis
phenotype and the APC codon limits, showing that five individuals (underlined

numbers) presented a polyposis burden different from that predicted.
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Figure 4: Family tree of ID10 family. This family harbored a truncating mutation at
codon 1017 located in a region usually associated with an intermediate FAP
phenotype. This mutation displayed an aggressive phenotypic expression: the
proband (individual III:1, indicated by an arrow) presented her first polyposis
symptoms at the age of 15, a desmoid tumor at age 20, and a thyroid carcinoma at
age 21. When available, the ages of onset are presented under each individual. Her
brother (II1:2) and six first cousins (III:5, 6, 7, 8, 15, and 22) also developed polyps
at early ages (14 to 29 years old). The most prematurely affected was a second
cousin (individual IV:3), who was diagnosed with polyps at the age of 7. Desmoid
tumors were described in another three relatives: two uncles at the age of 40 (II:7 and

I1:9) and one cousin at 32 years old (III:7).



Table 1: APC and MUTYH mutation spectrum in Brazilian polyposis patients

ID Gene Mutation Exon Type Ref.” reported N times®
Mutation-positive patients with > 100 polyps

02 APC del 5921.3-q22.3 (chr5:107916475-113079330 Hg19) 1-15  gene deletion Torrezan et al [21] 1

04 APC ¢.856_859dupCATG (p.Glu287Alafs*2) 8 duplication Current study 0

05 APC ¢.447dupC (p.Lys150GInfs*18) 4 duplication Current study 0

23 APC ¢.4097dupC (p.GIn1367Serfs*8) 15 duplication Current study 0

01 APC ¢.904C>T (p.Arg302*) 8 nonsense Mandl et al [48] 22

03 APC c.4348C>T (p.Argl450%) 15 nonsense Miyaki et al [49] 40

06 APC ¢.3880-3881delCA (p.GIn1294Glyfs*6) 15 deletion Miyaki et al [49] 1

07 APC c.847C>T (p.Arg283%) 8 nonsense Mandl et al [48] 49

08 APC ¢.4099C>T (p.GInl367%*) 15 nonsense Friedl and Aretz [50] 8

10 APC ¢.3050-3053delATGA (p.Asnl1017Metfs*4) 15 deletion Vandrovcova et al [28] 2

11 APC ¢.3927-3931delAAAGA (p.Glul309Aspfs*4) 15 deletion Miyoshi et al [51] 304

14 APC ¢.4393-4394delAG (p.Ser1465Trpfs*3) 15 deletion Miyoshi et al [51] 40

21 APC ¢.3927-3931delAAAGA (p.Glul309Aspfs*4) 15 deletion Miyoshi et al [51] 304

24 MUTYH c.[1187G>C];[=] (p-[GIn396Asp];[=]) 13 missense Al-Tassan et al [4] 532
Mutation-positive patients with < 100 polyps

15 MUTYH c.[348+33 *64+146del4285insTA]; [348+33 *64+146del4285insTA] 4-16  large deletion Torrezan et al [23] 2

13 APC ¢.5365G>C (p.Vall789Leu)° 15 missense Current study 0

17 APC Exon 1-3 duplication 1-3 large duplication Current study 0

16 MUTYH c¢.[536A>G];[1147delC] (p.[Tyr179Cys];[Ala385Profs*23]) 7;12  missense; deletion z[!kslz—il"assan ctal; [4] Eliason et al ,57?2’

18 MUTYH  c[389-1G>CL:[536A>G] (p.[Vall30GIufsX98:p.(spl?) [ Tyr179Cys]) 47 SPhice site; Olschwang etal; [33] Al-Tassanet ) 55,

missense al [4]
19 MUTYH c.[721C>T];[721C>T] (p.[Arg241Trp];[Arg241Trp]) 9 missense Fleischmann et al [54] 11
447 MUTYH  c.[536A>Gl;[1227-1228dup] (p.[Tyr179Cys];[Glu410Glyfs*43]) 7:13 gz;f;ifon gls]Tassan ctal [4]; Baglioni ctal 2(1)6’

#The following databases were consulted: LOVD: http://www.lovd.nl/2.0/; dbSNP: http://www.ncbi.nlm.nih.gov/projects/SNP/; and 1000 Genomes: http://www.1000 genomes.org/;
® Number of times reported at LOVD database; ¢ Variant of unknown clinical significance.
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Table 2: Clinical features of the 23 Brazilian polyposis families.

Age of onset Extracolonic Manifestations
Family ID Affected codon Polyposis Nb Range Mean Gastric Duodenal Desmoid Osteoma Epidermoid Othef tumor
burden polyps polyps tumor(n) cysts/lipoma sites
1 - Attenuated FAP APC 35-56 46.3
ID13 1789°¢ attenuated 1 56 56 yes yes no no NA Uterus
ID17 Exon 1-3 dup attenuated 2 35-48 41.5 yes No no no NA Lung
2 - Intermediate FAP APC 18-67 35.7
1D02 Exon 1-15 del intermediate 5 40-44 42 yes yes no no NA
D03 1450 intermediate 7 21-54 342 yes yes yes (2) no NA HerIr;;\t]zfégic
. . Bilateral breast;
1D04 287 intermediate 14 18-44 29.6 no no no no NA Stomach; BCC
D05 150 intermediate 18 29-67 40 yes yes yes (3) no yes Breast,
Melanoma
3 - Severe FAP APC 7-58 29.2
ID01 302 profuse 5 14-27 23.6 yes no no no NA Brain
1D06 1294 profuse 11 20-35 27.7 yes yes yes (1) yes yes
1D07 283 profuse 8 27-58 37 yes no yes (2) yes yes Liver
1D08 1367 profuse 3 15-55 35 yes yes yes (1) yes NA
ID10 1017 profuse 15 7-55 28.1 no no yes (4) yes yes Thyroid
ID11 1309 profuse 3 30-40 35 yes yes no yes NA
ID14 1465 profuse 8 17-36 26.5 no no yes (2) no yes
D21 1309 profuse 1 18 18 yes yes no yes no
1D23 1367 profuse 1 22 22 NA NA yes(1) NA NA
4 - MAP MUTYH 27-53 37.9
ID15 Exon 4-16 del attenuated 2 42-44 43 no no no no NA
ID16 179;385 attenuated 2 30-53 41.5 yes no no no NA Uterus
ID18 130;179 attenuated 1 45 45 no no no no NA
ID19 241;241 attenuated 2 27-31 29 no no no no NA
1D24 396;[=] intermediate 1 55 55 NA NA no NA NA
1D447 179;410 attenuated 2 34-35 34.5 no no no no no
5 - No Mutation 26-29 27.5
1D20 attenuated 1 26 26 no no no yes no
1D22 intermediate 1 29 29 no no no no no

¥Polyposis burden of the index case. The remaining columns are based on all affective relatives with available clinical information; ® N = number of clinically affected family
members; BCC = basal cell carcinoma; NA = data not available; ¢ Variant of unknown clinical significance.
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7 ARTIGO 4: IDENTIFICACAO DE NOVOS GENES DE
SUSCEPTIBILIDADE A POLIPOSE INTESTINAL POR

SEQUENCIAMENTO DE EXOMA (EM PREPARACAO).

Apobs a completa investigagdo de mutagdes nos genes APC e MUTYH nos
pacientes do estudo, dois probandos (ID20 e ID22) ndo apresentaram mutacdes em
nenhum dos genes avaliados e foram investigados para mutagdes em outros genes
através do sequenciamento completo do exoma.

Em relacdo as caracteristicas clinicas deste probandos, um dos pacientes
(ID20) era portador de polipose atenuada (menos que 100 poélipos), com
manifestagdo aos 26 anos de idade. Nenhum dos nove irmdos dessa paciente realizou
rastreamento por colonoscopia, ndo sendo possivel saber se estes individuos sdo
portadores de polipose. Segundo relato pessoal da paciente, sua a mae retirou parte
do intestino recentemente (colectomia parcial), porém, a paciente nao soube

confirmar o fenotipo de polipose da mae (Figura 6).
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Figura 4 - Heredograma familia ID20. A probanda ID20, indicado pela seta, era portadora de

polipose atenuada, manifestada aos 26 anos. Os nove irmdos e o filho da probanda nunca realizaram
exame colonoscépico, e seus fendtipos sdo desconhecidos. Sua mae realizou uma colectomia parcial

recentemente (idade desconhecida), porém, a paciente ndo soube confirmar o fenétipo de polipose.

J& o segundo paciente (ID22) apresentou polipose cldssica intermedidria
(entre 100 e 1000 poélipos) aos 30 anos de idade. Este individuo ¢ o Unico afetado da
familia, sendo que seus parentes proximos realizaram o exame colonoscépico e ndo

apresentam polipos (Figura 7).
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Figura 5 - Heredograma familia ID22. O probando ID22, indicado pela seta, era portador de

polipose classica intermediaria, manifestada aos 30 anos. A mae e as duas irmds do probando

realizaram exame colonoscépico e ndo apresentam polipose. O pai faleceu de diabetes.
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O detalhamento dos métodos utilizados para o sequenciamento do exoma esta
descrito no Anexo 1. Em resumo, para o enriquecimento das por¢des exonicas foi
utilizado o kit de captura direcionada para todo o exoma humano TargetSeq™
Exome Enrichment Kit (LifeTechnologies). Esta abordagem realiza a captura de 45,1
Mb do genoma, sendo 37,3 Mb correspondentes a regides codificadoras, e
representando mais de 98% das sequencias codificantes descritas nos banco de dados
VEGA (http://www.sanger.ac.uk/resources/databases/vega/) e RefSeq

(www.ncbi.nlm.nih.gov/RefSeq/).

Apds o preparo da biblioteca, as amostras foram entdo submetidas ao
sequenciamento de alto desempenho na plataforma SOLiD™ 5500x1 System
(LifeTechnologies). Foi utilizada a estratégia de sequenciamento paired-end, com
uma leitura de 75 pares de bases a partir de uma extremidade e 50 pares de bases da
outra extremidade dos fragmentos capturados. Mais de 55 milhdes de leituras (reads)
foram geradas para cada paciente, resultando em aproximadamente 70% das bases

alvo cobertas mais de 20 vezes (Tabela 1).

Tabela 1 - Cobertura do sequenciamento de exoma

Amostra N° Reads Reads on target (%) Target bp coverage >20X
ID20 55.014.151 45,29 68,61
ID22 58.820.164 56,47 74,08

*bp: base pair

As variantes identificadas foram inicialmente filtradas e selecionadas para
avaliacdo de acordo com os seguintes critérios: variantes novas (ausentes no banco
de dados dbSNP), com possivel impacto na fung@o da proteina (missense, nonsense,

splice site e indels), mais de 5 reads reportando a base variante ¢ base variante
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presente em pelo menos 20% do total de reads. Com estes critérios, mais de 300
variagdes de nucleotideos nicos (SNVs) presentes em regides codificantes foram
identificadas: 10 nonsense, 4 splice site, e 302 missense. Foram ainda identificas 10

novas indels (altera¢do de inser¢do ou dele¢@o) em regides codificantes (Tabela 2).

Tabela 2 - Numero e tipo das variantes identificadas por sequenciamento de exoma

SNVs INDELS
Amostra Nonsense Splice site Missense -
1D20 9 4 217 6
ID22 9 4 227 8
Comuns 8 4 144 4
Total 10 4 302 10

SNVs: variag¢des de nucleotideos unicos; Indels: alteracao de insercdo ou delegao.

Inicialmente, as variantes selecionadas foram avaliadas quanto ao gene em
que foram identificadas, buscando-se por alteracdes que afetem genes relacionados
ao cancer colorretal hereditario. Para identificar candidatos mais robustos,
elaboramos um banco de dados contendo genes relacionados ao cancer colorretal
hereditario que foram identificados através de busca na literatura. Foram
identificados 36 genes comprovadamente associados ao cancer colorretal hereditario,
além de mais de 50 genes descritos recentemente como possiveis genes de
susceptibilidade em trabalhos de sequenciamento de exoma (OMIN -
http://omim.org/; ARETZ et al. 2013; DERYCKE et al. 2013; GYLFE el al. 2013;
PALLES et al. 2013). O Quadro 1 apresenta a lista dos genes selecionados como

possivelmente relacionados ao cancer colorretal hereditario.
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Quadro 1 - Genes relacionados ao cancer colorretal hereditario segundo dados de

literatura
. Genes possivelmente associados a0 CCR hereditario
Genes associados ao
CCR hereditario* Exoma de CCR sem polipose# Exqma d§e
polipose
AKT1 MLH1 ACHE HLA-DRB6 NCAPG2 DSC2
APC MLH2 ADAM6 HSP90AB2P NUDT7 HEATR5A
AXIN1 MLH3 AKR1C4 KCNJ12 PCDHB17 PDEA4DIP
AXIN2 MSH2 ANKRD30BL KIF23 POLA1 POLD1
BCR MSH3 AQP7P1 KIR2DL PRADC1 POLE
BLM MSH6 ARSD KIR2DS4 PRSS37 ZSWIM7
BMPR1A MUTYH BAGE KIR3DL3 PSPH
BRCA1l MYH11 BCL8 KRT16P2 RACGAP1P
BRCA2 PMS1 C6orf10 KRTAP5-4 ROCK1P1
CDH1 PMS2 CCDC18 LOC642846 RPGR
CDH18 PTCH1 cDcC27 MED12 SFXN4
CHEK2 PTEN CENPE MRPL3 SIGLEC16
EPCAM SMAD4 CFTR MST1P2 TBC1D3P2
FLCN SMAD7 CROCCP2 MST1P9 TTTY23
GALNT12 STK11 CTBP2 MUC12 TWSG1
GREM1 TGFB1 FAM104B MUC3A UACA
LKB1 TGFBR2 FANK1 NBPF1 WASH2P
MCC TP53 FRG1B NBPF10 ZNF490
HLA-DRB1 NBPF12 ZNF717
HLA-DRB5 NBPF9

* Genes selecionados segundo OMIN - http://omim.org/; DERYCKE et al. 2013; GYLFE el al. 2013;
# Genes identificados como candidatos nos trabalhos de DERYCKE et al. 2013 e GYLFE el al. 2013;
§Genes identificados como candidatos nos trabalhos de PALLES et al. 2013 ¢ ARETZ et al. 2013.
Os genes sublinhados (POLD1 ¢ POLE) representam genes identificados através de sequenciamento
de exoma de pacientes com polipose e para os quais extensa validacdo ja foi realizada, sendo
considerados novos genes de susceptibilidade para CCR (PALLES et al. 2013).

Nao foi identificada nenhuma alteragdo nos genes ja relacionados ao CCR
hereditéario descritos no Quadro 1 em nenhum dos probandos. Uma segunda busca foi
feita avaliando as vias ou familias génicas mais afetadas no CCR hereditario. Nesse
sentido, uma das familias que avaliamos foi a das polimerases, visto que
recentemente foram identificadas duas polimerases como sendo novos genes de alta
penetrancia para predisposi¢do de adenomas e cancer colorretal, as polimerases
POLD1 e POLE (PALLES et al. 2013).

Interessantemente, nds identificamos e validamos por sequenciamento capilar

no probando ID22 uma alteragdo missense no gene da DNA polimerase Theta
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(POLQ - ¢.6465G>T; p.Lys2155Asn). Esta alteracao ndo esta descrita nos bancos de
dados de variagoes humanas consultados (dbSNP:
http://www.ncbi.nlm.nih.gov/projects/SNP e  1000Genomes: http://www.1000
genomes.org/). Este gene codifica uma polimerase da familia A que tem como
principal fun¢do atuar na manuten¢do da integridade do genoma, através do reparo de
quebras de dupla fita e de excisdo de bases do DNA (HOGG et al. 2011; LI et al.
2011). Esta alteragdo foi identificada no dominio de polimerase, mais
especificamente em uma regido denominada inserto 1, que estd relacionada a
eficiéncia de processamento dessa enzima (HOGG et al. 2011) (Figura 6). Analises
in silico com o software de predi¢do de patogenicidade Polyphen2 classificaram esta
alteracdo como provavelmente patogénica. A presenc¢a desta variante foi avaliada por
sequenciamento capilar em uma populagdo controle de 280 individuos Brasileiros

sem histdrico de cancer, sendo que nenhum inviduo controle apresentou a alteragao.
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Figura 6 - Localizacdo da variante de POLQ p.Lys2155Asn identificada no paciente

ID22. O primeiro desenho esquematico ¢ uma dos dominios da proteina POLQ. A alteragio

p-Lys2155Asn (identificada pelo marcador vermelho) est4 localizada entre no dominio de polimerase,
mais especificamente no inserto 1. Nimeros acima do esquema da proteina representam os codons. A
primeira regido mostrada em maior aumento representa o dominio da polimerase, com seus seis
motivos proteicos e trés insertos caracteristicos da polimerase POLQ. A segunda regido mostrada em
maior aumento representa o resultado da validagdo por sequenciamento capilar desta alterag@o,
mostrando uma troca G>T no DNA do paciente ID22, resultando em uma troca de aminoacido
p.Lys2155Asn.

Para a validag¢do de variantes identificadas em genes ainda ndo relacionados
ao CCR, as alteragdes serdo priorizadas de acordo com o seu impacto na funcao da
proteina. Inicialmente focaremos na validagdo daquelas variantes que causem
truncamento da proteina (indels ¢ nonsense) ¢ alteragdes em splice site e que estdo
descritas nas Tabelas 3 e¢ 4. E importante ressaltar que a maioria das alteragdes
nonsense e splice site esta presente nos dois probandos. Visto que estes probandos
nao sdo aparentados e, ainda, apresentam um fenotipo clinico distinto, tanto do ponto

de vista de extensdo da polipose quanto do ponto de vista de heranga do fendtipo,
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ndo ¢ esperado que exatamente a mesma alteracdo seja a causadora da sindrome
nestes invididuos. Além disso, muitas destas alteracdes comuns aos probandos
também foram identificadas em individuos de outros projetos do grupo que foram
sequenciados na mesma corrida (9 individuos), representando mais provavelmente
erros de sequenciamento ou de mapeamento (estas alteragdes estdo marcadas com *
nas Tabelas 3 e 4). Assim, priorizaremos para a validagdo aquelas alteragdes sejam
unicas de um dos probandos.

Posteriormente, serdo também selecionadas alteragdes missense que ocorram
em genes relacionados ao cancer, selecionados a partir de levantamentos

bibliograficos e de painéis génicos comerciais.



Tabela 3 - Variantes indels identificadas nos pacientes ID20 e ID22 por sequenciamento de exoma

Crom Gene Posicdo gen | Posi¢do do aa | Tipo | Tamanho (pb) | ID20 | ID22 | ID20 Cref/Cvar | ID22 Cref/Cvar
chrl PRG4 186277230 793 del 135 SIM | SIM 12/1 17/15
chr12 | AMDHDI1 | 96360224 377 ins 2 SIM | NAO 25/13 57/0
chrl5 | THSD4* 72063462 943 del 6 NAO | SIM 109/0 50/31
chrl6 | NFAT5* 69726416 802 del 3 NAO | SIM 21/0 10/11
chrl9 | ZNF83* 53116933 295 del 84 NAO | SIM 20/0 7/10
chr3 MUC4 195509346 3035 del 48 SIM | SIM 10/10 2/15
chr3 | KIAA0226 | 197427676 357 del 3 NAO | SIM 23/0 25/10
chr4d | MAML3 | 140811081 503 ins 3 SIM | SIM 12/7 3/19
chr4 ARAP2 36130306 1163 del 3 SIM | NAO 18/16 70/0
chr8 ODF1* 103573010 217 del 27 SIM | SIM 0/14 8/19

Crom: cromossomo; Posi¢do gen: Posicdo gendmica; Posicdo aa: Posicdo aminoacido; Cref: cobertura base referéncia; Cvar: cobertura base
variante; del: delegdo; ins: inser¢do. *Alteracdes também identificadas em individuos de outros projetos sequenciados na mesma corrida,
representando mais provavelmente erros de sequenciamento ou de mapeamento.
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Tabela 4 - Variantes nonsense e splice site identificadas nos pacientes ID20 e ID22 por sequenciamento de exoma

Crom
chrl
chrl
chrl

chr10

chrl4
chrl7
chr19
chr3
chr3
chrX
chr3
chr3
chrs
chr8

Crom: cromossomo; Posi¢do gen: Posi¢do gendmica; Posi¢do aa: Posicdo aminoacido; Cref:

Gene
F5
PDE4B*
LRRIQ3
IPMK
KIAA0586*
C170rf80*
NLRP13
CP*
SMC4*
DOCK11*
CLASP2*
CLASP2*
GDNF*
PRKDC*

Posicao gen
169511240
66798201
74648516
59997567
58955570
71238475
56419270
148920006
160141380
117700112
33600878
33600879
37816239
48869993

Base ref Base var

G

H T oo aaa-3004

—

A

aQ» 3> > 32> > 40

@)

Tipo Posigdo aa

NS
NS
NS
NS
NS
NS
NS
NS
NS
NS
SS
SS
SS
SS

1030
215
93
67
1177
536
779
411
729
280

ID20
SIM
SIM
SIM
SIM
SIM
SIM
NAO
SIM
SIM
SIM
SIM
SIM
SIM
SIM

ID22 1ID20 Cref/Cvar 1D22 Cref/Cvar

NAO 16/11 40/0
SIM 55/28 88/24
SIM 17/5 27/12
SIM 2717 42/6
SIM 27/11 25/21
SIM 26/6 20/16
SIM 21/0 16/12
SIM 34/20 34/31
SIM 20/11 21/8
SIM 31/7 94/41
SIM 16/11 17/9
SIM 16/11 17/9
SIM 16/10 24/11
SIM 22/12 39/8

cobertura base referéncia; Cvar: cobertura base

variante; NS: nonsense; SS: splice site. *Alteragdes também identificadas em individuos de outros projetos sequenciados na mesma corrida,
representando mais provavelmente erros de sequenciamento ou de mapeamento.
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8 COMENTARIOS FINAIS

A Polipose Adenomatosa Familiar (FAP) ¢ uma doenca autossomica de alta
penetrancia marcada pelo surgimento de centenas a milhares de pdlipos
adenomatosos colorretais durante a segunda ou terceira década de vida. Pacientes
com FAP tem uma forte predisposi¢ao para inicio precoce de CCR, assim como
outras malignidades. Nos ultimos anos tem se dado muita atencdo para as formas
atenuadas da doenca que podem ser ocasionadas por mutagdes nas extremidades 3’,
5> e no éxon 9 do gene APC (AFAP) ou por mutagdes bialélicas no gene MUTYH
(MAP), apresentando um padrao de heranca recessivo.

A identificacdo das alteragdes genéticas responsaveis por estas sindromes
permitiu o desenvolvimento de testes genéticos, beneficiando uma crescente
propor¢ao de casos familiais através de melhores estratégias de rastreamento e
prevengdo, ¢ podera também melhorar as op¢des de tratamento. Além disso, o
diagnostico molecular da FAP classica/atenuada e MAP tem importantes implicagdes
clinicas no acompanhamento de individuos em risco, visto que a polipose associada
ao APC ¢ uma condi¢do dominante (parentes de primeiro grau de um paciente tem a
priori 50% de risco de herdarem a mutacdo), enquanto que a polipose associada ao
MUTYH ¢ uma condi¢ao recessiva, na qual parentes de primeiro grau de um paciente
apresentam risco apenas se os dois pais apresentarem pelo menos uma mutacao no
gene. Em algumas familias onde ndo se encontram mutagdes em APC e MUTYH, o

defeito genético responsavel pelo fenotipo pode estar em regides regulatorias desses
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genes, em outros genes de reparo de excisao de bases, genes envolvidos na via Wnt
ou ainda em genes nao identificados.

No Brasil, uma das primeiras iniciativas para o estudo de familias com
tumores colorretais hereditarios ocorreu no A. C. Camargo Cancer Center, com a
implementagdo do Registro de Cancer Colorretal Hereditario (RCCH). O RCCH foi
criado em 1992, com o objetivo de arquivar dados de familias com predisposi¢ao ao
CCR hereditario e possibilitar a utilizagdo destes dados na pratica clinica (para
rastreamento, tratamento e seguimento de individuos em risco), na educagdo
(disseminando informagdes entre pacientes, familiares e profissionais de saide) e na
pesquisa (gerando subsidios por meio de dados confiaveis e atualizados) (Rossi,
2008).

Historicamente, os primeiros pacientes Brasileiros rastreados para mutagdes
em genes de susceptibilidade para CCR foram selecionados a partir deste registro,
sendo que a primeira mutagdo identificada foi no gene APC em uma familia com
FAP (ROSSI et al. 1997) e a segunda em MSH2 em uma familia com sindrome de
Lynch (CORVELLO et al. 1999). Atualmente o RCCH tem mais de trezentas
familias cadastradas, e foi a base de dados utilizada para a selegdo dos pacientes com
polipose para este estudo. Entretanto, a maior parte das familias cadastradas no
RCCH preenche critérios para a Sindrome de Lynch, a mais prevalente sindrome de
CCR hereditario. Recentemente, trabalhos com mais de 100 familias com suspeita
para sindrome de Lynch foram desenvolvidos em uma parceria do RCCH com o
nosso grupo. Esta parceria possibilitou rastreamento de genes de reparo de DNA
(mismatch repair genes) associados com a sindrome de forma abrangente,

comecando pelos genes mais prevalentemente mutados (MLH1 e MSH2) e
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investigando também egnes com menor prevaléncia de mutagdes (MSH6, PMS2,
TP53 e¢ CHEK2) (DOMINGUEZ-VALENTIN et al, 2011; SILVA 2011). A
completa caracterizagdo molecular destes pacientes levou a um incremento nos
registros do RCCH além de uma adequada assisténcia para as familias afetadas, e
gerou material de enorme valia para estudos detalhados da sindrome de Lynch.

O presente estudo representa a analise molecular mais abrangente ja realizada
em familias Brasileiras com polipose. Além do objetivo inicial de caracterizar
mutagdes germinativas nos genes APC ¢ MUTYH, este trabalho ainda buscou
identificar outros genes associados com a sindrome por sequenciamento do exoma.
Como resultados finais, identificamos mutacdes patogénicas em um dos dois genes
em 87% dos pacientes (20/23): seis pacientes apresentaram mutagdes patogénicas em
MUTYH e 14 apresentaram mutagdes patogénicas em APC. Um paciente foi portador
de uma nova variante missense de significado clinico desconhecido em APC
(c.5365G>C p.Vall789Leu), e dois pacientes foram negativos para ambos os genes.

Esta nova variante foi identificada no paciente ID13, tnico portador de
polipose atenuada nesta familia (impossibilitando uma avaliagdo de segregagdo). A
presenca desta alteracdo ja foi avaliada em 96 amostras de individuos controles
saudaveis, ndo sendo encontrada em nenhum outro individuo. A alteracgdo
p.Vall789Leu esta localizada entre o segundo dominio SAMP (dominio de ligagao a
Axina) e o quinto dominio rico em cisteina (dominio de ligagdo a B-catenina) da
proteina APC (Figura 7). As analises realizadas in silico utilizando softwares de
predicdo de patogenicidade (SIFT e Polyphen2) classificaram esta variante como

benigna.
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Fonte: Modificado de BARROS (2012).
Figura 7 - Localizacdo da variante p.Vall789Leu identificada no paciente ID13.

Representagdo esquematica dos diversos dominios da proteina APC. A alteragdo p.Vall789Leu
(identificada pelo marcador vermelho) esta localizada entre o segundo dominio SAMP (dominio de
ligagdo a Axina) e o quinto dominio rico em cisteina de 20 aminoacidos (dominio de ligacdo a f-

catenina)

Devido a sua auséncia nos bancos de dados e na populagdo controle e a
impossibilidade de realizarmos estudos de segregacdo, decidimos realizar ensaios
funcionais in vitro para avaliar o efeito da variante p.Vall789Leu do gene APC.
Estas analises serdo realizadas em conjunto com a avaliagdo funcional de duas outras
alteragdes missense do gene APC identificadas por nosso grupo em tumores de
Wilms (BARROS 2012). Os plasmideos que serdo utilizados para estas anélises,
assim como os iniciadores necessarios para a mutagdo sitio-dirigida, ja foram
adquiridos e os ensaios funcionais estdo sendo desenvolvidos pela Dra. Adriana M.
Nakahata e Dra. Bruna D. Barros.

Por fim, este estudo permitiu o diagnostico molecular em 20 dos 23 pacientes
avaliados. Para os demais trés pacientes, a continuidade da investigagdo é necessaria
para comprovar a associagdo das variantes encontradas com o fenotipo. Os resultados
de exoma irdo necessitar de extensas andlises para que alguma alteragdo possa ser

confirmada como associada a sindrome. Dentre as estratégias previstas para realizar
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esta validagdo estdo: quando possivel avaliar a segregacao nos membros afetados e
nao afetados de cada familia; investigar a presenga das alteragcdes em uma populagao
controle; investigar a presenca das alteragdes em individuos com CCR em idade
precoce ou multiplos pdlipos adenomatosos na auséncia de historia familiar; realizar
estudos funcionais.

O continuo avango da genomica na ultima década possibilitou que grandes
descobertas fossem realizadas no campo da medicina molecular, levando a
identificagdo de diversos novos genes relacionados as doengas humanas. Se por um
lado as metodologias de analises em larga escala, em especial o sequenciamento de
nova geracao, possibilitam identificacdo de genes causadores de doengas em tempo
recorde, por outro lado geram uma grande quantidade de dados de significado ainda
desconhecido. O maior desafio agora reside em desenvolver ferramentas e métodos
capazes de descobrir a relevancia destas alteragdes, para que a promessa da medicina

gendmica personalizada seja concretizada.
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CONCLUSOES

Foi observada uma alta taxa de detec¢do (87%) e diversas novas mutagdes
nos genes APC e MUTYH em pacientes brasileiros com polipose. Entre os
afetados, dois casos interessantes foram caracterizados, como a identificacao
da primeira grande delecdo descrita para o gene MUTYH, revelando que
grandes rearranjos representam um possivel mecanismo de perda de funcdo
deste gene; e também a identificacdo de um paciente FAP portador de uma
delecdo de 5,2 Mb em 5q21.3-q22.3, levando a perda do gene APC e de mais
19 genes, e com o fendtipo ndo esperado de auséncia de caracteristicas
dismorficas e de déficit cognitivo;

A classifica¢do das alteragdes encontradas permitiu o diagnostico molecular
em 20 dos 23 pacientes avaliados. A unica variante missense de significado
clinico incerto encontrada foi classificada como benigna por programas de
predicdo in silico e estudos adicionais serdo necessarios para classificar
corretamente esta alteragao;

Familias positivas para mutacdes em APC ndo apresentaram uma forte
correlagdo genotipo-fendtipo, e este achado deve ser considerado ao realizar o
aconselhamento genético e acompanhamento dessas familias;

O sequenciamento do exoma identificou uma variante missense no gene

POLQ como uma forte candidata a estar associada a polipose.
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Anexo 1 - Detalhamento dos Métodos Utilizados

1. CASUISTICA E CRITERIOS DE INCLUSAO

Foram revistos os registros do banco de dados do Registro das Familias de
Cancer Colorretal Hereditario do A.C. Camargo Cancer Centerem busca de pacientes
com critérios clinicos para FAP (mais de 100 p6lipos adenomatosos) e AFAP/MAP (10-
100 polipos adenomatosos). Foram incluidos no estudo de rastreamento de mutagdes 44
individuos de 23 familias portadoras de FAP e AFAP - 23 probandos clinicamente
afetados, 8 familiares afetados e 13 ndo afetados. Foram excluidos pacientes com outras
sindromes de cancer colorretal hereditarias ndo FAP/AFAP. Os prontuarios dos
pacientes selecionados foram revistos para a coleta de informagdes clinicas. Além dos
dados clinicos dos 44 individuos recrutados, informagdes clinicas também foram obtidas
para os demais familiares afetados de cada familia durante a entrevista do probando com
o aconselhador genético para montagem do heredograma, totalizando 113 pacientes
afetados por polipose neste estudo.

A coleta de sangue periférico foi feita apdés o recrutamento de pacientes e
familiares interessados em realizar o teste genético. As informagdes sobre os objetivos
da pesquisa foram apresentadas aos pacientes para a assinatura do Consentimento Livre
e Esclarecido (Anexo 1).

Para avaliacdo em uma populagdo controle, foram selecionadas 96 amostras a
partir de uma grande casuistica composta de 1000 individuos coletados para outro
projeto realizado na nossa instituigdo, cujo DNA processado pelo banco de
macromoléculas (Biobanco Hospital A. C. Camargo) esta disponivel para utilizacdo de
outros projetos aprovados pelo Comité de Etica em Pesquisa (CEP).

Este estudo foi aprovado pelo Comité de Etica em Pesquisa do Centro de

Tratamento e Pesquisa do Hospital A.C. Camargo, sob o n° 1169/08-B.

2. EXTRACAO DO DNA SANGUINEO

As amostras de sangue periférico de cada paciente foram coletadas em dois tubos
K2 VACUETTE com EDTA anticoagulante e encaminhadas ao Banco de
Macromoléculas do Hospital A. C. Camargo para extracio de DNA (CAMPOS et al.
2010). O processamento do sangue periférico baseia-se na lise das células vermelhas

(hemacias) com Tris-EDTA 1X pH 8.0, seguida de centrifugacdes para separagdo dos



leucdcitos até a obtengdo de um buffy coat ou pellet. Um dos pellets de leucdcitos foi
submetido diretamente a extragdo de DNA gendmico usando Puregene Genomic DNA
Isolation kit (Gentra Systems, USA) de acordo com as recomendacdes do fabricante e o
outro pellet foi estocado a -20°C para posterior confirmagdo dos resultados obtidos com

0 sequenciamento.

3. DETECCAO DE MUTACOES POR SEQUENCIAMENTO SANGER DOS
GENES APC E MUTYH

Inicialmente, um probando da familia que tenha sido diagnosticado clinicamente
com polipose foi investigado por sequenciamento direto para avaliagdo da presenca de
mutagdo nos genes APC e MUTYH. Apoés a identificagio da mutagdo presente no
probando, demais familiares (no maximo seis) que tiveram interesse em realizar o teste

genético foram investigados para a presenca da mutacao encontrada.

Desenho dos Iniciadores

As sequéncias gendmicas dos genes APC (NM_000038) e MUTYH
(NM_001128425.1) foram obtidas a partir do banco NCBI/Nucleotide e utilizadas como
base para o desenho dos iniciadores, os quais foram desenhados nas regides intronicas a
aproximadamente 70 bases do limite éxon-intron. Os critérios utilizados para o desenho
dos iniciadores foram: propor¢ao de bases C e G em torno de 40 a 60%, comprimento de
19 a 23 bases, temperatura de anelamento (por %CG) entre 65 e 70°C. O programa
OLIGOTECH 1.0 (Oligos Etc. Inc. & Oligo Therapeutics Inc, 1995) foi utilizado para
verificar a presenga de estruturas secundarias (stem loop e homodimer) e a temperatura
de anelamento. Os oligoiniciadores forward e reverse foram desenhados a distancias de
no maximo 2000pb para as amplificagcdes de PCR e no méaximo 600pb para as reagdes de
sequenciamento.

Para o gene APC foram desenhados 34 pares de iniciadores. Todos os éxons
foram amplificados com um Unico par de iniciadores, exceto o éxon 15 que devido a sua
extensdao (8867pb) foi dividido em cinco regides para a amplificacdo por PCR
(fragmentos A-E) e em 20 fragmentos para o sequenciamento. O Quadro 1 apresenta a
localizag@o dos iniciadores do gene APC, o tamanho do produto amplificado na PCR, os
iniciadores utilizados no sequenciamento de cada fragmento e a temperatura de

pareamento padronizada.



Quadro 1 - Caracteristicas dos iniciadores
sequenciamento do gene APC.

utilizados para amplificagdo

o o ) Tamanho do
Iniciadores PCR Iniciadores sequenciamento ] Tm (C)
amplicon (pb)
IF-1R 1F,IR 570 62
2F-2R 2F2R 303 62
3F-3R 3F,3R 581 62
4F-4R 4F 4R 365 62
5F-5R 5F,5R 455 62
6F-6R 6F,6R 416 62
7F-7R 7F, 7R 362 62
TD 65-
8F-8R 8F,8R 279
60
9F-9R 9F,9R 670 62
10F-10R 10F,10R 315 62
11F-11R 11F,11R 597 62
12F-12R 12F,12R 421 62
13F-13R 13F,13R 400 62
14F-14R 14F,14R 570 62
15A1F,15A1R, 15A2F,15A2R,
15A1F-15A4R 1708 60
15A3F,15A43, 15A4F,15A4R
15B1F,15B1R, 15B2F,15B2R,
15B1F-1B4R 1694 62
15B3F,15B43, 15B4F,15B4R
15C1F,15CIR, 15C2F,15C2R,
15C1F-15C4R 1703 62
15C3F,15C43, 15C4F,15C4R
15D1F,15D1R, 15D2F,15D2R,
15D1F-15D4R 1705 62
15D3F,15D43, 15D4F,15D4R
15E1F-15E4R 15E1F,15E1R, 15E2F,15E2R, 1643 62

€

Legenda: os niimeros descritos para os iniciadores das reagdes de PCR e sequencimanto representam

o0 éxon em que estdo localizados; F = iniciador forward, R = iniciador reverse; TD = PCR touchdown.



Os 16 éxons do gene MUTYH foram amplificados em 5 fragmentos na PCR e
sequenciados com 11 pares de iniciadores adicionais internos aos fragmentos de PCR.
AO Quadro 2 apresenta a localizacdo dos iniciadores do gene MUTYH, o tamanho do
produto amplificado na PCR, os iniciadores internos utilizados no sequenciamento de

cada fragmento e a temperatura de anelamento padronizada.

Quadro 2 - Caracteristicas dos iniciadores utilizados para amplificagdo e
sequenciamento do gene MUTYH.

Iniciadores Tamanho do Tm
Iniciadores sequenciamento ]
PCR amplicon (pb) ©
IF-1R 1F,IR 459 62
2F-3R 2F 2R,3F 4R 1276 62
4-6F 4-6R,7-8F,7-8R, 9-10F, 9-10R, 11F,
4F-11R 1501 62
11R

12F-15R 12-13F,12-13R,14F,14R, 15F, 15R 1537 62
16F-16R 16F,16R 440 62

Legenda: os niimeros descritos para os iniciadores das reagdes de PCR e sequencimanto representam

o0 exon em que estdo localizados; F = iniciador forward, R = iniciador reverse.

PCR e sequenciamento Sanger

As reacdes de amplificagdo dos fragmentos dos genes APC e MUTYH foram
realizadas contendo 1X GoTaq Green Master Mix (Promega, USA), 0,4umol de cada
iniciador ¢ 25ng de DNA genomico, em um volume final de 20ul. As reagdes foram
realizadas em um termociclador segundo a seguinte ciclagem: 1 ciclo inicial de
desnaturag¢ao a 94°C por 2 minutos; 40 ciclos de amplificagdo (94°C por 20 segundos,
58-62°C por 1 minuto, 72°C por 1-2 minutos) e 1 ciclo de extensdo final a 72°C por 5
minutos.

Os produtos amplificados foram verificados em gel de agarose 1%. Para reagdo
de sequenciamento direto, aliquotas de 2,0 a 5,0uL dos produtos de PCR foram
purificadas com exonuclease I e fosfatase alcalina na proporc¢do de 5yl de PCR para 1pl
de ExoSAP-IT (USB Corporation). A rea¢do foi incubada por 30 minutos a 37°C,
seguida da inativagdo das enzimas a 80°C por 15 minutos, conforme protocolo
recomendado pelo fabricante.

As reagdes de sequenciamento foram realizadas com 2,5ul do produto de PCR

purificado, 0,5ul de BigDye® Terminator v3.1 (Applied Biosystems), 1,5ul de tampao e



0,5umol de cada iniciador especifico em um volume final de 10ul. As reagdes de
sequenciamento foram realizadas segundo a seguinte ciclagem: 1 ciclo inicial de
desnaturacdo a 95°C por 2 minutos, seguido por 40 ciclos de amplifica¢ao (95°C por 18
segundos, 54°C por 18 segundos, 60°C por 4 minutos). Todos os fragmentos foram
sequenciados nos sentidos forward e reverse. A precipitagio da reagdo de
sequenciamento foi realizada com metodologia baseada em etanol. As amostras foram
ressupendidas em 13ul de formamida, desnaturadas a 95°C por 3 minutos e
imediatamente acondicionadas em gelo por 5 minutos. O sequenciamento foi realizado

no equipamento ABI3130XL (Applied Biosystems).

4. PCR Alelo-especifica

A metodologia de PCR Alelo-especifica (AS-PCR — Allele-specific PCR) ou
ARMS (Amplification refractory mutation system) permite a discriminag¢do de qualquer
mutacdo em ponto ou polimorfismo de base tinica (NEWTON et al. 1989). Esta técnica
se baseia na dependéncia da PCR do correto pareamento da extremidade 3’ do oligo
iniciador para que ocorra a sintese da fita complementar. Para isso, utilizam-se dois
iniciadores diferentes, um deles apresentando a ultima base da extremidade 3’
complementar a um dos nucleotideos da alteracio e o outro iniciador sendo
complementar ao outro nucleotideo possivel (Figura 1).

Em uma amostra de um individuo heretozigoto, cada um dos alelos sera
amplificado apenas na reacdo contendo o iniciador que apresente o nucleotideo
complementar a este alelo. A amplificagdo de apenas um dos alelos em cada reacdo
permite a caracterizagdo de haplotipos, permitindo assim a comprovagdo de mutacdes

bialélicas, também chamadas heterozigotas compostas, em sindromes recessivas.
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Fonte: modificado de Human Molecular Genetics (1999).

Figura 1 - Representacdo esquematica da PCR Alelo-Especifica. Esta técnica se baseia no
desenho de dois iniciadores diferentes, um deles apresentando a ultima base da extremidade 3’
complementar a um dos nucleotideos da alteragdo (ASP1) e o outro iniciador sendo complementar ao
outro nucleotideo possivel (ASP2). Utilizando um iniciador reverso comum desenha regido
conservada entre os dois alelos (CON), duas reagées de PCR podem ser realizadas separadamente

com cada um dos iniciadores especificos, levando a amplificag@o de cada alelo de modo individual.

Para confirmar que as duas alteracdes em heterozigose encontradas no gene
MUTYH de trés probandos estavam presentes cada uma em um alelo (mutagao bialélica
ou em heterozigose composta), novos iniciadores alelo-especificos foram desenhados

para a mutagdo missense ¢.536A>G p.Tyr179Cys, comum aos trés pacientes (Quadro 3).



Quadro 3: Iniciadores alelo-especificos para a mutacao ¢.536A>G p.Tyr179Cys no gene
MUTYH.

ID Mutacgio 1 Mutacgio 2 ASP1 ASP2 CON Tam
CCRaqy | €O36A°G | eI2271228dup | SCTGGGCTGG | S'CTGGGCTGG | S'GTGGACAACC
(éxon 7) (éxon 13) CCTGGGCTA3 | CCTGGGCTG3' | TGGAGGAAGY | 405
¢.536A>G c.1147delC (forward) (forward) (reverse)
FAP16-1
(éxon 7) (éxon 12)
5'CCGGCCACG | 5'CCGGCCACG | 5'CCATGGAGAA
¢.389-1G>C ¢.536A>G
FAPI18-1 AGAATAGT3' AGAATAGC3' GACGGGTAG3' 641
(intron 4) (éxon 7)
(reverse) (reverse) (forward)

Legenda: ID = codigo do paciente; ASP1 = iniciador alelo-especifico 1 — alelo selvagem; ASP2 =
iniciador alelo-especifico 2 — alelo mutado; CON = iniciador conservado; Tam = tamanho do

amplicon, em pares de base.

As condi¢oes da AS-PCR e do sequenciamento de seus amplicons foram as

mesmas que as descritas acima para as PCRs comuns.

5. ANALISE DE GRANDES REARRANJOS GENOMICOS

Os cinco pacientes que ndo apresentaram nenhuma alteragdo pontual em APC e
MUTYH foram investigados para a presen¢a de grandes dele¢des e amplificacdes. Para
isto, foram empregadas as técnicas de CGH-array (Microarray-based Comparative
Genomic  Hybridization) e MLPA® (Multiplex Ligation-Dependent Probe
Amplification). As alteragdes identificadas com estas metodologias foram validadas
através da técnica de duplex PCR quantitativa (QPCR duplex) que foi desenvolvida neste

estudo.




5.1. CGH-array

A técnica de Hibridizagdo gendmica comparativa baseada em microarranjos
(CGH-array) foi realizada na plataforma de 180K para genoma completo da OGT
Technologies. As amostras foram marcadas com Cy3- e Cy5-dCTPs através de random-
priming. As etapas de purificagdo, hibridizagdo e lavagem foram realizadas como
recomendado pelo fabricante. Os dados foram extraidos utilizando o software Feature
Extraction (Agilent Technologies) e as analises foram realizadas no programa Genomic
Workbench (Agilent Technologies) utilizando o algoritmo ADM-2. O threshold de
sensibilidade usado foi 6,7. Os valores de threshold para a defini¢do de alteragdes no
nimero de copias genomicas foram: 0,4 para duplicagdes, 1,1 para ganhos de multiplas

copias, -0,4 para delegdoes de uma copia e -1,1 para perdas em homozigose.

5.2. Multiplex Ligation-Dependent Probe Amplification (MLPA)

A técnica de MLPA foi empregada para avaliar a presenca de delecdes e
amplificacdes de éxons inteiros, ndo detectaveis pela técnica de sequenciamento. O kit
utilizado foi o SALSA P043-C1 APC probemix kit (MRC Holland, Amsterdam, The
Netherlands), que apresenta sondas para os promotores e para cada éxon do gene APC
(sendo que o éxon 15, devido ao tamanho, apresenta 5 sondas). Além disso, este kit
também contém sondas para trés éxons do gene MUTYH (éxons 1, 2 e 7). As reagdes de
MLPA foram realizadas segundo recomendado pelo fabricante. Apos a amplificacdo das
sondas, os produtos de PCR foram analisados no sequenciador ABI3130x] (Applied
Biosystems - Foster City, CA, USA) e a dosagem de cada éxon foi calculada utilizando o

programa Coffalyser V9.4 program (MRC Holland, Amsterdam, The Netherlands).

5.3. Dosagem génica por PCR quantitativa em tempo real

Para confirmar a presenga de grandes duplicagdes e dele¢des identificadas por
CGH-array ou MLPA, foram realizados dois métodos de dosagem génica por PCR
quantitativa em tempo real (QPCR): o P (LIVAK e SCHMITTGEN 2001) e a técnica
de gPCR Duplex utilizando SYBR Green® que foi desenvolvida neste trabalho. Além de
representar um método alternativo simples e robusto de dosagem génica, essa técnica

apresenta a grande vantagem de minimizar erros de dosagem ocasionados por variagdes



nas quantidades iniciais de DNA-molde (TORREZAN et al. 2012). Para ambas as
metodologias foram utilizados iniciadores para o intron 7 do gene GAPDH (12p13) e
éxon 3 do gene HPRT1 (Xg26.1) como genes referéncia.

Para a realizagio do método 2*“", 18ng de DNA foram amplificados em uma
reacdo de 20uL contendo 0,3 umol de cada iniciador e 1X SYBR® Green PCR
MasterMix (Applied Biosystems). A reagdo de qPCR foi realizada no equipamento ABI
Prism 7500 (Applied Biosystems) com a seguinte ciclagem: 95°C por 10 minutos,
seguido de 40 ciclos de desnaturacdo a 95°C por 15 segundos e anelamento e extensdo a
60°C por um minuto.

As amostras dos pacientes e controles foram amplificadas em duplicata para os
fragmentos alvo e referéncia. Para os célculos de dosagem génica foi utilizada a média
dos Cis das duplicatas. Para cada fragmento, quatro individuos normais foram usados
para calcular o C; médio dos controles. A dosagem génica foi calculada utilizando a
seguinte equacio: 2TACt @vo)-ACt(eD] oy 4o AC, (alvo) refere-se a diferenca entre os valores
de C; entre o paciente ¢ a média dos controles para o éxon alvo, e o AC; (ref) ¢ igual a
diferenga entre os valores C; para o paciente ¢ a média dos controles para o éxon
referéncia. Valores entre 0,82 e 1,22 foram considerados normais, entre 0,41 e 0,61
delecdes de um alelo e acima de 1,4 amplificacdes (permitindo erro de 10% na
concentracdo medida).

As condi¢oes da qPCR Duplex baseada em SYBR ® Green foram basicamente
as mesmas descritas acima para o método 2!, com a seguinte diferenga: éxons alvo e
referéncia foram amplificados em duplex com 0,15umol de cada iniciador por 25 ciclos.
Apds a coamplificagdo, os produtos de PCR foram submetidos a uma temperatura de
transi¢do de 60°C a 95°C, ¢ foram geradas curvas de melting da queda da fluorescéncia
do SYBR Green. Os picos de melting (PM) foram entdo obtidos a partir da primeira
derivada negativa da variagdo da fluorescéncia (-dF/dT) versus a temperatura,
permitindo a discriminagdo de dois picos — um para o €xon alvo e outro para o éxon
referéncia. A razao entre a altura do PM do éxon alvo e do éxon referéncia determina a
concentragdo relativa do éxon alvo na amostra, ¢ normalizando a razdo do paciente pela
razdo obtida em amostras controle ¢ possivel determinar o nimero de copias deste
fragmento no paciente. Todos os ensaios foram realizados em duplicata e trés individuos

controle foram avaliados para cada fragmento.



Validaciao do método de dosagem génica por qPCR duplex

Antes desta metodologia ter sido utilizada nos pacientes do estudo, a mesma foi
validada através da quantificacdo do numero de copias do cromossomo X. Para isso,
utilizou-se um grupo controle composto por 12 homens e 12 mulheres, no qual foi
avaliada a razdo entre o éxon 3 do gene HPRT1 (Xg26.1) ¢ o intron 7 do gene referéncia
GAPDH (12p13). Utilizando uma amostra feminina como normalizadora, a razdo obtida
entre os homens variou de 0,63 a 0,70, enquanto a razao entre as mulheres variou de 0,90
a 1,09 (Figura 2A). A comparagdo visual da altura dos picos da curva de melting (PM)
entre os dois grupos evidencia uma reducdo do PM do gene HPRT1 nas amostras
masculinas em relacdo as femininas (Figura 2B).
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Figura 2 - Validacdo da qPCR duplex com SYBR Green. A: Distribui¢do das razdes entre
HPRT1 ¢ GAPDH em 24 amostras controles (12 mulheres ¢ 12 homens); nos individuos do sexo
masculino a razdo normalizada variou de 0,63 a 0,70, enquanto entre individuos do sexo feminino a
razdo normalizada variou de 0,90 a 1,09. B: Comparagao visual entre os dois sexos, evidenciando uma

reducdo do PM de HPRT1 nas amostras masculinas em relag@o as femininas.

A validacdo deste método também foi realizada em genes adicionais (ATM,
PTEN, BRCAL e PIP) em outros pacientes com sindromes de cancer hereditario e com

alteracdes previamente identificadas por CGH-array.
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6. AVALIACAO FUNCIONAL DA VARIANTE p.Vall1789Leu

A alteragdo missense p.Vall789Leu identificada neste estudo sera avaliada em
relag@o ao seu impacto funcional através de estudos in vitro. Resumidamente, células de
linhagens tumorais de tumores de c6lon serdo transfectadas com plasmideos expressando
o gene APC em sua forma selvagem, com uma mutagao sabidamente patogénica e com a
alteracdo p.Vall789Leu. Serdo realizados ensaios de imunoprecipitagdo e localizacdo
celular, além de outros ensaios que estao sendo estudados e discutidos pelo grupo.

Serdo utilizados plasmideos pCMVs contendo o cDNA do gene APC selvagem
(pCMV-Neo-Bam APC) e com uma mutagdo patogénica de cddon de parada prematuro
(pCMV-Neo-Bam APC 1-1309). Os plasmideos descritos acima foram construidos por
B. Vogelstein e K. Kinzler (Johns Hopkins University, Baltimore, MD) e adquiridos por
nosso  grupo através da  organizacdo sem fins lucrativos  Addgene
(http://www.addgene.org/). O plasmideo contendo a alteracdo p.Vall789Leu sera
construido por meio de mutagénese sitio-dirigida, com o kit QuikChange II-E Site-
Directed Mutagenesis Kit (Cat #200555).

Em resumo, o plasmideo contendo o gene APC selvagem sera utilizado como
molde para a reagdo de mutagénese. Os iniciadores forward e reverse (Quadro 4), ambos
desenhados com a mutacdo de interesse, anelam-se a sequéncia alvo no vetor € com o
aumento da temperatura ocorre a extensao dos iniciadores pela polimerase PfuUltra high
fidelity (Stratagene) gerando um plasmideo com a alteragdo de interesse. A reagdo de
mutagénese € entdo tratada com a endonuclease Dpnl (sequéncia de reconhecimento: 5’
GmO6ATC-3’), uma enzima de restrigdo que € utilizada porque reconhece e digere DNA
metilado ou hemimetilado, clivando desta forma apenas o vetor parental. O vetor
contendo a mutagdo desejada recém sintetizado ndo ¢ metilado, e por isso nao ¢ digerido
pela enzima. A reacdo ¢ entdo purificada utilizando a resina Strataclean e o produto
purificado € transformado por eletroporacdo em XL1-blue. A confinagdo da presenga das
alteracdes sera feita por sequenciamento direto, com iniciadores do inserto que

flanqueiam a regido da mutagao.



Quadro 4: Iniciadores para mutagao sitio dirigida no gene APC

Alteragéo Iniciador Sequéncia Tamanho
APC- 5'-caaaatactgaatataggacacgtctaagaa
¢.5365 G>C 25365c_F | aaaatgcagactcaaaaa-3' ¥
p-Vall789Leu APC - 5'- tttttgagtctgcattttttcttagacgtgtectatatt
g5365¢ R | cagtattttg-3' ¥

A terceira coluna apresenta a sequencia dos iniciadores forward e reverse e as bases

correspondentes a mutagdo de interesse sao representadas em negrito e vermelho.

7. DETECCAO DE MUTACOES POR SEQUENCIAMENTO EM LARGA
ESCALA

Os pacientes negativos para mutagdes em APC e MUTYH pelas técnicas de
sequenciamento, CGH-array ¢ MLPA foram rastreados para mutagdes germinativas em
outros genes por sequenciamento de nova geracao do exoma. Para o enriquecimento das
porcdes exonicas foi utilizado o kit de captura direcionada para todo o exoma humano
TargetSeq™ Exome Enrichment Kit (LifeTechnologies, Foster City, USA), seguindo as
especificagdes do fabricante. Esta abordagem realiza a captura de 45,1 Mb do genoma,
sendo 37,3 Mb correspondentes a regides codificadoras, e representando mais de 98%
das sequencias codificantes descritas nos banco de dados VEGA
(http://www.sanger.ac.uk/resources/databases/vega/) e RefSeq
(www.ncbi.nlm.nih.gov/RefSeq/).

A captura ¢ feita através de mais de dois milhdes de sondas de DNA biotiniladas
que sao hibridadas contra o DNA gendmico apds quebra, selegdo de tamanho, ligagao de
barcodes especificos e adaptadores para o sequenciamento. As moléculas hibridas DNA-
sonda sdo selecionadas por incubagdo com beads magnéticos de streptavidina, seguindo
as recomendacgdes do fabricante e 0 DNA capturado ¢ amplificado em poucos ciclos de
PCR. Uma das vantagens desta plataforma, em relacdo a outras disponiveis, ¢ que a
ligacdo dos barcodes especificos para cada amostra é realizado antes da etapa de
enriquecimento do exoma, e até 4 amostras podem ser adicionadas em um pool para a
realizagdo da etapa de captura, diminuindo o tempo de preparo e a utilizagdo de alguns
reagentes.

Ap6s o preparo da biblioteca, as amostras enriquecidas foram entdo submetidas

ao sequenciamento de alto desempenho na plataforma SOLiD™ 5500x] System



(LifeTechnologies, Foster City, USA). A tecnologia de sequenciamento do SOLiD
utiliza a amplificagdo em emulsdo do DNA ligado a esferas. Apos a amplificagdo e
enriquecimento, as esferas com fragmentos de DNA modificados na extremidade 3" sdo
depositadas em uma FlowChip de vidro que contém 6 lanes individuais. O
sequenciamento ocorre por multiplas de etapas de hibridizagdo e ligagdo. Iniciadores sdo
hibridados aos adaptadores no DNA molde e octameros fluorescentes hibridizam com a
regido adjacente do iniciador. Através da agdo de uma ligase ocorre a ligagdo destes
fragmentos e entdo ¢ feita a detec¢do da fluorescéncia presente no octamero. A marcacao
fluorescente do octamero depende do par de bases inicial, permitindo a interrogagao das
duas primeiras bases nas quais ele se hibrida. Apods a hibridizagdo e detecgdo, as trés
bases finais do octamero sdo clivadas e ocorrem multiplos ciclos de ligagdo, detecgdo e
clivagem. Posteriormente, o produto de extensao ¢ removido e um iniciador
complementar a regido n-1 do DNA molde inicia um novo ciclo de ligagdes. Cinco
ciclos de iniciadores sao completados para cada fragmento de DNA molde. A principal
vantagem desta metodologia ¢ que cada base ¢ determinada em duas ligagdes
independentes, resultando em uma leitura precisa (99,9%) que requer pouca cobertura
para atingir um valor confidvel de chamada de bases.

Foi utilizada a estratégia de sequenciamento paired-end, com uma leitura de 75
pares de bases a partir de uma extremidade e 50 pares de bases da outra extremidade dos
fragmentos capturados (Figura 3). As duas amostras foram sequenciadas juntamente com
10 amostras de outro projeto do grupo. Este pool contendo 12 exomas foi sequenciado
em sete lanes, e com essa estratégia estimamos obter em torno de 4,5 Gb para cada

€xoma.

ISR “S0bp | [ Sbp

V

Pl Enriched DNA |A ] BC P2

Figura 3 - Representacio esquematica de sequenciamento paired-end. Neste trabalho
utilizamos a estratégia de sequenciamento paired-end, com uma leitura de 75 pares de bases a partir
de uma extremidade e 50 pares de bases da outra extremidade dos fragmentos capturados (enriched
DNA). Além disso, também ¢ realizada a leitura de 5 pares de bases para identificar o barcode (BC) de
cada amostra. P1 = adaptador P1; P2 = adaptador P2; IA = internal adapter.



8-ANALISE DOS RESULTADOS

Descricao e Interpretacio das Mutacdes Encontradas

A nomenclatura utilizada para descri¢do das mutagdes encontradas nos genes
APC e MUTYH foi baseada no trabalho de DEN DUNNEN e ANTONARAKIS (2000),
conforme recomendado pela Human Genome Variation Society
(www.hgvs.org/mutnomen).

Os bancos de dados LOVD (Leiden Open Variation Database), InNSIGHT, The
Human Gene Database, dbSNP e 1000genomes foram consultados para interpretagdo e
determinagdo da significancia patogénica das mutacdes encontradas. Foram classificadas
como mutagdes patogénicas as mutagdes dos tipos nonsense (que geram codon de parada
prematuro); as pequenas duplicagdes, delecdes e insercdes (que ocasionem mudanga no
quadro de leitura); e as mutagdes que afetaram sitios doadores ou receptores de splicing,
(afetam o processo de splicing do RNAm, alterando a estrutura da proteina) e
dele¢des/duplicacdes de éxons inteiros. Mutagdes missense ndo descritas nos bancos de
dados foram investigadas quanto a sua patogenicidade em algoritmos de predi¢do online

(Polyphen, SIFT e GVGD).

Analise de Bioinformatica

Softwares especificos foram utilizados para converter as imagens capturadas
pelos equipamentos em escores de intensidade, chamada de bases, escores de qualidade
de alinhamentos e outras analises para converter os dados brutos em informacgao
bioldgica relevante. A avaliagdo e edicao dos resultados do sequenciamento direto foram
realizadas utilizando o CLC Main Workbench Software (CLC Bio, Denmark). Os dados
CGH-array foram extraidos utilizando o software Feature Extraction (Agilent
Technologies, Santa Clara, USA) e as andlises foram realizadas no programa Genomic
Workbench (Agilent Technologies, Santa Clara, USA) utilizando o algoritmo ADM-2.
Os resultados de MLPA foram avaliados utilizando o programa Coffalyser V9.4 program
(MRC Holland, Amsterdam, The Netherlands).

As sequéncias geradas no SOLiD 5500xl foram alinhadas através do programa
BioScope 2.0 (Life Technologies) a um genoma humano de referéncia (UCSC hgl9) e as
coordenadas genomicas das regides alvos do kit TargetSeq (TargetSeq™ Exome

Enrichment Kit). O programa Bioscope ja apresenta parametros definidos para



mapeamento de sequéncias curtas geradas pelo equipamento SOLiD e realiza o
mapeamento na sequéncia gendmica em color-base. Além disso, o programa apresenta
ferramentas para a busca de tipos especificos de alteragdes como SNPs, CNVs, indels,
translocagoes ¢ outras.

Todas as mutagdes encontradas pelo sequenciamento SOLiD e selecionadas

como candidatas serdo confirmadas por sequenciamento pelo método de Sanger.



Anexo 2 - Termo de Consentimento Livre e Esclarecido para Individuos com Cancer

Colorretal e Polipose

(Obrigatorio para Pesquisa Clinica em Seres Humanos — Resolucdo N. 196/96 e
resolucao CNS 252/97 do Ministério da Saude)

PROJETO: Estudo Genético de Cancer Colorretal na Hispania e nas Américas
DADOS DE IDENTIFICACAO DO PACIENTE OU RESPONSAVEL LEGAL
NOME DO PARTICIPANTE:

Sexo: [Imasculino [Ifeminino Data de nascimento: / /

Documento de identidade n.:

Endereco:

Numero: Complemento:
Cidade: Estado:

CEP: TEL:
RESPONSAVEL:

Sexo: [lmasculino [] feminino Data de nascimento: /]

Documento de identidade n.:

Endereco:

Numero: Complemento:
Cidade: Estado:

CEP: TEL:

II. OBJETIVOS DO ESTUDO
Vocé foi convidado para participar deste estudo porque vocé tem cancer colorretal e
familiar. O objetivo deste estudo é pesquisar por alteragdes genéticas que possam estar

relacionadas a um aumento no risco de cancer do intestino grosso.

[II. PROCEDIMENTOS

Apos a assinatura deste termo, sera preenchido um formulario com caracteristicas como
sexo, idade e histéria familiar. Depois vocé serd encaminhado ao laboratorio para a
retirada da amostra de sangue. No laboratdrio serdo retirados 8ml de sangue
(aproximadamente duas colheres de sopa) através de uma agulha colocada no seu brago.

O sangue sera colocado em quatro tubos, identificado e enviado ao laboratério para



analise. Um dos tubos de sangue ficard no Brasil e o outro tubo serd enviado para a
Inglaterra para a realizacdo da pesquisa. Nesta pesquisa serd realizado um teste que ird
buscar alteracdes genéticas que possam aumentar o risco de cancer de intestino grosso.
As caracteristicas clinicas e os resultados dos testes na amostra de sangue dos
participantes com cancer serd comparado com as caracteristicas de participantes sem
cancer.

Nos realizaremos no Brasil um estudo para verificar se vocé tem alteragdes nos genes
que estdo relacionadas com o cancer familiar. Cerca de 10% dos tumores de intestino
grosso sdo hereditarios, ou seja, sdo causadas por alteragdes genéticas que podem ser
transmitidas dos pais aos filhos. Iremos realizar um teste nos genes (codigo genético)
chamados APC e MYH. Os possiveis resultados deste teste sao:

1 — voceé pode ter a alteragdo nos genes APC ou MYH que esté associada o aparecimento
de polipos no intestino e risco de cancer de intestino grosso. E o que chamamos de
resultado positivo; se vocé€ tem a alteragdo no gene, tem 50% de chance de passar a
alteracdo para os seus filhos. *

2 — o exame ndo identificou alteragdes nos genes APC ou MYH. Isto ¢ chamado de
resultado inconclusivo. Isto pode ocorrer em duas situagdes: vocé tem alteragdes em
outros genes que nao foram estudados, ou o teste de laboratorio utilizado ndo conseguiu
encontrar a alteracao;

3 — o0 exame encontrou uma alteracdo que ndo € possivel determinar se ela esta associada
a um risco maior de cancer.

Os resultados deste teste serdo divulgados para vocé em uma consulta.

Os resultados deste estudo serdo utilizados para apresentacdo de artigos e trabalhos
cientificos. Na divulgacdo dos resultados ndo serdo divulgados os nomes ou qualquer
forma que possa identificar os participantes da pesquisa.

Também solicitamos sua autorizagdo para guardar parte da amostra de sangue (dois
tubos) que ndo sera utilizada nesta pesquisa. Esta amostra serd guardada no banco de
tumores do Hospital A.C. Camargo, e podera ser utilizada em pesquisas futuras. Todas
as pesquisas sdo aprovadas pelo Comité de Etica em Pesquisa antes do seu inicio, e se
necessario solicitaremos sua autorizagdo para uso. Vocé€ pode decidir participar da

pesquisa, mas nao permitir que a amostra seja guardada apds o final desta pesquisa.



IV - BENEFICIOS
A participagdo estudo pode ndo trazer beneficios para vocé ou para os membros de sua

familia; mas pode ajudar os médicos a compreender como o cancer se desenvolve.

V - RISCOS

Os riscos associados com sua participacao nesse estudo sdo dor ou queimagdo no local
da retirada do sangue. Pode ocorrer que apds o resultado do teste genético vocé tenha
sentimentos como ansiedade, raiva e tristeza. Caso seja necessario vocé podera receber o

apoio de uma psicologa.

VI - ASPECTOS ETICOS

Esta pesquisa foi aprovada pelo Comité de Etica do Hospital A.C. Camargo. A
confidencialidade das suas informagdes serda mantida. Apenas as pessoas envolvidas
diretamente nesse estudo ou o Comité de Etica em Pesquisa poderdo ter acesso as
informacdes se necessario.

A sua participacdo neste estudo ¢ voluntaria, tendo o direito de retirar-se do estudo a
qualquer momento. Sua recusa ou desisténcia ndo ira prejudicar seu o tratamento.
Qualquer duvida sobre o estudo, vocé podera entrar em contato com a enfermeira Erika
no telefone 2189-5000 ramal 1080. Se o pesquisador principal ndo fornecer as
informacgodes/esclarecimentos suficientes, entre em contato com o Coordenador do
Comité de Etica do Hospital do Cancer — SP, pelo telefone 21895020.

Declaro que fui esclarecido: sobre os procedimentos, riscos e beneficios sobre este
estudo; que tenho liberdade em retirar 0 meu consentimento a qualquer momento, sem
que isto traga prejuizo a continuidade do tratamento do meu familiar; que ndo havera
remuneracao financeira para este estudo; sobre a seguranga de que minha identidade sera

preservada, mantendo-se todas as informagdes em carater confidencial.

() concordo participar do estudo

() guarda da amostra de sangue

Sdo Paulo, de de




Assinatura do Participante ou Responsavel

Nome do Pesquisador ou Representante



