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Resumo

Introducdo: A Sindrome de Li-Fraumeni (SLF) € uma doenca autossdmica
dominante caracterizada pelo risco aumentado de cancer de mama, sarcomas,
tumores cerebrais e adrenocorticais (tumores centrais da SLF), bem como outras
neoplasias em idade jovem em individuos portadores de variantes germinativas
patogénicas (VGP) em TP53. Nas regiées Sul e Sudeste do Brasil, a VGP
fundadora TP53 R337H esta presente em 0,3% da populacdo geral. Outra
variante funcional no gene, rs78378222 (A>C), altera o sinal de poliadenilacao e
tem sido associada com risco para cancer em geral. Objetivos: Considerando a
heterogeneidade clinica observada em portadores da VGP R337H e a
importancia dos miRNAs como reguladores de p53, 0s objetivos desta tese
foram: (a) determinar a prevaléncia das variantes funcionais TP53 R337H e
rs78378222 em pacientes com diferentes tipos de tumores da regido Sul do
Brasil; (b) atualizar a rede de miRNAs envolvida na regulacéo da via de p53; e
(c) investigar o papel de polimorfismos de nucleotideo Unico (SNPs) em genes
de miRNAs (miRSNPs) que regulam indiretamente p53 como potenciais
modificadores de fendtipo em portadores da variante R337H. Resultados:
Dentre os principais achados podemos destacar: (a) identificacdo de uma baixa
prevaléncia tanto de portadores da VGP fundadora R337H em amostras de
adenocarcinoma de pulmédo (andlise somatica; 1,2%), quanto da variante
funcional rs78378222 em coortes de pacientes com adenocarcinomas de pulmao
(andlise somética; 1%) e préstata (analise germinativa; 0,65%), em comparacao
com achados prévios; (b) obtencdo de uma rede atualizada contendo 26 genes
da via de p53 e 238 interacbes miRNA-alvo validadas experimentalmente; e (c)
selecdo de miRSNPs funcionais relacionados a miR-605 (rs2043556 A>G) e
miR-34 (rs4938723 T>C), permitindo identificar que, em portadores da R337H, o
gendtipo MIR605 rs2043556[G/G] esta associado com a ocorréncia de multiplos
tumores primarios e pri-miR-34b/c rs4938723[C/C] associado com o
desenvolvimento de tumores ndo-centrais da SLF. Conclusbes: Em
comparacao com estudos anteriores, as prevaléncias das variantes funcionais
de TP53 aqui obtidas sugerem que existem variacbes regionais e tumor-
especificas, enquanto os achados do papel dos miRSNPs no contexto da SLF
mostram a importancia da analise de genes de miRNAs reguladores da atividade
de p53 como potenciais modificadores de fendtipo da doenca.



Palavras-chave: Sindrome de Li-Fraumeni, proteina p53, modificadores de fenétipo, miRNAs.



Abstract
Introduction: Li-Fraumeni syndrome (LFS) is an autosomal dominantly inherited
disorder characterized by an increased risk of early-onset breast cancer,
sarcomas, brain and adrenocortical tumors (LFS core tumors) and other
neoplasms in individuals harboring germline TP53 pathogenic variants (GPV). In
Southern and Southeastern regions of Brazil, the founder GPV TP53 R337H has
been detected in 0.3% of the general population. Another functional variant in the
gene, rs78378222 (A>C), changes the polyadenylation signal and has been
associated with increased risk of cancer in general. Objectives: Given the clinical
heterogeneity observed in carriers of GPV R337H and the importance of miRNAs
as regulators of p53 expression, the objectives of this thesis were: (a) determine
the prevalence of the functional variants TP53 R337H and rs78378222 in patients
with different tumor types from Southern Brazil; (b) update the network of miRNAs
involved in the p53 pathway regulation; and (c) investigate the role of single
nucleotide polymorphisms (SNPs) located in miRNA genes (miRSNPs) that
indirectly regulate p53 as potential phenotype modifiers in R337H carriers.
Results: Among the main findings, we can highlight: (a) when compared with
previous findings, identification of a low carriers’ prevalence of both the founder
GPV R337H in lung adenocarcinoma samples (somatic analyses; 1.2%) and the
functional variant rs78378222 in cohorts of patients diagnosed with lung (somatic
analyses; 1%) and prostate adenocarcinomas (germinative analyses; 0.65%); (b)
generation of an updated network containing 26 genes of the p53 signaling
pathway and 238 experimentally validated miRNA-target interactions; and (c)
selection of functional MiIRSNPs related to miRNA families miR-605 (rs2043556
A>G) and miR-34 (rs4938723 T>C), allowing to identify that the MIR605
rs2043556[G/G] homozygous genotype is associated with the occurrence of
multiple primary tumors as well as pri-miR-34b/c rs4938723[C/C] genotype is
associated with the development of LFS non-core or atypical tumors in R337H
carriers. Conclusions: Compared to previous studies, the prevalence of
functional TP53 variants found here suggest that there may be regional and
tumor-specific frequency variations, while the findings about the role of mMiRSNPs
in the LFS context demonstrate the importance in evaluating genes encoding

mMiRNAs that regulate p53 activity as potential phenotype modifiers.

Keywords: Li-Fraumeni syndrome, p53 protein, phenotype modifiers, miRNAs.
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Lista de abreviaturas
APC - Adenomatous Polyposis Coli Gene
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1.1. Sindromes de predisposicdo hereditaria ao cancer

A maioria das neoplasias humanas resulta de interacdes complexas entre
0 componente genético do individuo e os fatores de exposicdo ambientais, o que
chamamos de heranca multifatorial. No entanto, um pequeno percentual destes
casos decorre principalmente de alteracdes herdadas na sequéncia do DNA,
conferindo um risco aumentado para o desenvolvimento de tumores em
comparacao com aquele observado na populacdo geral (INCa, 2009; Kinzler e
Vogelstein, 1998). Um estudo de 1866 que avaliou diferentes geracdes de uma
familia com varios casos de tumores de mama em idade precoce foi 0 primeiro
a especular sobre formas hereditarias de cancer (Hodgson, 2008). Quando o
tumor ocorre como parte de uma sindrome de predisposi¢cao hereditaria ao
cancer, a alteracao inicial causadora do mesmo € herdada através da linhagem
germinativa e, portanto, ja estd presente em cada célula do corpo, desde a
formacdo do embrido (Garber e Offit, 2005; De la Chapelle e Peltoméaki, 1998).
Atualmente, estima-se que cerca de 5 a 10% de todos os tumores estejam
relacionados a predisposicao hereditaria e diretamente associados a variantes
germinativas patogénicas (VGP) situadas em genes de alta e moderada
penetrancia para o cancer (Ferreira e Rocha, 2010; Han e Kim, 2021).

Nas ultimas cinco décadas, grande parte dos avan¢cos no conhecimento
sobre as bases moleculares do cancer tem sido realizados. Dezenas de genes
envolvidos no desenvolvimento de neoplasias foram identificados e divididos em
3 classes principais: genes supressores de tumor, oncogenes e genes de reparo
do DNA (De la Chapelle e Peltomaki, 1998). Os genes supressores de tumor
geralmente sé@o reguladores negativos da proliferacdo celular e sua perda de
funcdo promove o desenvolvimento de cancer. Esses genes atuam, na maioria
das vezes, de uma forma recessiva, uma vez que sua perda de funcao decorre
da inativacdo bialélica na célula diploide somatica por meio de variantes
deletérias ou outros mecanismos que interfiram na sua expressao, levando a
inativacao funcional total ou parcial da proteina codificada pelo gene (Osborne
et al., 2004). Essa “hipétese de dois eventos” foi inicialmente proposta pelo
pesquisador Alfred Knudson no contexto de tumorigénese do retinoblastoma,
neoplasia na qual ambos os alelos do gene RB1 devem ser inativados para

desencadear o fendtipo maligno (Knudson, 1971). Em contraste, os proto-
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oncogenes sao responsaveis por estimular a proliferacédo celular em condicdes
normais. Quando mutados, seus produtos proteicos podem adquirir uma
atividade ou funcdo aumentada, passando a ser chamados de oncogenes
(Croce, 2008; Osborne et al., 2004). Dessa forma, alteracdes ativadoras em uma
Gnica coOpia de um proto-oncogene podem exibir um efeito dominante em
promover a proliferacédo celular, conferindo predisposicdo ao cancer. Um proto-
oncogene pode ser convertido de um gene celular considerado “normal”
(desempenhando suas fungBes constitutivas) a um oncogene através de
variagbes de sequéncia pontuais, pequenas dele¢bes/insercdes, translocacoes
cromossOmicas e amplificacdo génica (Ferreira e Rocha, 2010; Weinstein e Joe,
2008). Por fim, os genes de reparo do DNA sao aqueles envolvidos nos
processos constitutivos de reparo a danos no DNA, sejam eles espontaneos ou
induzidos por fatores ambientais. Os danos ao DNA frequentemente s&o
causados pela interacdo com o ambiente (exposicdo a radiacdes, nicotina e
demais substancias carcinogénicas) ou por conta do envelhecimento. A
inativacao desses genes de reparo leva ao acumulo de alteragdes somaticas, o
que pode ocasionar o favorecimento de uma instabilidade genomica (Bauer et
al., 2015; Murga e Fernandez-Capetillo, 2007). Geralmente o desenvolvimento
de tumores ocorre quando o ambiente adverso contribui para esta instabilidade
por um periodo suficientemente longo para permitir 0 acimulo de um namero
critico de alteracbes genéticas, especialmente em genes supressores de tumor
e oncogenes (Ferreira e Rocha, 2010; Hanahan e Weinberg, 2011).

Este conhecimento culminou com a identificacdo dos genes associados
as sindromes de cancer hereditario. Dentre estes, destacam-se 0S genes
supressores de tumor TP53 para a Sindrome de Li-Fraumeni (alvo do presente
estudo) (Malkin et al.,, 1990); APC para a Polipose Adenomatosa Familiar
(Groden et al., 1991); e BRCAL e BRCA2 para a Sindrome de Cancer de Mama
e Ovario Hereditarios (Miki et al., 1994; Wooster et al., 1994); bem como 0s
genes do sistema de reparo de pareamento incorreto do DNA (sistema MMR,
Mismatch Repair) MLH1, MSH2, MSH6, PMS1 e PMS2 para Sindrome de
Cancer Colorretal Hereditario ndo-Polipomatoso ou Sindrome de Lynch (Leach
etal., 1993; Liu et al., 1996), entre outros. A maioria dessas sindromes apresenta
um padrdo de heranca autossémico dominante e é causada por VGP de perda
de funcdo em genes supressores de tumor (Tucker e Friedman, 2002). Além
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disso, foi verificado que o espectro de tipos tumorais desenvolvido nas familias
afetadas tende a ser caracteristico de cada sindrome (Committee, 2019; Garber
e Offit, 2005). Estas descobertas permitram a criacdo de abordagens
metodoldgicas para diagnéstico molecular destas sindromes de cancer
hereditario e estimularam o desenvolvimento de programas de avaliacao clinica,
aconselhamento genético de familias em risco e proposicao de intervencdes de
reducao de risco (Biesecker e Garber, 1995; Ponder, 1997; Sidransky, 1997).

1.2. Sindrome de Li-Fraumeni (SLF)

No ano de 1969, os pesquisadores Frederick Li e Joseph Fraumeni, ao
revisar registros médicos e atestados de 0bito de 648 criancas norte-americanas
diagnosticadas com rabdomiossarcoma (neoplasia maligna originada a partir das
células dos musculos estriados da musculatura esquelética), identificaram uma
alta incidéncia de diferentes tipos de cancer em idade precoce entre 0s seus
familiares. A partir dessa analise, observaram quatro familias que apresentavam
sarcomas de partes moles, cancer de mama e outros tumores acometendo
criancas ou jovens adultos. A suscetibilidade aumentada ao cancer nestas
familias néo foi caracterizada apenas pelo grande numero de individuos
afetados, mas também pela alta ocorréncia de multiplos tumores primarios em
jovens. A distribuicdo dos casos de cancer nesses agregados familiares sugeria
um padréo de heranca autossémico dominante e levou a descricdo de uma nova
sindrome de cancer familial, denominada Sindrome de Li-Fraumeni (SLF) (Li e
Fraumeni, 1969a, 1969b).

A SLF (OMIM #151623) consiste em uma sindrome monogénica,
autossbmica dominante e altamente penetrante de predisposicao hereditaria a
varios tipos de tumores diagnosticados em idade precoce (Li e Fraumeni, 1969b;
Malkin et al., 1990). O espectro de tumores observado em familias SLF é
heterogéneo, incluindo tumores pediatricos e tumores diagnosticados na vida
adulta (Schneider et al., 2019). Conforme mostrado na Figura 1, os tumores mais
frequentes em individuos com a doenca, também denominados tumores centrais
da sindrome (“core tumors”), sdo o cancer de mama (tumor mais frequente em
mulheres afetadas), os sarcomas de partes moles e osteosarcomas, tumores do

sistema nervoso central (em especial meduloblastoma e carcinoma de plexo

15



coroide) e carcinoma adrenocortical (IARC TP53 database, 2019; Li et al., 1988;
Malkin, 2011). Outros tumores, tais como leucemias, melanoma, canceres
gastrico, colorretal, de tireoide, pulmao, rim e prostata, tumores de células
germinativas e tumor de Wilms ja foram descritos em varias familias com SLF
(Formiga et al., 2017; Gonzalez et al., 2009; Hartley et al., 1989; Masciari et al.,
2011; Ruijs et al., 2010). Variacbes de sequéncia germinativas patogénicas
(VGP) localizadas no gene supressor tumoral TP53 estdo associadas com a
sindrome (Malkin et al., 1990).

MAMA J21.46% (815
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QUTROS Je.51% (223
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Figura 1. Tipos de tumores diagnosticados em portadores de variantes germinativas patogénicas
no gene TP53 (N=2591). Modificado de IARC TP53 database (versdo R20, julho de 2019).

A suspeita clinica da SLF é baseada nos padrées de tumores observados
no probando com suspeita da sindrome e em seus familiares de primeiro e
segundo grau. O fendtipo classico da SLF foi inicialmente caracterizado pela
concentragdo familiar da ocorréncia de tumores centrais da sindrome (Li e
Fraumeni, 1969b; Malkin et al., 1990), sendo definido pela presenca de todos os
seguintes critérios: (1) a presenca de um probando com diagndstico de sarcoma
antes dos 45 anos de idade; (2) acompanhado de um familiar em primeiro grau
com algum cancer diagnosticado antes dos 45 anos de idade; (3) outro familiar

em primeiro ou segundo grau também com cancer antes dos 45 anos de idade
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ou um sarcoma em qualquer idade (Li et al., 1988). Sempre que presentes, estes
critérios indicam claramente o teste genético para diagnostico da sindrome
(Figura 2).

BB, 47
BB, 47 CNS, 41 BR, 37
LK, 6 CPC,4 RMS,3 05,8
w 05,9

Figura 2. Exemplo de heredograma de uma familia preenchendo os critérios classicos para a
SLF. O probando ¢é indicado pela seta preta e os nimeros representam a idade ao diagndstico
do tumor. BB, cancer de mama bilateral (bilateral breast cancer); CNS, tumor de sistema nervoso
central (central nervous system); BR, cancer de mama unilateral (breast cancer); LK, leucemia
(leukemia); CPC, carcinoma de plexo coroide; RMS, rabdomiossarcoma; OS, osteosarcoma.
Modificado de Malkin, 2011.

Posteriormente, foram identificadas inGmeras familias com VGP em TP53
gue apresentavam caracteristicas clinicas incompletas (fenétipo mais brando)
guando considerados os critérios classicos da SLF. Nestas familias com fen6tipo
similar, mas n&o inteiramente consistente com os critérios classicos, foi
verificada a ocorréncia de outros tipos tumorais nao descritos como “core tumors”
(neoplasias hematoldgicas, melanoma, céncer gastrico e colorretal, entre
outros), uma idade ao diagnéstico de cancer mais avancada e menor niumero de
casos de cancer em comparacdo com as familias preenchendo os critérios
classicos da sindrome (Frebourg et al., 2001; Olivier et al., 2003). Dessa forma,
outros critérios menos restritivos, incluindo os de Birch e Eeles (Birch et al., 1994;
Eeles, 1995), foram propostos para indicar o teste genético e investigacdo da
SLF e de suas variantes fenotipicas, chamadas globalmente de Sindrome de Li-
Fraumeni-like (LFL). E importante destacar que o termo LFL vem sendo cada
vez menos utilizado, dando-se preferéncia a denominacéo genérica SLF para
todas as familias afetadas. Em 2001, Chompret e colegas sugeriram critérios

mais amplos do que os classicos, porém distintos dos critérios de Birch e Eeles
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para selecionar pacientes com suspeita de LFS (Chompret et al., 2001), os quais
foram atualizados no ano de 2015 (Bougeard et al., 2015). Atualmente, os
critérios de Chompret revisados em 2015 tem sido recomendados pelo The
National Comprehensive Cancer Network (NCCN) para indicacdo de testes
genéticos direcionados a suspeita clinica de SLF (Pilarski et al., 2019). A Tabela
1 resume os diferentes critérios clinicos descritos até o momento para
identificacdo de familias e individuos com o fenétipo da sindrome.

O mecanismo molecular associado com a SLF foi esclarecido apenas em
1990 (Malkin et al., 1990). Anteriormente, analises de segregacédo ja mostravam
gue a doenca tinha uma etiologia genética. Variantes inativadoras somaticas no
gene TP53 ja haviam sido detectadas nas formas esporadicas da maioria dos
tipos de cancer associados com a SLF, incluindo osteossarcomas, sarcomas de
partes moles, leucemias e carcinomas de mama (Nigro et al., 1989). Baseados
nessas observacdes, Malkin e colaboradores (1990) sequenciaram o gene TP53
em leucdcitos de individuos com suspeita clinica de SLF. Estas analises
resultaram na deteccdo de alteracdes entre os éxons 5-8 na regido
correspondente ao dominio de ligagdo ao DNA (DBD) da proteina p53,
confirmando a associacdo entre VGP em TP53 e o fendtipo SLF. Apesar da
extensa investigacdo, até o momento este € o Unico gene gue foi definitivamente
associado a sindrome. Por outro lado, a prevaléncia de alteragfes germinativas
identificadas nas regibes codificantes de TP53 nas familias SLF tem
apresentado variacdo entre os diferentes estudos, sendo relatada uma
prevaléncia destas alteracbes de aproximadamente 60-80% e 20-60% em
familias com SLF (forma classica) e LFL (formas variantes), respectivamente
(Bougeard et al., 2015; Kleihues et al., 1997; Malkin, 2011; McBride et al., 2014;
Olivier et al., 2003; Varley, 2003).
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Tabela 1. Diferentes critérios clinicos propostos para identificacdo de familias com a Sindrome de Li-Fraumeni.

Critério Referéncias Descricéo dos critérios

1) Sarcoma na infancia ou em idade jovem (antes dos 45 anos); E

2) Familiar de 1° grau com qualquer cancer em idade jovem (antes dos 45 anos); E

3) Familiar de 1° ou 2° grau que tenha o diagnostico de cancer em idade jovem (antes dos 45 anos) ou sarcoma em qualquer
idade.

Classico (Li e Fraumeni, 1969b)

Cancer na infancia ou sarcoma, tumor de SNC ou CAC antes dos 45 anos E familiar de 1° ou 2° grau com céancer tipico da SLF

Birch Birch et al., 1994 : o N .
! (Birch et a ) em qualquer idade E familiar de 1° ou 2° grau com qualquer cancer antes dos 60 anos de idade.

1) Presenca de dois familiares de 1° ou 2° grau com tumor tipico da SLF em qualquer idade (sarcoma, cancer de mama, tumor de
SNC, leucemia, CAC, melanoma, cancer de préstata e pancreas); OU

Eeles (Eeles, 1995) 2) Sarcoma em qualquer idade no probando com dois dos seguintes tumores (podendo estar presentes no mesmo individuo):
cancer de mama (pacientes com idade ao diagndstico inferior a 50 anos) e/ou tumor de SNC, leucemia, CAC, melanoma, cancer
de prostata e pancreas (pacientes com idade ao diagnéstico inferior a 60 anos) ou sarcoma em qualquer idade.

1) Sarcoma, tumor de SNC, CAC ou cancer de mama antes dos 36 anos E familiar de 1° ou 2° grau com cancer antes dos 46
anos ou familiar com multiplos tumores primarios em qualquer idade; OU

(Chompret et al., 2001)  2) Multiplos tumores, incluindo dois que sejam do tipo sarcoma, CAC, mama ou SNC, com o primeiro tumor diagnosticado antes
dos 36 anos, independente da histéria familiar; OU
3) CAC em qualquer idade independente da histéria familiar.

Chompret
2001

1) Probando com cancer tipico da SLF antes dos 46 anos E familiar de 1° ou 2° grau com cancer tipico da SLF antes dos 56 anos
(exceto cancer de mama, caso o probando tenha cancer de mama) ou multiplos tumores primarios; OU

2) Probando com multiplos tumores, sendo pelo menos dois do espectro da SLF e o primeiro antes dos 46 anos ou CAC em
qualquer idade; OU

3) Cancer de mama antes dos 36 anos sem identificacao de variante patogénica nos genes BRCA1 ou BRCA2.

Chompret  (Bougeard et al., 2008;
2009 Tinat et al., 2009)

1) Familiar: Probando com tumor pertencente ao espectro tumoral classico da SLF (por exemplo, caAncer de mama na pré-
menopausa, sarcoma de partes moles, osteossarcoma, tumor do SNC e carcinoma adrenocortical) antes dos 46 anos E pelo
menos um parente de 1° ou 2° grau com tumor caracteristico da SLF (exceto cancer de mama, se o probando tiver desenvolvido
cancer de mama) antes dos 56 anos ou com multiplos tumores; OU

(Bougeard et al., 2015)  2) Multiplos tumores primérios: Probando com multiplos tumores (exceto multiplos tumores de mama), dois dos quais pertencem
ao espectro tumoral da SLF e o primeiro com ocorréncia antes dos 46 anos de idade; OU
3) Tumores raros: Probando com carcinoma adrenocortical, tumor de plexo coroide ou rabdomiossarcoma do subtipo anaplasico
embrionario, independentemente da histéria familiar; OU
4) Cancer de Mama em idade jovem: Cancer de mama antes dos 31 anos de idade

Chompret
2015

CAC, carcinoma adrenocortical; SNC, sistema nervoso central; SLF, Sindrome de Li-Fraumeni.
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Estudos na Europa e Estados Unidos envolvendo participantes
selecionados por histéria pessoal e familiar de cancer apontaram para uma taxa
de portadores de mutagcdo germinativa em TP53 entre 1:5.000 a 1:20.000
nascidos-vivos (Gonzalez et al., 2009; Lalloo et al., 2006). Embora repositorios
contendo dados de sequenciamento completo do genoma de individuos
brasileiros sem historia pessoal e familiar de cancer tenham sido disponibilizados
recentemente (Lerario et al., 2020; Naslavsky et al., 20AD), a prevaléncia de
variantes germinativas que ocorrem entre os éxons 5-8 do gene TP53 na
populacao geral do Brasil ainda néo foi investigada de maneira aprofundada. A
Unica alteracdo patogénica no gene com a frequéncia estimada na populacdo
geral brasileira (~0,3%) € a variante fundadora TP53 p.(Arg337His), localizada
no éxon 10 correspondente ao dominio de oligomerizacdo (OD) de p53 (Custddio
et al., 2013), descrita em maiores detalhes a seguir.

Em relacédo a penetrancia das VGP em TP53 observadas na SLF e que se
localizam na regido DBD de p53 (éxons 5-8), esta foi estimada em 90-95% para
ocorréncia de céancer ao longo da vida (Brosh e Rotter, 2009). Evidéncias
anteriores apontaram que o risco cumulativo até os 40 anos de idade é, em
meédia, 50% e até os 60 anos, 90%, comparado com 1% observado na populacdo
em geral (Birch et al., 1998; Royds e lacopetta, 2006). Um estudo recente
reportou que portadores de VGP nas regifes codificantes (éxons 2-11) de TP53,
especialmente mulheres com idade inferior a 31 anos e homens com menos de
46 anos, apresentaram um risco estimado de 50% para o desenvolvimento de
um ou mais tumores, enquanto que para individuos acima de 70 anos para
ambos 0s sexos, 0 risco se aproximou de 70%, podendo chegar a 100% (Mai et
al., 2016). Mais recentemente, Amadou e colegas (2017) estimaram que 0S
portadores de VGP em TP53 apresentam riscos de 58% e 80% para desenvolver
uma neoplasia em idades inferiores a 40 ou 70 anos, respectivamente. Na fase
adulta, a penetrancia foi maior nas mulheres por conta da alta ocorréncia de
tumores de mama entre 33 e 36 anos de idade (Amadou, 2017). De fato, a
penetrancia tende a ser variavel de acordo com a idade, sexo e o tipo de VGP
em TP53 apresentada pelo paciente (Amadou, 2017; Mai et al., 2016). Além
disso, tem sido descrita a existéncia de padrdes temporais para desenvolvimento
de tumores relacionados a SLF: (1) fase infantil (0-15 anos, correspondendo a

22% de todos os tumores diagnosticados na sindrome), caracterizada
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predominantemente pela ocorréncia de carcinoma adrenocortical, carcinoma de
plexo coroide, meduloblastoma e rabdomiossarcoma; (2) fase adulta jovem (16-
50 anos, 51% dos tumores diagnosticados), apresentando um amplo espectro
tumoral que inclui cancer de mama (tumor mais frequente e diagnosticado em
mulheres), osteosarcoma, sarcomas de tecidos moles, leucemias, astrocitomas,
glioblastomas, canceres colorretal e de pulméo; e (3) fase adulta tardia (51-80
anos, 27% dos tumores), incluindo principalmente tumores de prostata e
pancreas (Amadou et al., 2018; Bougeard et al., 2015).

Em 2020, uma plataforma online foi concebida para integracédo de dados
clinicos e moleculares sobre a SLF obtidos a partir de um consoércio
internacional, que inclui um total de 1.354 portadores de VGP em TP53 (Mai et
al., 2021). Além de ser uma ferramenta para suporte e conscientizacdo das
familias afetadas, essa iniciativa de pesquisa colaborativa representa um

caminho promissor para novos avancos no entendimento da doenca.

1.3. O gene TP53 e a proteina p53: estrutura, dominios e func¢des celulares

A familia de genes TP53 se destaca pela conservacéo evolutiva por cerca
de 1 bilh&o de anos, desde os primeiros organismos multicelulares, bem como
pelos 40 anos da descoberta de que o membro mais estudado desta familia, o
gene TP53 (OMIM #191170), é um gene supressor tumoral com papel chave em
mecanismos de tumorigénese (Lane e Levine, 2010; Levine, 2020). Este gene,
localizado no bracgo curto do cromossomo 17 (17p13.1), codifica a proteina p53
(Levine, 1989). Conforme ilustrado na Figura 3A, esse gene compreende 20 kb
de DNA gendmico e esté dividido em 11 éxons, sendo o primeiro deles nédo-
codificante (Hulla e Schneider, 1993; Isobe et al., 1986). p53 é uma fosfoproteina
tetramérica com aproximadamente 53 kDa. Cada mon6mero de p53 apresenta
393 aminoéacidos organizados em cinco dominios estruturais e funcionais bem
definidos (Figura 3B): (I) um dominio de transativagdo amino-terminal (residuos
20-62), responsavel pela transativacdo de genes-alvo; (II) um dominio rico em
prolinas (residuos 63-97), necessario para interacdo com proteinas indutoras de
apoptose; (Ill) um dominio central DBD (residuos 102-292), altamente
conservado evolutivamente, responsavel pela ligacdo de p53 a sequéncias

consenso de DNA localizadas nas regibes promotoras dos seus genes-alvo,
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também denominadas elementos de resposta a p53 (p53 RE); (IV) um dominio
de oligomerizacdo (OD, residuos 323-356), fundamental para dimerizacdo e
posterior formacao de homotetrameros de p53; (V) um dominio carboxi-terminal,
envolvido na regulacdo da ligacdo ao DNA (residuos 363- 393) (Beckerman e
Prives, 2010; Bourdon et al., 2005; Dornan et al., 2003; Lane e Levine, 2010;
Levine, 1997).

: Localizagdo
1 A H 10 cromossomica:
H 17p13.1

B 337
s 2% o
2450 14 282
—
| I n v v
Dominiode Dominiorico Dominiode ligagdo Dominiode Dominiode
transativagdo em 2o DNA oligomerizagdo regulagdo
(1-62) prolina (102-292) (323-356) (363-393)

(63-97)

Figura 3. Representacdo esquematica da estrutura do gene TP53 (A) e da proteina p53 com
seus diferentes dominios funcionais (B). Nas Figuras A e B as diferentes cores correspondem
aos dominios da proteina e os respectivos éxons codificantes (éxon 1 nao é codificante). Em (B)
sdo indicados os numeros dos residuos de aminoacidos correspondentes a cada dominio.
Também sdo mostrados os residuos onde ocorrem as sete variantes patogénicas mais
frequentes do gene, considerados codons “hotspots”, os quais estdo situados no dominio de
ligacdo ao DNA, com excecao do residuo 337 no dominio de oligomerizagédo, no qual ocorre a
variante fundadora brasileira p.(Arg337His) que apresenta uma frequéncia populacional (cerca
de 0,3%) maior do que qualquer outra ja descrita para uma variante germinativa em TP53.
Modificado de Bourdon et al., 2005 (Figura A), Brosh e Rotter, 2009 (Figura B), Achatz e
Zambetti, 2016 (Figura B).

Em relacdo as funcdes celulares, p53 é um fator de transcricdo de vida
curta amplamente conhecido como “guardidao do genoma”, devido ao seu papel
fundamental na manutencdo da fidelidade de replicacdo e integridade do
material genético, bem como na inducéo de parada do ciclo celular, mecanismos

de reparo do DNA e apoptose. p53 exerce essas mdltiplas fungbes

22



antiproliferativas através do controle transcricional de diversos genes-alvo
(Figura 4) e de interacdes proteina-proteina (Aubrey et al., 2016; Olivier et al.,
2009). Em células normais ndo expostas a estresse, p53 selvagem (p53wt) é
mantida em niveis muito baixos, devido a sua rapida degradacéo proteossomal
mediada pela ubiquitina ligase MDM2, principal reguladora negativa da
estabilidade e atividade de p53 codificada pelo gene MDM2 (Luna et al., 1995;
Vousden e Prives, 2009). As diferentes formas de estresse celular,
especialmente eventos genotéxicos (dano ao DNA), promovem a estabilizacéo
e ativacdo de p53wt através de modificacdes pds-traducionais, permitindo que a
proteina escape da degradacdo, seja translocada para o ndcleo e tenha
capacidade de se ligar em p53 RE situados nas regides promotoras de centenas
de genes-alvo, cuja expressao pode ser induzida ou reprimida dependendo do
contexto celular e extensdo do dano (Beckerman e Prives, 2010; Olivier et al.,
2009).

A ativacdo de p53wt pode induzir a expressédo de genes envolvidos em
diversas funcdes celulares: parada de ciclo celular, apoptose, senescéncia,
diferenciacéo, migracao, reparo do DNA, inibicdo de angiogénese, e regulacdo
do metabolismo energético e oxidativo (fosforilagdo oxidativa mitocondrial e
defesa antioxidante) (Feng et al., 2011; Labuschagne et al., 2018; Lane e Levine,
2010; Sablina et al., 2005; Vousden e Lane, 2007). As duas Ultimas sédo as
funcdes mais exploradas recentemente. A partir do estudo destas foi verificado
um aumento na capacidade de fosforilacdo oxidativa e do estresse (dano)
oxidativo em pacientes SLF portadores de diferentes VGP em TP53 (Macedo et
al., 2012; Wang et al., 2013), levando ao racional da testagem do farmaco
metformina (inibidor de fosforilagcdo oxidativa) como uma opcéo terapéutica
potencial para reducdo do risco de cancer em pacientes SLF ndo-diabéticos
(Walcott et al., 2020).

Em relacéo as propriedades funcionais da p53 mutante (p53mut), sabe-
se que as variantes patogénicas em TP53 associadas a ocorréncia de tumores
frequentemente causam nao apenas perda das func¢des supressoras de tumor e
um efeito dominante-negativo sobre as atividades da p53wt, mas também ganho
de novas propriedades oncogénicas que promovem a tumorigénese
independentemente da p53wt (ganho de funcédo) (Brosh e Rotter, 2009; Yue et
al., 2017; Zhang et al., 2016).
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Figura 4. Esquema simplificado da via de p53 e suas principais fun¢des supressoras de tumor.
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Em resposta aos sinais de estresse celular, p53 é ativado e, enquanto fator de transcricdo com
configuracdo de tetrAmero, regula a expressdo de seus genes-alvo através do reconhecimento
e ligacdo aos elementos de resposta a p53 (p53 RE) situados nas regibes promotoras destes
genes, 0 que, por sua vez, modula diversos processos celulares, incluindo parada de ciclo

celular, apoptose, senescéncia e reparo do DNA. Modificado de Liu et al., 2017.

1.4. Variabilidade genética no gene TP53

Variacbes de sequéncia somaticas em TP53 ocorrem em praticamente
todos os tipos de céancer. Cerca de 50% das neoplasias humanas contém
alteracdes em TP53, sendo considerado o gene mais frequentemente mutado
em tumores humanos (Olivier et al., 2004, 2010). Considerando todas as
variantes somaticas e germinativas associadas a cancer identificadas em TP53
e compiladas no banco de dados do IARC (International Agency for Research on
Cancer), observa-se que a maioria delas € do tipo sentido trocado (missense) e
estdo concentradas na regido correspondente ao DBD (éxons 5-8), podendo
afetar a estrutura e a fungéo da proteina (Figura 5) (IARC TP53 database, 2019).
Cerca de 30% das variantes missense patogénicas ocorrem em seis codons
preferenciais ou hotspots (175, 245, 248, 249, 273 e 282), todos eles localizados
no DBD de p53 (Figuras 3B e 5B). A distribuicdo de variantes germinativas
associadas com a SLF é similar a de alteragces somaticas, com a maioria das
VGP missense (~80%) situadas nos mesmos residuos hotspots (Hainaut e
Hollstein, 1999; Hainaut e Pfeifer, 2016; Olivier et al., 2010; Petitjean et al., 2007).
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Figura 5. Distribuicdo das variacdes de sequéncia comumente identificadas em TP53, considerando a estrutura do gene e os dominios da proteina p53, bem como sua classificagdo quanto ao efeito
funcional. (A) Distribuicdo das variantes mapeadas na estrutura do gene em diferentes tumores humanos. (B) Distribui¢éo das alterages germinativas encontradas nos cédons de TP53 em familias
SLF. (C) Classificagdo das variantes de ponto detectadas no gene em tumores humanos quanto a troca de aminoacidos na proteina. (D) Classificagdo de todos os tipos de alteragbes de sequéncia
encontrados em TP53 em tumores quanto a localizacéo no gene e efeito funcional. A maioria das variantes encontradas em TP53 € do tipo sentido trocado (missense, Figuras C e D), situadas
predominantemente nos éxons 5-8 (Figura A), correspondendo ao dominio de ligagdo ao DNA de p53 (cédons 102 a 292, Figura B). Modificado de IARC TP53 database (versdo R20).
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Grande parte das variantes missense patogénicas em TP53 ocasionam a
sintese de uma p53mut inativa, mas com estabilidade aumentada, levando ao
aumento dos niveis de p53 no ndcleo de células tumorais facilmente visualizado
pela técnica de imuno-histoquimica (Bartek et al., 1991; Dowell et al., 1994; Yue
et al., 2017). Entretanto, muitos tumores com variantes patogénicas nao-
missense no gene ndo apresentam acumulo de p53mut, especialmente nos
casos de variantes em sitios de splicing, frameshift e nonsense (Cole et al., 2016;
Soussi e Béroud, 2001)

Por outro lado, dezenas de polimorfismos germinativos ja foram
identificados no I6cus TP53. Cerca de 90% deles estéo localizados em introns e
parecem nao estar associados com suscetibilidade ao cancer. Embora para uma
parcela significativa as alteragdes funcionais associadas ainda nao tenham sido
testadas, acredita-se que a maioria destas alteracfes ndo tenham um impacto
fenotipico quanto a modulacao do risco ao cancer (Doffe et al., 2021; Whibley et
al., 2009). O polimorfismo de nucleotideo Unico (SNP) mais comum (MAF= 0,4)
e estudado em TP53 consiste na alteracdo missense ¢.215C>G p.(Pro72Arg,
rs1042522). Ensaios in vitro e in vivo demonstraram que a proteina p53-Arg72 é
um indutor mais potente de apoptose em comparacdo com aquela derivada do
alelo Pro, caracterizando este como um SNP funcional (Dumont et al., 2003; Zhu
et al., 2010). Estudos apontaram associacdes entre p.(Pro72Arg) e o risco para
diversas neoplasias, mas os resultados sdo conflitantes (Van Heemst et al.,
2005; drsted et al., 2007; Peng et al., 2013). No entanto, esse SNP tem sido
consistentemente associado com resposta a agentes antineoplasicos em alguns
tipos de tumor (Duldulao et al., 2013; Zha et al., 2016). Além disso, p.(Pro72Arg)
esta em desequilibrio de ligagdo com PIN3 (polymorphism intron 3, rs17878362),
um polimorfismo que consiste na duplicacdo de 16 pares de base (pb) no intron
3 de TP53 (Olivier et al., 2010; Pietsch et al., 2006).

Recentemente, alguns estudos tém reportado estimativas de prevaléncia
populacional de alteragbes germinativas patogénicas e potencialmente
patogénicas em TP53 maior do que o esperado, a partir da andlise de bancos de
dados de sequenciamento completo de exoma e genoma obtidos de individuos
nao selecionados por histéria de cancer (de Andrade et al., 2017, 2019; Soussi
et al.,, 2019). Uma destas estimativas, baseada em dados do gnomAD e

utilizando critérios mais conservadores, € de 1 portador em 3.555-5.476
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individuos (de Andrade et al., 2019), sugerindo que VGP em TP53 podem ser
mais frequentes na populacdo geral do que se pensava, além da necessidade
de uma avaliacdo mais aprofundada da penetrancia destas variantes para o
desenvolvimento de cancer. No entanto, também tem sido discutido que algumas
variantes patogénicas em TP53 identificadas inicialmente como germinativas
podem ser na verdade somaticas e interpretadas equivocadamente como
causadoras de SLF, mostrando que é essencial reconhecer quando uma
variante patogénica € somatica ao invés de germinativa, bem como diferenciar
eventos de mosaicismo somatico dagueles relacionados a hematopoiese clonal,
ou seja, 0 surgimento de expansdes clonais aberrantes contendo alteracdes de
sequéncia em TP53 restritas ao compartimento hematopoiético e associadas
com a idade avancada e/ou exposicdo prévia a agentes quimioterapicos e
radioterapia (Batalini et al., 2019; Weitzel et al., 2017).

1.4.1. Variante fundadora patogénica TP53 ¢.1010 G>A (p.Arg337His)

Nas regides sul e sudeste do Brasil, uma alteracdo germinativa
patogénica localizada no OD de p53 (éxon 10 do gene TP53), a variante
c.1010G>A (p.Arg337His, rs121912664), também conhecida como R337H,
apresenta uma frequéncia na populacéo geral muito maior a de qualquer outra
VGP de TP53 ja descrita (Achatz et al., 2009; Pinto e Zambetti, 2020). Devido a
um efeito fundador comprovado por diferentes estudos (Garritano et al., 2010;
Paskulin et al., 2015; Pinto et al., 2004), a prevaléncia estimada desta variante é
de 1 portador em cada 300 recém-nascidos vivos, sendo provavelmente
responsavel por uma parcela significativa dos casos de cancer diagnosticados
nestas regides brasileiras (Achatz e Zambetti, 2016; Custodio et al., 2013;
Palmero et al., 2008). Por outro lado, € importante destacar que a ocorréncia
somatica da alteragéo especifica TP53 ¢.1010G>A é extremamente rara, tendo
sido identificada em apenas 4 de ~29.000 tumores solidos no IARC TP53
database e em nenhum dos ~20.000 tumores no banco de dados denominado
COSMIC (Catalogue Of Somatic Mutations In Cancer) (COSMIC, 2020; IARC
TP53 database, 2019).

Inicialmente, o alelo variante TP53 p.(Arg337His) foi detectado em uma

alta frequéncia (35/36, 97%) em criangcas com carcinoma adrenocortical que
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pertenciam a familias sem historico de incidéncia aumentada de cancer (Ribeiro
et al., 2001), bem como em uma menor frequéncia (5/37, 13,5%) em adultos com
tumores adrenocorticais esporadicos (Latronico et al., 2001). Investigacdes
posteriores em familias brasileiras associaram essa variante fundadora a um
amplo espectro de tumores, similar ao observado em familias com fendtipo
clinico da sindrome de SLF. Nos ultimos anos, tem sido relatado desde familias
portadoras da variante com um fenétipo idéntico ao da SLF até aquelas com
poucos afetados por cancer, em que portadores permanecem saudaveis (sem
desenvolver tumores) até uma idade avancada (Achatz et al., 2007; Giacomazzi
et al.,, 2013a), evidenciando que esta € uma variante com penetrancia
incompleta.

Recentemente, dados de sequenciamento de tumores adrenocorticais
pediatricos derivados de casos positivos para TP53 p.(Arg337His) mostraram
gue todos eles compartilham uma sequéncia de TP53 idéntica, contendo o alelo
nao duplicado para o polimorfismo intrénico PIN3 (rs17878362) e arginina no
codon 72 (rs1042522) (Pinto et al., 2015). Também foi descrito que portadores
da variante exibem uma predisposicdo para cancer ao longo da vida com uma
distribuicdo bimodal da idade ao diagndstico (Figura 6): um pico na primeira
década de vida, associado principalmente com o desenvolvimento de tumores
adrenocorticais; e outro pico na quinta década de vida, caracterizado pela
ocorréncia de diversos tipos de neoplasias, incluindo cancer de mama, tumores
gastrointestinais e de pulmao (Mastellaro et al., 2017).

Em paralelo, varios grupos de pesquisa tem investigado a prevaléncia
germinativa e/ou somatica de portadores desta variante em coortes de pacientes
diagnosticados com diferentes tipos de tumores, ndo selecionados por histéria
familiar de cancer e provenientes de diferentes regides do Brasil. Dentre estes
estudos, destacam-se aqueles que avaliaram a prevaléncia de portadores em
casos de carcinoma adrenocortical (90-97%, regides Sul e Sudeste), cancer de
mama em geral (2,4-8,6%, regides Sul e Sudeste), neuroblastoma (8,4%, regido
Sudeste), sarcomas (8%, regido Sudeste), tumores phyllodes de mama (5,4%,
regibes Sul e Sudeste), e adenocarcinoma de pulmé&o (2,4-8,9%, regides
Sudeste/S&o Paulo e Central/Minas Gerais) (Barbosa et al., 2020; Couto et al.,
2017; Giacomazzi et al., 2013b, 2014; Mastellaro et al., 2018; Mathias et al.,
2020; Ribeiro et al., 2001; Seidinger et al., 2011, 2015; Volc et al., 2020).
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Figura 6. Distribuicdo de diferentes tipos de cancer de acordo com a idade ao diagndstico em
portadores da variante patogénica TP53 p.(Arg337His), popularmente conhecida como R337H.

TAC, tumor adrenocortical; c/, com. Modificado de Mastellaro et al., 2017.

Quanto ao impacto funcional desta variante, as primeiras evidéncias in
vitro sugeriram que ela causaria uma alteracdo mais sutil da proteina, tornando-
a uma p53mut funcionalmente deficiente mediante certas condicdes e em
tecidos especificos. Conforme ilustrado pela Figura 7A, estes estudos iniciais
apontaram que o residuo Arg337 é um componente critico de um motivo de alfa-
hélice implicado na oligomerizacdo da proteina. Especificamente, Arg337 esta
envolvido na formacgé&o de pontes salinas com o residuo Asp352 que estabilizam
o OD para dimerizacdo e posterior formacdo de tetrameros de p53. A
substituicdo do residuo de arginina por histidina no cédon 337 pode romper a
conformacao em tetrdmero (oligomerizacdo) de p53 através de um mecanismo
dependente de pH intracelular. Na faixa inferior de pH fisiologico (pH 7,0), a
histidina na posicao 337 é protonada e mantém a ponte salina com Asp352. No
limite superior de pH fisioldgico (pH 8,0), a histidina é desprotonada e a ponte
salina com Asp352 é perdida, desfazendo o enovelamento dos dimeros de p53.
Sendo assim, a deficiéncia de oligomerizacdo associada a His337 tende a

ocorrer em condi¢cbes de pH levemente alcalino (DiGiammarino et al., 2002;
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Hainaut, 2002), ocasionando uma diminuicao na afinidade de ligacdo de p53 as
sequéncias de DNA (p53 RE) (Figura 7B). Além disso, foi observado em dois
estudos independentes que a p53mut R337H retém, ao menos em parte, a
capacidade de transativacdo de genes-alvo, desempenhando uma atividade
supressora de tumor parcial (Ribeiro et al., 2001; Zerdoumi et al., 2017). Esses
achados indicaram que a variante pode ser classificada como parcialmente
funcional.

Em 2018, Park e colaboradores reportaram o estabelecimento do primeiro
modelo animal para estudo da variante. Este era um modelo knock-in contendo
a variante homologa a p53 R337H identificada em humanos (camundongos p53
R334H). Foi verificado que a presenca da alteracao desencadeia uma deficiéncia
na capacidade de oligomerizacédo no figado de camundongos apds exposicéo a
um carcinégeno hepatico especifico, quando comparado a mesma condi¢cdo em
camundongos p53wt. Quando expostos ao carcinégeno, camundongos
homozigotos para a alteracdo p53 R334H (p53R334H/R33AH)  exibiram
desenvolvimento aumentado de tumores hepéticos. Entretanto, camundongos
p53R3HRIIN que ndo foram expostos ao carcindbgeno se desenvolveram
normalmente, sem qualquer diferenca significativa em termos de incidéncia de
cancer ou tempo de vida em comparagdo com aqueles p53""t (Park et al., 2018,
2019). Corroborando os achados anteriores de que esta € uma variante
hipomérfica e com penetrancia incompleta, um estudo mais recente, que
também foi baseado na geracdo de um modelo animal contendo a variante,
demonstrou que p53mut R334H apresenta uma capacidade diminuida em formar
tetrAmeros de p53 estaveis e confere um padrdo de manifestacdo tardia de
tumores (Jeffers et al., 2021).

No entanto, os fatores genéticos e ambientais que explicariam a grande
heterogeneidade das manifesta¢gfes clinicas observada em portadores dessa
variante fundadora permanecem apenas parcialmente compreendidos. Outros
achados relevantes obtidos em estudos anteriores acerca da variante TP53
p.(Arg337His) sdo mencionados nas sec¢bes de Introducdo e Discussao do
Capitulo IV — Artigo 1.
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Figura 7. Principais achados funcionais in vitro e in vivo relacionados a variante fundadora brasileira TP53 p.(Arg337His) ou R337H. (A) Estrutura tridimensional dos dimeros (a esquerda) e tetrameros
(a direita) de p53, destacando-se a localizagdo dos residuos Arg337 e Asp352 envolvidos na formagéo de pontes salinas entre os dominios de oligomerizacdo de cada monémero. (B) p53mut R337H
apresenta capacidade de oligomerizagao sensivel as condi¢des de pH intracelular, interferindo na afinidade de ligagdo ao DNA (DBD, DNA binding domain). His337 protonada é indicada em vermelho.
(C) Anédlise combinada de cromatografia e Western Blot mostrando um comprometimento na formagao de tetrameros de p53 estaveis em células primarias derivadas de modelo animal contendo a
variante p53 R334H, homéloga a R337H em humanos (PM, peso molecular). (D) p53mut R334H (em vermelho) forma menos dimeros e tetrAmeros de p53 para ligagdo ao DNA em comparagdo com
p53wt (em verde) no figado de camundongos ap6s exposigdo ao carcindégeno hepatico diethylnitrosamine (DEN), induzindo a formag&o aumentada de tumores neste 6rgdo. Modificado de Hainaut,
2002 (Figura 7A), DiGiammarino et al., 2002 (Figura 7B), Jeffers et al., 2021 (Figura 7C), e Park et al., 2019 (Figura 7D).
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1.4.2. Regiao 3’UTR e a variante funcional TP53 rs78378222

A regido 3’ ndo-traduzida (3’'UTR) em genes humanos contém elementos
de sequéncia que podem regular a traducao e a estabilidade do mRNA. A classe
mais abundante de elementos na 3’UTR s&o os sitios para ligagao de microRNAs
(miRNAS) (Friedman et al., 2009), os quais sdo discutidos mais detalhadamente
a seguir (Secdo 6 deste Capitulo). Sendo assim, variantes sométicas ou
germinativas localizadas na regidao 3'UTR podem alterar a expressao génica por
abolir, enfraquecer ou criar complementariedade com miRNAs, possivelmente
levando a variacao fenotipica (Diederichs et al., 2016; Winter et al., 2009).

Adicionalmente, a regido 3'UTR apresenta sequéncias regulatérias da
poliadenilagéo, que consiste na etapa de processamento da extremidade 3’ dos
transcritos primarios (pre-mRNAs). Conforme mostrado na Figura 8A, duas
sequéncias regulatérias se destacam nesse processo. (1) o sinal de
poliadenilagéo (do inglés Polyadenylation Signal, PAS), altamente conservado e
constituido pelo hexadmero ou hexanucleotideo candnico AAUAAA; e (2) o sitio
de clivagem, que, por convencao, consiste em um dinucleotideo CA. Ambas séo
reconhecidas por um grande complexo proteico associado ao dominio carboxi-
terminal da RNA polimerase I, o qual cliva a fita simples do pre-mRNA na sua
extremidade 3’ para subsequente adi¢gdo da cauda poli-A, uma sequéncia com
cerca de duas centenas de adenilatos que previne a degradacdo do mRNA por
3’-5’ exonucleases (Lemay et al., 2010; Lutz, 2008; Matoulkova et al., 2012). Os
PAS ja identificados em transcritos humanos apresentam varia¢des funcionais
da sequéncia consenso AAUAAA (Figura 8B), sendo que algumas posicoes
desse hexamero parecem ser tolerantes a trocas de bases Unicas (Beaudoing et
al., 2000; Tian et al., 2005; Vieira et al., 2019). Entretanto, variantes germinativas
situadas em PAS de genes humanos ja foram descritas em associacdo com
diversas patologias humanas, incluindo cancer (Decorsiere et al., 2012; Stacey
etal., 2011). Essas VGP em PAS podem causar instabilidade na interacéo dessa
sequéncia regulatoria com o complexo proteico de clivagem e poliadenilagéo, o
que, por sua vez, leva a uma diminuicdo nas taxas de transcritos poli-A(+) e,
possivelmente, a uma reducéo dos niveis da proteina correspondente (Chen et
al., 2006; Hollerer et al., 2014).
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Figura 8. Processamento da extremidade 3’ dos pre-mRNAs em eucariotos, sequéncias
regulatérias e proteinas envolvidas na clivagem e poliadenilacdo dos transcritos. Em (A) destaca-
se a sequéncia sinal de poliadenilacdo (PAS, hexanucleotideo canbnico AAUAAA), que é
alterada no gene TP53 na presenca da variante rs78378222. Em (B) sdo mostradas as
sequéncias de PAS funcionais descritas até o0 momento em genes humanos. As posi¢cdes em
negrito sédo altamente conservadas, enquanto as em cinza parecem ser tolerantes a variantes de
ponto. Modificado de Hollerer et al., 2013 (Figura A), Beaudoing et al., 2000 e Tian et al.,
2005 (Figura B).

Recentemente, em um estudo do nosso grupo de pesquisa, a variante
germinativa rara rs78378222 (A>C), que altera o PAS constitutivo localizado na
regidao 3’UTR do gene TP53 (AAUAAA>AAUACA), apresentou evidéncias de
associacao com a SLF (Macedo et al., 2016). Anteriormente, essa variante havia
sido associada com diversos tipos de tumores, incluindo alguns descritos em
familias SLF, verificando-se niveis menores de mRNA TP53 e de proteina p53
em individuos heterozigotos (gendtipo AC), em comparacdo aos homozigotos
selvagens (genotipo AA) (Deng et al., 2019; Li et al., 2013; Stacey et al., 2011).
No estudo do nosso grupo, a variante nao foi identificada em um grupo de
pacientes SLF com VGP em TP53, mas foi detectada em heterozigose em uma
alta frequéncia (7/129, 5,4%) no grupo de pacientes com fenotipo clinico da
sindrome e sem VGP identificadas em regides codificadoras do gene. Ainda, foi
observada uma reducdo na expressdo da proteina p53 em células normais
(fibroblastos) de um dos pacientes SLF portadores da variante rs78378222 em
relacdo a um individuo controle (Macedo et al.,, 2016). Estudos recentes
mostraram que o alelo variante rs78378222[C] influencia na interacdo entre
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MiRNAs especificos e a regido 3’UTR de TP53, enfraguecendo e criando sitios
de ligacao para estes reguladores (Deng et al., 2019; Zhao et al., 2016). Esses
ultimos achados corroboram a hipétese de que esta é uma variante hipomorfica,
com um mecanismo de predisposi¢do a diferentes tipos de cancer associado a
haploinsuficiéncia de p53 (Macedo et al., 2016).

Uma revisdo detalhada acerca desta variante de TP53, abrangendo os
estudos de associacdo caso-controle com diversos tipos de cancer, dados de
frequéncia em diferentes populagdes e achados funcionais, consta nas se¢des

de Introducéo, Resultados e Discusséo do Capitulo V — Artigo 2.

1.5. Modificadores de fen6tipo na SLF

Apesar das evidéncias relacionando a heterogeneidade na manifestacéo
clinica da SLF com diferencas funcionais na atividade da proteina p53mut,
dependente da localizacdo das VGP nos diferentes dominios da proteina, essas
correlagdes gendtipo-fendtipo ndo explicam totalmente a heterogeneidade global
e intrafamilial da doenca (Bougeard et al., 2008; Olivier et al., 2003). Essa
variabilidade fenotipica € facilmente identificada pela presenca ou auséncia de
histéria pessoal de céancer, diversidade de tipos tumorais desenvolvidos,
diferenca na idade de manifestacdo do primeiro tumor e nimero de tumores
primarios diagnosticados em pacientes com a mesma VGP em TP53 (Bougeard
et al., 2015; Schneider et al., 2019).

Nesse contexto, varios estudos foram desenvolvidos nos ultimos 20 anos
para avaliar fatores genéticos que podem modificar a funcdo de p53mut e
contribuir para um importante espectro dessas diferencas no fenoétipo clinico
(Figura 9). Entre eles, foram estudadas variantes germinativas funcionais
situadas no proprio gene TP53, tais como p.(Pro72Arg) e PIN3 (duplicagéo de
16 pb no intron 3), dois polimorfismos que estdo em desequilibrio de ligacao
(Olivier et al., 2010; Pietsch et al., 2006). A presenca do alelo duplicado de PIN3
(alelo A2) foi associada com menores niveis de transcrito TP53, sugerindo que
este polimorfismo possa afetar o encadeamento (splicing) do mRNA (Gemignani
et al., 2004; Sagne et al., 2014). Além disso, PIN3 foi associado com um efeito
modificador de fendtipo marcante: portadores do alelo duplicado de PIN3 em

heterozigose (gendtipo A1/A2) apresentaram uma idade média ao diagndstico
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do primeiro tumor 19 anos mais tardia, quando comparados aos homozigotos
para o alelo ndo duplicado (A1/Al), em uma amostra de individuos brasileiros
portadores de VGP em TP53. No mesmo grupo de pacientes, a ocorréncia de
cancer antes dos 35 anos foi exclusivamente observada em homozigotos A1/Al
(Marcel et al., 2009).

Variante germinativa patogénica em TP53
(penetrancia completa ou incompleta, e.g., R337H)

op

Modificadores genéticos (intragénicos, outros
genes pertencentes ou nao a via de p53)

ED:l Modificadores epigenéticos (?)

Fatores ambientais

4

[ Fendtipo da SLF ]

1 J

|

Manifestagdes clinicas heterogéneas:

1. Historia pessoal de cancer (risco de cancer);
2. |dade de manifestacdo do primeiro tumor;

3. Tipo(s) de cancer(es) diagnosticado(s)
(classificagdo emtipo tumoral especifico e/ou em
tumores centrais vs. ndo-centrais da sindrome);

4. Desenvolvimento de multiplos tumores primarios; ...

Figura 9. Racional para a investigacao de modificadores de fenétipo na SLF. Figura original.

Algumas variantes germinativas com importancia funcional localizadas em
outros genes codificadores de proteinas da via de p53 tem sido investigadas
guanto ao seu impacto no cancer em geral e no contexto do fendtipo da SLF
(Barnoud et al., 2019; Basu e Murphy, 2016). O SNP309 (rs2279744 T>G),
localizado no promotor do gene MDM2, principal regulador negativo de p53, € o
exemplo de maior destaque. O alelo variante MDM2 rs2279744[G] também ja foi
descrito como um modificador genético da idade ao diagndstico do primeiro
tumor em pacientes com SLF, predominantemente portadores de VGP no DBD

de p53. A idade média do aparecimento de cancer em individuos apresentando
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o alelo G foi significativamente mais precoce (cerca de 10 anos) do que a
encontrada em portadores do alelo T em homozigose (Bougeard et al., 2006;
Marcel et al., 2009; Ruijs et al., 2007). No entanto, analises posteriores deste
SNP néo replicaram esta associacao (Pinto et al., 2009; Renaux-Petel et al.,
2014).

Um estudo recente do nosso grupo de pesquisa identificou que o gendtipo
GG para MDM2 SNP309 pode contribuir para uma idade mais precoce de
manifestagdo dos carcinomas adrenocorticais e tumores de mama em
portadores da variante fundadora brasileira TP53 p.(Arg337His) com fendtipo
SLF, ainda que sem diferenca estatisticamente significativa (Macedo et al.,
2018). Curiosamente, foram encontradas frequéncias do alelo rs2279744[G] e
do gendtipo GG significativamente maiores na coorte de portadores da variante
TP53 p.(Arg337His) do que no grupo controle, em concordancia com relatos
anteriores de que o SNP MDM2 SNP309 poderia atuar como um fator genético
adicional que contribui para o fen6tipo SLF (Ruijs et al., 2007). Ademais, SNPs
nos genes MDM4 (rs1563828) e USP7 (rs1529916), outros dois reguladores
criticos da atividade de p53 (Brooks et al., 2007; Lee e Gu, 2010; Li et al., 2004;
Perry, 2010), ndo exibiram associacdo com as variaveis clinicas analisadas em
portadores da variante fundadora (Macedo et al., 2018).

E importante ressaltar que além dos polimorfismos funcionais em TP53 e
MDMZ2, as variacdes no numero de copias de DNA (CNVs) em excesso e o
encurtamento de teldmeros acelerado sdo outros fatores genéticos previamente
associados com o padréo heterogéneo de tumores na SLF (Aury-Landas et al.,
2013; Shlien et al., 2008; Silva et al., 2014; Tabori et al., 2007). O comprimento
telomérico mais reduzido em alguns individuos SLF foi associado a uma idade
de aparecimento de cancer mais precoce, ao serem analisadas sucessivas
geracdes da mesma familia (fenémeno de antecipagéo genética) com genaotipos
idénticos para os SNPs nos genes TP53 (p.Pro72Arg e PIN3) e MDM2 (SNP
309) (Tabori et al., 2007). Em relacdo a analise de CNVs germinativos, um
enriquecimento significativo desses eventos tem sido detectado no genoma de
portadores de VGP em TP53 com histdria familiar positiva para cancer, em
comparacao com individuos saudaveis, sugerindo um papel como modificador
do risco de cancer (penetrancia) em familias SLF (Shlien et al., 2008; Silva et al.,
2014).
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Por outro lado, sabe-se que alteracées na expressao génica representam
um dos mecanismos-chave a partir dos quais células normais progridem a um
estado tumoral, portanto, polimorfismos germinativos localizados em sitios para
ligagdo de miRNAs na regido 3’'UTR dos mRNAs-alvo podem influenciar no risco
individual para o desenvolvimento de cancer (Diederichs et al., 2016; Lopez de
Silanes et al., 2007). Entre eles, destaca-se o caso do SNP rs61764370 (T>G)
na regido 3'UTR do proto-oncogene KRAS, cuja presenca rompe a ligacao do
MIiRNA let-7, resultando em uma superexpressao de KRAS (Chin et al., 2008).
Inicialmente, esse SNP foi identificado como um alelo de risco para cancer de
pulmd@o ndo pequenas células (Chin et al., 2008) e, posteriormente, descrito
como um biomarcador preditivo de prognéstico e resposta terapéutica em
pacientes com diferentes neoplasias, tais como cancer colorretal metastatico e
carcinoma de células escamosas de cabeca e pesco¢co (Chung et al., 2014;
Sclafani et al., 2015; Sebio et al., 2013). Embora evidéncias contraditérias
tenham sido reportadas acerca do papel do alelo variante rs61764370[G] em
tumores de mama e ovario esporadicos e hereditarios (Hollestelle et al., 2011,
2016; Paranjape et al., 2011; Pharoah et al., 2011; Pilarski et al., 2012; Ratner et
al., 2010), estudos caso-controle recentes em populacdes asiaticas mostraram
gque a presenca do alelo G aumentou significativamente o risco de cancer de
mama (forma esporadica), o tipo de tumor mais comum em familias SLF
(Mohthash et al., 2020; Sanaei et al., 2017). No entanto, a frequéncia e um
possivel efeito modificador de fendtipo desse SNP funcional ainda ndo foram

avaliados no contexto da SLF.

1.6. miRNAs e miRSNPs: potenciais modificadores de fen6tipo na SLF

Os miRNAs ou miRs consistem em uma classe de pequenos RNAs nao-
codificantes de fita simples (18 a 25 nucleotideos) envolvidos na regulacdo pos-
transcricional e sequéncia-especifica da expressdo génica em todos o0s
eucariotos multicelulares (Ambros, 2004; Bartel, 2004). Estima-se que mais de
30% dos genes codificadores de proteinas sejam regulados por miRNAs em
humanos (Rachagani et al., 2010). Atualmente, os miRNAs s&o reconhecidos
como reguladores fundamentais da expressdo génica em plantas e animais
(O’Brien et al., 2018).
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1.6.1. miRNAs: da biogénese aos mecanismos de regulacéo

Em relacdo a via canbnica (predominante) da biogénese de miRNAs,
sabe-se que a transcricdo dos genes codificadores de miRNAs é geralmente
mediada pela RNA polimerase II. O transcrito primario, ou pri-miRNA, que possui
5’cap e cauda poli-A, é formado por centenas a milhares de nucleotideos. O pri-
miRNA é clivado no nucleo pelo complexo enzimatico formado pela RNAse Il
Drosha e proteinas associadas do Microprocessador, produzindo um miRNA
precursor (pre-miRNA) de ~70 nucleotideos. Este pre-miRNA é posteriormente
clivado no citoplasma pelo complexo enzimatico RNAse Il Dicer/Argonauta, a
fim de gerar o miRNA maduro (Bartel, 2004; O’'Brien et al., 2018).

ApGs a sua biogénese, o miRNA maduro € incorporado ao complexo de
silenciamento induzido por RNA (RISC), que atua no reconhecimento dos sitios
de ligacdo, em sua maioria, na regidao 3'UTR dos mRNAs-alvo, através de
pareamento de bases imperfeito com o miRNA. Em geral, esse complexo miRNA
e RISC (miRISC) regula negativamente a expressao génica por meio de dois
mecanismos pos-transcricionais: (1) inibicdo da traducdo do mRNA, quando a
complementaridade entre as bases do mRNA e do miRNA for parcial
(predominante em animais); e (2) degradacdo do mMRNA, quando essa
complementaridade for total (mais comum em plantas) (Bartel, 2009; Fabian et
al., 2010). No entanto, conforme representado na Figura 10, existe uma regido
correspondente aos nucleotideos 2-8 da extremidade 5 do miRNA maduro,
denominada sequéncia seed, na qual geralmente ocorre pareamento perfeito
com o sitio de ligacdo na 3'UTR do mRNA-alvo, determinando em grande parte
a especificidade do reconhecimento desses alvos e sendo crucial para a
estabilidade e o carregamento da molécula de miRNA no complexo RISC (Bartel,
2009; Friedman et al., 2009).

As descricbes mais recentes dos mecanismos de agdo dos miRNAs
indicam que eles podem ser tanto ativadores quanto repressores da expressao
génica ao se ligar a sequéncias reguladoras no DNA. A ligacdo complementar
de miRNAs a regifes promotoras pode reprimir a transcricdo através de uma
impossibilidade fisica do elongamento do transcrito, bem como ativar a

transcricdo quando a sua ligacdo ocorre em regioes que recrutam modificadores
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de histonas, conferindo a abertura da cromatina (Portnoy et al., 2011;
Schwarzenbach et al., 2014).

A 7mer-A1 site Sequéncia seed +
A na posigdo 1

............... NNNNNNA . . . . . . Poli(A)

[11]] ]
NNNNNNNNNNNNNNNNNNNNN-5" miRNA
87654321

SR

Seed

B 7mer_m8 Site Sequéncia seed +

pareamento na posigdo 8

S R l\lll\ljlel?llIll?Hl\J ....... Poli(A)
NNNNNNNNNNNNNNNNNNNNN-5" miRNA
87654321

Seed

C 8mer site Sequéncia seed + A na p.DilcaD 1
e pareamento na posicdo 8

S R e AL & .{.;wwwwwwvA ...... Poli(A)
NNNNNNNNNNNNNNNNNNNNN-5" miRNA
87654321

—_—

Seed

Figura 10. Sitios para ligacéo de miRNAs na regido 3’'UTR dos mRNAs (alvos), destacando a
localizacdo da sequéncia seed. As linhas verticais indicam pareamento de bases perfeito. Em
(A-C) sédo mostrados apenas os sitios considerados candnicos, nos quais a complementaridade
de bases ocorre do nucleotideo 2 até o 7 ou 8 da extremidade 5’ do miRNA (sitios 7mer e 8mer).

ORF, Open Reading Frame (fase aberta de leitura). Modificado de Bartel, 2009.

Considerando que, em animais, comumente os miRNAs ligam-se na
regiao 3’'UTR dos mRNAs através de complementaridade imperfeita de bases, a
identificagdo de mRNAs-alvo tem sido cada vez mais complexa (Dweep et al.,
2013). Por esse motivo, a maioria das ferramentas de bioinformatica para
predicdo de alvos leva em consideracdo essencialmente a sequéncia seed,
exigindo uma complementaridade de bases perfeita entre ela e o seu sitio de
ligagdo na regido 3’'UTR (Dweep et al., 2013; M. Witkos et al., 2011). Um nimero
crescente dessas ferramentas tem sido proposto para realizar a predi¢do das
interagcdes entre miRNAS e seus alvos, dentre as quais destacam-se TargetScan
(Agarwal et al., 2015; Grimson et al., 2007) e mirSVR (Betel et al., 2010). Estudos
resultantes dessas analises de predicdo mostraram que um unico miRNA pode
regular negativamente multiplos alvos (até 200 mRNAs), com fungdes
completamente distintas (Esquela-Kerscher e Slack, 2006; Ruan et al., 2009).

Também tem sido descritos multiplos sitios de ligacdo para um mesmo miRNA
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em um determinado mRNA, o que pode aumentar o nivel de regulacdo da
expressado (Grimson et al., 2007). Adicionalmente, existem bancos de dados de
interagcbes MIRNA-mMRNA em humanos com validacao experimental, compilando
resultados de diversas metodologias e ensaios funcionais (Elton and Yalowich,
2015), dentre as quais destacam-se miRTarBase (Chou et al., 2016) e TarBase
(Sethupathy et al., 2006).

1.6.2. miRNAs em céancer, regulacéo de p53 e papel de miRSNPs na SLF

Inimeros estudos demonstraram o envolvimento dos mMIRNAs em
mecanismos de tumorigénese. Eles participam de diversos processos biolégicos,
incluindo proliferagcédo celular, diferenciacdo e apoptose, sendo que a
desregulacdo desses processos esta intimamente relacionada ao
desenvolvimento de cancer (Di Leva et al., 2014; Lu et al., 2005). Cerca de 50%
dos genes de miRNAs descritos em humanos estdo localizados em regides
gendmicas associadas ao cancer, pontos de quebra cromossdémica e regides de
frequente perda de heterozigosidade, mostrando que o0s mMIRNAs estdo
implicados na iniciacdo e progressao de diversos tipos tumorais (Calin et al.,
2004; Rachagani et al., 2010).

Os miRNAs podem atuar como supressores de tumor ou oncogenes,
sendo estes ultimos chamados de “oncomirs” (Esquela-Kerscher e Slack, 2006;
Rupaimoole e Slack, 2017). Em tecidos tumorais, duas alteracbes podem ser
observadas em relacdo ao nivel de expressao desses miRNAs, ambas
relacionadas com falhas em algum ponto da sua biogénese: (a) a reducdo ou
eliminacdo da expressao de um miRNA supressor de tumor, processo este que
favoreceria a formacdo de tumores devido a ndo-repressdo da expressdo de
oncoproteinas; e (b) a superexpressao de um miRNA oncogénico, resultando na
diminuicdo da expressdo de genes supressores de tumor criticos, também
constituindo um mecanismo de carcinogénese (Esquela-Kerscher e Slack, 2006;
Slack e Chinnaiyan, 2019).

Em particular, os miRNAs exercem um controle refinado da expressao de
p53 e podem atuar como reguladores diretos e indiretos da sua fungéo (Figura
11). Eles podem se ligar as sequéncias complementares na regidao 3’'UTR dos

transcritos TP53 (regulacdo direta) e/ou aos sitios-alvos na 3’'UTR dos mRNAs
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derivados de outros genes da via de p53 (regulacado indireta) (Goeman et al.,
2017; Hermeking, 2012; Liu et al., 2017).

A primeira rede abrangente de regulacdo da via de p53 por miRNAs foi
descrita por Hermeking em 2012 (Figura 11A), contendo apenas interacoes
MiRNA-mRNA validadas experimentalmente. Nela, foi possivel observar que
varios miRNAs regulam diretamente p53 e devem ser considerados oncogenes
clinicamente relevantes, entre eles miR-125b, miR-504, miR-33 e miR-25
(Hermeking, 2012). miR-504 apresenta 2 sitios-alvo no mRNA TP53, e estudos
funcionais demonstraram que a superexpressao desse miRNA reduz os niveis
de p53 e prejudica suas funcdes, promovendo o crescimento de tumores in vivo
(Hu et al., 2010). Estudos posteriores expandiram essa rede de regulacao,
incluindo novos miRNAs validados por ensaios funcionais e outras proteinas
inibidoras da atividade de p53 (Figuras 11B-11D) (Goeman et al., 2017; Liu et
al., 2017). Além disso, essas redes atualizadas mostraram que, enquanto fator
de transcricdo, p53wt desempenha um papel importante como regulador
transcricional de miRNAs, induzindo ou inibindo a expressdo de mMiRNAs
especificos (Figura 11E), bem como é capaz de modular a expressédo de
proteinas relacionadas a biogénese e funcdo de miRNAs em geral, tais como
p68 (também conhecido como DDX5), RBM38 e AGO2 (Liu et al., 2017).
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Figura 11. Regulacéo direta e indireta da atividade de p53 por miRNAs, bem como o papel de

p53 como regulador transcricional de determinados miRNAs. (A) Conforme a rede de regulagéo
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envolvendo os genes da via de p53 e miRNAs publicada em 2012, os niveis de expressao de
p53 podem ser regulados diretamente por miRNAs oncogénicos que apresentam sitios-alvo na
regido 3'UTR do mRNA TP53 (a direita), bem como indiretamente pela atuacdo de miRNAs
supressores de tumor que inibem a expressao de proteinas reguladoras negativas da ativagao
de p53 (a esquerda). Para um melhor entendimento do seu efeito funcional, 0 SNP rs2043556,
localizado no gene MIR605, é indicado em vermelho na rede proximo ao miRNA maduro
correspondente (miR-605). Conforme as redes de regulacao atualizadas em 2017: (B) miRNAs
regulam indiretamente p53, modulando a expresséo dos seus principais reguladores positivos e
negativos (MDM2, MDM4, mTORC1, entre outros); (C) miRNAs atuam como reguladores diretos
de p53; (D) p53 modula a expressao de miRNAs que regulam indiretamente o proprio p53,
formando alcas de feedback; (E) p53 regula a transcricdo de miRNAs especificos. Modificado
de Hermeking, 2012 (Figura A) e Liu et al., 2017 (Figuras B-E).

Nesse contexto, SNPs germinativos localizados na sequéncia de genes
codificadores de miRNAs, denominados miRSNPs, podem modular o risco de
cancer e as caracteristicas clinicas associadas (Hu et al., 2014). miRSNPs
funcionais situados em regides regulatdrias dos genes de miRNAs podem afetar
a sua eficiéncia de transcrigdo e processamento, o que, em ultima andlise, pode
alterar os niveis de expressdo de multiplos genes-alvo (Ryan, 2017; Ryan et al.,
2010). Até o momento, o unico miRSNP estudado como potencial modificador
de fendtipo da SLF foi MIR605 rs2043556 (A>G) (Figura 11A). Essa variante
esta localizada no gene que codifica miR-605, um importante regulador indireto
da atividade de p53. Em resposta a diferentes formas de estresse celular, a
expressdo desse miRNA pode ser induzida por p53, assim como ele € capaz de
regular negativamente MDM2 (inibidor critico de p53), formando uma alca de
feedback positivo p53:miR-605:MDM2 (Figuras 11A e 11D) (Xiao et al., 2011).
Em um estudo anterior, foi verificado que o alelo variante MIR605 rs2043556[G]
compromete a eficiéncia de processamento do miRNA, levando a uma
diminuicdo dos niveis de miR-605 maduro. Ainda nesse estudo, que foi realizado
na populacao canadense, o alelo rs2043556[G] em heterozigose apresentou um
efeito significativo como modificador da idade de manifestacdo de tumores em
pacientes SLF portadores de VGP no DBD de p53 (Id Said e Malkin, 2015).
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Capitulo Il = Justificativa
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Considerando que a variante fundadora patogénica TP53 p.(Arg337His,
rs121912664) tem sido descrita como responsavel por uma parcela significativa
dos casos de cancer no Brasil, especificamente nas regides Sul e Sudeste, e
que sua ocorréncia enquanto evento somatico é extremamente rara, muitos
estudos passaram a investigar a prevaléncia somatica (tecido tumoral) e/ou
germinativa dessa variante em coortes de pacientes com diferentes tipos de
tumores, ndo selecionados por idade ao diagndstico e historia familiar de cancer.
Dois estudos independentes reportaram previamente prevaléncias de portadores
dessa variante de 2,4 (somatica) e 8,9% (germinativa) em séries de casos néo
selecionados de adenocarcinoma de pulméo das regifes Sudeste (SP) e Central
(MG) do Brasil, respectivamente. Em contrapartida, ao nosso conhecimento,
apenas um estudo anterior do nosso grupo de pesquisa avaliou a frequéncia de
uma variante germinativa do PAS de TP53 (rs78378222) em individuos
brasileiros diagnosticados com cancer. Considerando que o conhecimento
acerca da prevaléncia destas variantes funcionais de TP53 em individuos com
tumores esporadicos ainda é bastante limitado na populagéo brasileira, torna-se
relevante determina-la em coortes de pacientes com adenocarcinomas de
pulmdo e/ou préstata provenientes da regido Sul do Brasil e, a partir dos
resultados obtidos, analisar se o rastreamento dessas alteracdes genéticas em
individuos com os tumores de interesse seria justificado em nossa populacéo.

Por outro lado, a SLF caracteriza-se essencialmente pela penetrancia e
expressividade variaveis, levando a um perfil de manifestacbes clinicas
heterogéneas. Ao menos parte desta variacao fenotipica encontrada em familias
portadoras de VGP em TP53 pode ser explicada pela atuacdo de genes
modificadores ou de modificadores intragénicos, sugerindo a importancia da
descoberta de biomarcadores uteis (conjunto de SNPs com efeito modificador
de fendtipo significativo, por exemplo) para auxiliar o manejo terapéutico e o
monitoramento dos pacientes SLF. Sendo assim, o presente estudo buscou
contribuir para uma melhor compreensao dos potenciais eventos que modificam
a expresséo e funcdo da proteina p53 mutante (p53mut), especialmente o papel
de miRSNPs funcionais relacionados a miRNAs que regulam indiretamente p53.
Os achados desta caracterizagcéo poderao ajudar na identificacdo de grupos de
pacientes SLF de maior risco que se beneficiariam com programas de prevencao

e deteccédo precoce de neoplasias.
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Capitulo Ill — Objetivos
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3.1. Objetivo geral

Investigar novos aspectos moleculares relacionados ao gene TP53 e a
Sindrome de Li-Fraumeni (SLF), com énfase na epidemiologia molecular de
variantes germinativas funcionais de TP53 em pacientes com diferentes tipos de
tumores, bem como na regulacdo da via de p53 por miRNAs e na identificacéo
de potenciais modificadores de fenétipo em familias SLF das regides Sul e

Sudeste do Brasil.

3.2. Objetivos especificos

3.2.1. Determinar a prevaléncia da variante fundadora patogénica TP53
€.1010G>A (p.Arg337His, amplamente conhecida como R337H) em uma coorte
retrospectiva de pacientes diagnosticados com adenocarcinoma de pulméo
provenientes da regido Sul do Brasil,

3.2.2. Investigar a prevaléncia da variante funcional TP53 rs78378222 (regido
3'UTR do gene) em coortes de pacientes com diferentes tipos de tumores
provenientes da mesma regiao do Brasil, incluindo adenocarcinomas de pulméo
e prostata e leiomioma uterino;

3.2.3. Atualizar a rede de miRNAs envolvida na regulacdo da via de p53
utilizando-se ferramentas de bioinformatica e bancos de dados publicos;

3.2.4. Avaliar o papel de SNPs em genes de miRNAs (miRSNPs) reguladores
indiretos da expressao de p53 (familias miR-605 e miR-34), bem como do SNP
funcional KRAS 3’'UTR rs61764370, como potenciais modificadores de fenotipo
em pacientes SLF provenientes das regides Sul e Sudeste do Brasil;

3.2.5. Determinar a frequéncia dos miRSNPs selecionados (MIR605 rs2043556
e pri-miR-34b/c rs4938723), além da variante funcional KRAS rs61764370, em
pacientes SLF portadores da variante TP53 p.(Arg337His) e de variantes de DBD
no gene TP53 provenientes das mesmas regioes do Brasil;

3.2.6. Investigar se existe efeito modificador de fendtipo dos MIRSNPs
selecionados e do alelo variante KRAS rs61764370[G] quanto ao risco de
cancer, idade ao diagndstico do primeiro tumor, tipos de tumores diagnosticados
e ocorréncia de mdultiplos tumores primarios em portadores da variante
patogénica p.(Arg337His) e de VGP classicas (DBD) em TP53 provenientes das

mesmas regides do Brasil.
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Capitulo IV — Artigo 1

Prevalence of the Brazilian TP53 Founder ¢.1010G>A (p.Arg337His) in Lung
Adenocarcinoma: Is Genotyping Warranted in All Brazilian Patients?
Manuscrito publicado na revista Frontiers in Genetics. 2021 Feb;12:606537.
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Prevalence of the Brazilian TP53
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Genotyping Warranted in All Brazilian
Patients?
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In Southern and Southeastern Brazil, there is a germline pathogenic variant with
incomplete penetrance located in the oligomerization domain of TP53, ¢.1010G>A
(p.Arg337His). Due to a founder effect, the variant is present in 0.3% of the general
population of the region. Recently, this variant was identified in 4.4 and 8.9% of two
apparently unselected, single center case series of Brazilian lung adenocarcinoma
(LUAD) patients from the Southeastern and Central regions of the country, respectively.
In the present study, our aim was to examine TP53 ¢.1010G>A allele and genotype
frequencies in LUAD samples obtained from patients diagnosed in Southern Brazil.
A total of 586 LUAD samples (tumor DNA) recruited from multiple centers in the region
were tested, and the mutant allele was identified using TagMan® assays in seven
cases (7/686, 1.2%) which were submitted to next generation sequencing analyses
for confirmation. Somatic EGFR mutations were more frequent in TP53 ¢.1010G>A
carriers than in non-carriers (67.1 vs. 17.6%, respectively). Further studies are needed
to confirm if TP53 ¢.1010G>A is a driver in LUAD carcinogenesis and to verify if there is
a combined effect of EGFR and germline TP53 ¢.1010G>A. Although variant frequency
was higher than observed in the general population, it is less than previously reported
in LUAD patients from other Braziian regions. Additional data, producing regional
allele frequency information in larger series of patients and including cost-effectiveness
analyses, are necessary to determine if TP53 ¢.1010G> A screening in all Brazilian LUAD
patients is justified.

Keywords: TP53 gene, p53 protein, lung adenocarcinoma, founder variant, TP53 (p.Arg337His), R337H, non-small
cell lung cancer, Li-Fraumeni syndrome
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TP583 (p.Arg337His) Variant in LUAD

INTRODUCTION

In Southern and Southeastern Brazil, a germline founder
pathogenic variant with incomplete penetrance, c.1010G>A
(rs121912664), also known as R337H or p.(Arg337His) has
been detected in 0.3% of the general population (Achatz et al,,
2009; Custodio et al., 2013). It is located in the oligomerization
domain (exon 10) of TP53, and it is associated with Li-Fraumeni
syndrome (LFS). Carriers are at a high risk for developing a wide
spectrum of tumors and are prone to develop multiple primary
cancers at different ages. The core tumors in LES patients include
early onset breast cancer, soft-tissue sarcomas, brain tumors and
adrenocortical carcinomas (Achatz et al., 2007; Giacomazzi et al.,
2013; Achatz and Zambetti, 2016). Lung cancer (LC), especially
lung adenocarcinoma (LUAD) of the lepidic subtype, has been
reported in LFS families and is included in the Chompret criteria
for genetic testing of suspected patients, but there is limited
evidence for a strong association of its occurrence with germline
TP53 variants (Tinat et al,, 2009; Ricordel et al., 2015; Caron
et al, 2017). Although TP53 is considered one of the most
commonly mutated genes in solid tumors, somatic occurrence of
TP53 c.1010G> A is extremely rare. In the IARC TP53 database
[International Agency for Research on Cancer TP53 database
(Tarc), 2020], ¢.1010G> A has been described in only 4 of 28,869
solid tumors. In other public databases, its frequency in solid
tumors is also very low. In COSMIC [Catalogue Of Somatic
Mutations In Cancer (Cosmic), 2020], for instance, among over
20.000 samples, TP53 ¢.1010G> A is not present, although G > T
and G > C alterations in codon 1,010 do occur. In contrast,
two lung tumors harboring germline ¢.1010G>A have been
described in the IARC TP53 database. Finally, Nogueira et al.
(2015) reported a mixed acinar/bronchiolo-alveolar carcinoma
in a known germline carrier of the TP53 c.1010G> A variant
(Nogueira et al., 2015).

LC is the leading cause of cancer related deaths worldwide,
responsible for 1.7 million deaths every year. In Brazil, the
National Cancer Institute [Instituto Nacional de Céncer José
Alencar Gomes da Silva (Inca), 2020] estimated 30,200 new
LC cases in 2020, rendering it the second most common solid
tumor in the country. In Southern Brazil, LC is the third most
common cancer diagnosed in adults, with non-small cell lung
cancer (NSCLC) accounting for approximately 85% of all LCs
cases. Recently, Couto et al. (2017) genotyped TP53 c.1010G>A
in 45 NSCLC patients from a single center in the central region
of Brazil, where this variant has not been explored and its
population prevalence has not been determined. They identified
4 (8.9%) heterozygotes, a surprisingly high variant frequency
for a small, apparently unselected cohort (Couto et al.,, 2017).
Importantly, a more recent single center study in Southeastern
Brazil also observed a high prevalence of TP53 c.1010G>A
in an unselected series of 114 EGFR-positive LUAD patients:
the variant was present in 4.4 and 12.5% of samples when
considering diagnosis at any age or before the age of 50 years,
respectively (Barbosa et al., 2020). Furthermore, the authors
assessed LUAD tumors diagnosed in known TP53 c.1010G>A
carriers and observed that LUAD tumors from 8/9 (89%) TP53
¢.1010G=> A carriers harbored an activating EGFR variant. To our

knowledge, the TP53 ¢.1010G> A variant has not been described
in other studies assessing somatic TP53 variants in sporadic lung
adenocarcinoma (LUAD) patients (Greenman et al., 2007; Ding
et al, 2008; Hammerman et al., 2012; Imielinski et al., 2012; Peifer
et al., 2012; Rizvi et al., 2015; Jordan et al., 2017). Thus, in the
present study, our goal was to examine the TP53 c.1010G> A
allele and genotype frequencies in a series of 586 LUAD samples
obtained from patients diagnosed in multiple centers of the three
states of Southern Brazil, a region with the highest population
frequency of this particular variant observed to date, regardless
of their clinical features.

METHODS

Study Subjects and Ethical Aspects

A total of 586 LC samples derived from a cohort described
in a previous study from our group (Andreis et al, 2019)
were analyzed. Patients were originally recruited for somatic
mutation testing in EGFR (exons 18-21), KRAS (exons 2 and
3), BRAF (exons 11 and 15), and NRAS (exons 2 and 3)
genes from different hospitals and clinics distributed in 22
healthcare centers located in the three states of the southern
region of Brazil: Rio Grande do Sul (N = 496), Santa Catarina
(N = 20), and Parana (N = 70). Patients were not selected on
previous cancer history or family history of cancer. Pathologic
analyses confirmed typical adenocarcinoma histology in all cases.
However, histological subtype data were available for only a
small proportion (72/586) of patients. The mutation status of
EGFR, BRAF, KRAS, and NRAS genes was evaluated using
technical procedures as previously reported (Andreis et al., 2019).
Genotyping was performed in a central laboratory, a diagnostic
precision medicine program established in a tertiary care hospital
in southern Brazil. Before initiation of this study, age at LUAD
diagnosis, EGFR/KRAS/BRAF status, and histological subtype
(when available) were annotated and samples were posteriorly
de-identified. A consent waiver was approved by the Institutional
Review Board specifically for the TP53 ¢.1010G>A analysis,
given that patient identification using only age at diagnosis,
EGFR/KRAS/BRAF/TP53 status and LUAD histological subtype
would not allow patient re-identification.

DNA Extraction and TP53 c.1010G>A
Genotyping

Tumor DNA was extracted using the ReliaPrep™ FFPE

gDNA Miniprep System (Promega), according to the
manufacturer’s recommendations. Next, TaqMan® allelic
discrimination analyses of the pathogenic variant TP53

c.1010G> A (rs121912664) were performed according to Applied
Biosystems® standard protocols (Applied Biosystems, Carlsbad,
CA United States), using fluorescent allele-specific probes as
previously published (Fitarelli-Kiehl et al, 2016). An attempt
to confirm rs121912664-positive results identified by TagMan®
by next generation sequencing (NGS) for determination of
allele frequencies was made. Briefly, NGS of the TP53 entire
coding region (exons 2-11) and 70 pb exon-intron boundaries
was done using a custom panel (Thermo Fisher Scientific, CA,
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United States, reference number TP53.20140108.designed) on
the Ion Torrent-Personal Genome Machine (PGM) platform.
Amplicon library was prepared using the Ion AmpliSeq™
Library Kit 2.0 (Thermo Fisher Scientific, CA, United States).
PCR products were then sequenced on the Ion GeneStudio S5
system (Ion Torrent Systems Inc., Gilford, NH, United States).
NGS results were interpreted using the Ion Reporter software
considering a minimum coverage of 100X by amplicon.
Integrative Genomics Viewer (IGV) was used for visualization of
the mapped reads. Human TP53 cDNA sequence corresponding
to the NM_000546.5 was used as a wild-type (WT) reference.

Statistical Analyses

Genotype and allele frequencies were estimated by simple
counting. Clinical and molecular features of LUAD patients were
assessed using descriptive statistics. Considering the low number
of mutant alleles found in our study and limitations in clinical
data availability, it was not possible to perform any meaningful
statistical test in our comparisons between groups of carriers
and non-carriers (see more in Results section). SPSS* version
18 (SPSS® Inc., Chicago, IL, United States) was used for data
handling and for all descriptive analyses.

RESULTS

A total of 586 LUAD samples were included in this study. Clinical
and molecular data are summarized in Table 1. Histopathological
subclassifications were available only for 72 cases (12.3%). The
most common subtypes were acinar (65.3%) and lepidic (34.7%).
Moreover, the majority of LUAD samples (502/586, 85.7%) were
tested for somatic mutations in EGFR, KRAS, BRAF and NRAS

TABLE 1 | Clinical and molecular features of 586 patients with lung
adenocarcinoma (LUAD) included in this study.

Features Median (IR)* N (%)"
Age at tumor diagnosis, years 67 (16) -
Gender

Male 271 (46.2)
Female 315 (53.8)
Histological subtype 72 (12.3)
Acinar 47 (65.3)
Lepidic 25 (34.7)
Patients tested for somatic alterations® 502 (85.7)
EGFR mutation 106 (21.1)
KRAS mutation 148 (29.5)
BRAF mutation

None 233 (46.4)
Carriers of TP53 ¢.1010G> A (p.Arg337His)® 7(1.2°

*IR, interquatrtile range.

1 The percentage was calculated over the total number of genotyped samples (586)
and over the number of cases for which the specified clinical data was available.
*Tested for somatic EGFR, KRAS, BRAF, and NRAS mutations. Specific regions
evaluated in each gene are detailed in the "Materials and Methods.”

$ Seven carriers were identified using TagMan® assays, but heterozygous genotype
was confirned by NGS in only five positive cases due to limitations in sample
availability for the remaining two patients.

driver genes. Somatic mutations were mostly identified in KRAS
(29.5%) and EGFR (21.1%).

Specific TP53 ¢.1010G>A (p.Arg337His) genotyping by
TagMan® resulted in the identification of seven heterozygotes
(GA genotype). Heterozygous genotype and mutant allele (A)
frequencies were thus defined at 7/586 (1.2%) and 7/1,172 (0.6%),
respectively. All patients in this subgroup were diagnosed with
LUAD after age 50 years, and the median age at tumor onset was
60 years. In addition, most ¢.1010G> A tumors also had somatic
EGFR (4/7, 57.1%) variants and none of them had a KRAS
variant. Importantly, heterozygous genotype was confirmed by
NGS in five (p.Arg337His)-positive cases (5/586, 0.85%). In the
other two positive samples, further analyses were not possible
due limitations in sample availability. Mutant allele frequencies
determined by NGS were close to 50% in 3/5 cases, suggesting
that at least in these cases, the variant may also be present in
the germline. Details on each of the heterozygous samples are
summarized in Table 2. Additional TP53 alterations detected in
the tumors by NGS are depicted in Supplementary Table 1.

Lastly, a comparison of the available clinical and molecular
features between TP53 c.1010G>A carriers identified by
TagMan® and non-carriers is presented in Table 3 and
Supplementary Figure 1. A difference between groups was
observed for median age at cancer diagnosis and histological
subtype but the number of mutant allele carriers (7/586) was
too small to make meaningful comparisons. LUAD from three
carriers were of the lepidic subtype (3/7, 42.8%), however, it is
important to emphasize that three of the seven heterozygotes
had no complete histological data, which hindered our ability
to analyze a possible association between the c.1010G> A variant
and occurrence of the lepidic subtype. Interestingly, the presence
of somatic EGFR mutations was found in a much higher
frequency in TP53 ¢.1010G> A carriers than in non-carriers (57.1
vs. 17.6%, respectively).

DISCUSSION

The TP53 founder variant ¢.1010G> A, widely referred as R337H,
is likely responsible for a significant proportion of the cancer
burden in the Southern and Southeastern regions of Brazil due
to its high frequency in the population (Achatz et al., 2009;
Garritano et al., 2010). In a landmark study conducted in 171,000
newborns from the Southern Brazilian State of Parana the variant
was identified in 461 individuals (~0.3%) (Custodio et al., 2013).
Previous analyses performed by our research group (Palmero
et al., 2008) identified a similar prevalence (2/750, ~0,3%) in
a cohort of healthy, asymptomatic women participating in a
community-based breast cancer screening program in the state
of Rio Grande do Sul (Southern Brazil). Furthermore, it has been
well-documented that the variant exhibits incomplete, variable
penetrance resulting in significant inter- and intra-familiar
heterogeneity in phenotypic presentation with some carriers
surviving without any cancer diagnosis to older ages and others
having the typical LFS phenotype, with one or more cancers
diagnosed in childhood and/or adult life (reviewed in Achatz
and Zambetti, 2016). Unlike most TP53 somatic and/or germline
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TABLE 2 | Characterization of LUAD tumors with an identifiable TP53 ¢.1010G>A pathogenic variant.

Identifier Gender Age at LUAD Histological Somatic EGFR TP53 WT*/TP53 Percentage of
diagnosis subtype mutation c.1010G>A c.1010G>A tumor cells in
(years) zygosity allele the sample
frequency
(coverage)
1 Male 57 NAT p.(Leu858Arg) Heterozygous 0.52/0.48 40%
(2:400)
2 Male 65 Lepidic p.(Ser768_Asp770dup) Heterozygous 0.37/0.63 30%
(2,259x%)
3 Female 55 NA p.(LeuB858Arg) Heterozygous 0.24/0.76 60%
(4,000x)
4 Female 60 Lepidic None Heterozygous 0.42/0.58 40%
(1,802
5 Female 74 NA p.(LeuB858Arg) Heterozygous 0.42/0.58 70%
(1,835x)
6 Female 54 Lepidic Inconclusive® Heterozygous NP* 5%
7 Female 62 Acinar Inconclusive Heterozygous NP 40%

* WT, wild-type allele; T NA, not available; * NP, not performed; $ Incondlusive status due to technical limitations, such as avaiability of a low concentration of DNA
extracted from the tumor tissue, and/or poor quality/punty of the tumor DNA, leading to inadequate results (low coverage) in the NGS analysis.

deleterious variants involved in tumorigenesis (i.e., those located
in the DNA-binding domain of p53 protein), c.1010G>A is
located in the p53 oligomerization domain and has been
associated with a unique intracellular pH-dependent effect on
protein stability, through which the mutant protein retains some
partial tumor suppressor activity (DiGiammarino et al., 2002;
Zerdoumi et al., 2017). More recently, a knock-in animal model
containing the homologous TP53 R337H variant (mouse R334H)
demonstrated that this alteration triggers reduced formation of
p53 dimers and tetramers (deficient oligomerization capacity)
compared to WT p53 in mouse liver tissues after exposure
to a specific carcinogen (Park et al, 2018). Interestingly, the
homozygous p53 R334H mutant mice exposed to this carcinogen
showed an increased liver tumor development, while mice with
the same genotype that were not under exposure to the liver
carcinogen developed normally without any significant difference
in terms of either cancer incidence or life span compared with
WT mice (Park et al., 2018, 2019).

Given its relevance, prevalence of the mutant allele (germline
and/or somatic DNA analysis) has been extensively investigated
in different Brazilian cohorts of patients with several tumor
types, regardless of cancer family history (FH). In three
studies evaluating patients with adrenocortical carcinoma (ACC),
¢.1010G>A was present in 90-97%, independent of cancer FH
(Ribeiro et al., 2001; Seidinger et al., 2011; Mastellaro et al.,
2018). Moreover, the variant was found in 69, 8.4, and 7.3% of
unselected subjects diagnosed with choroid plexus carcinoma,
neuroblastoma and osteosarcoma, respectively (Seidinger et al,,
2011, 2015). Prevalence of the variant in breast cancer (BC)
patients from southern and southeastern Brazil was also studied.
In three independent case series, prevalences of 3.4% (familial BC
but without a clear LES phenotype) and 2.5-8.6% (BC patients
unselected for cancer FH diagnosed in different age groups) were
observed (Giacomazzi et al., 2014; Hahn et al., 2018).

In the present study, we identified seven LUAD tumors
harboring the founder TP53 variant among 586 samples recruited

from patients in southern Brazil, a cohort described in detail
elsewhere (Andreis et al, 2019). Remarkably, all variant-
positive tumors were diagnosed over age 50 years. The late
onset of LC in TP53 c.1010G>A carriers is in agreement
with a recent finding showing a lifelong cancer risk pattern
characterized by a bimodal age distribution: one peak in the
first 10 years of life associated mainly with ACC and CNS
tumors, and a second peak in the fifth decade in which
different tumor types occur, including LC (Mastellaro et al,,
2017). Although LC (especially LUAD) is not among the
core, most frequent tumors originally described in LFS, it
has been described in Brazilian LFS families with the TP53
¢.1010G> A variant (Barbosa et al,, 2020), together with other
atypical tumors such as papillary thyroid and renal cancers
(Achatz and Zambetti, 2016).

Although TP53 c.1010G>A prevalence in LUAD reported
in the present study (1.2%) is substantially higher than the

TABLE 3 | Comparison of clinical and molecular features between LUAD samples
of TP53 ¢.1010G=>A carriers and non-carriers.

Features Carriers, N=7 Non-carriers, N = 579
Median age at diagnosis, years (IR)* 60 (10) 67 (16)
Histological subtype, N (%) 4(57.1) 68 (11.7)
Acinar 1(14.3) 46 (7.9)
Lepidic 3(42.8 22 (3.8
Patients with other somatic 5(71.4) 497 (85.8)
alterations, N (%)7

EGFR mutation 4(57.1) 102 (17.6)
KRAS mutation 0 148 (25.6)
BRAF mutation 0 15 (2.6)
Median age at diagnosis restricted 61 (16) 67.5 (20)

to EGFR-mutant subtype, years (IR)

*IR, interquartile range.
TA total of 502/586 LUAD cases were tested for somatic EGFR, KRAS, BRAF, and
NRAS mutations.
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population frequency observed in large cohorts of healthy
individuals from the same Brazilian region (0.3%) (Palmero et al.,
2008; Custodio et al., 2013), it is much lower than the prevalences
previously described by Couto et al. (2017), and Barbosa et al.
(2020). The conflicting results between our study and the study
performed by Couto et al. (2017) may be explained by two main
reasons: (a) small sample size along with a putative selection bias
in patient recruitment in the study conducted by Couto et al.
indirectly evidenced by high proportion of carriers identified with
a cancer FH; and (b) employment of different variant screening
approaches (PCR-RFLP vs. TagMan®), since use of restriction
endonucleases may be associated with increased false-positive
rates (Uemura et al, 2004; Kang et al, 2009). The study by
Barbosa et al. (2020), although performed on alarger sample size,
is also a single center study developed in an institution that has
been a reference center for the diagnosis and follow-up of LFS
families. In addition, one cannot exclude presence of specific,

regional environmental factors (carcinogenic exposure, similar
to what has been observed in mouse models) which might act
triggering LUAD carcinogenesis in ¢.1010G> A carriers and result
in a variable susceptibility to LUAD in carriers from different
geographic regions.

Another interesting finding of our study was the co-
occurrence of TP53 ¢.1010G > A and activating EGFR mutations,
which is in agreement with two previous reports (Barbosa et al.,
2020; Mezquita et al, 2020). Studying LES patients with a
germline TP53 pathogenic variant (either DNA-binding variants
or the founder ¢.1010G>A) and LUAD, Barbosa et al. (2020)
and Mezquita et al. (2020) identified somatic EGFR alterations
in 89 and 85% of the tumors, respectively. In our study, EGFR
variants occurred in 57.1% of the TP53 ¢.1010G> A-positive
tumors, a lower proportion than reported before, but our cohort
was not of LFS patients. In addition, when looking at 114
LUAD patients with EGFR mutations from a non-LFS cohort,

LUAD carcinogenesis,

TP53 WT/WT

LUAD carcinogenesis,
TP53 p.R337H/WT
(germline)

as a mechanism driving the NSCLC/LUAD development.

(germline) o -t

FIGURE 1 | Schematic representation of the hypothetical interaction between mutant p53 (due to hypomorphic TP53 germline variants such as ¢.1010G= A,
p.R337H) and mutant EGFR (due to somatic activating EGFR alterations) in NSCLC tumors. (A) Lung carcinogenesis in an individual without germline TP53
pathogenic variants, i.e., a homozygous context of wild-type (WT) p53 (TP53 WT/WT genotype) characterized by constitutive formation of normal p53 tetramers in
response to genotoxic stress and/or carcinogenic exposure. Occurrence of an activating EGFR somatic event leads to an EGFR upregulation. Moreover, according
to previous functional studies, there is a link between p53 and EGFR through miR-193a, forming a double-negative feedback loop that contributes to NSCLC
tumorigenesis. (B) LUAD formation process in a carrier of the gemmline TP53 p.R337H (TP53 p.R337H/WT genotype). To explain the frequent co-occurrence of
germline TP53 and somatic EGFR variants recently described in different case series, we postulate that the deficient p53 oligomerization capacity conferred by the
TP53-p.R337H founder allele, specifically in the context of exposure to carcinogenic environmental factors triggers reduced tumor-suppressive p53 functions in lung
tissue, representing an initial factor (first hit) in NSCLC/LUAD carcinogenesis. Subsequent mutational events at the somatic level (possibly resulting also from
environmental exposure factors), including oncogenic EGFR variants (second hit) could dramatically impair the p53/miR-193a/EGFR feedback loop regulation, acting
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Barbosa et al. (2020) observed a TP53 codon 337 variant in 5.3%,
which was further increased to 12.5% (4/32) when considering
only patients diagnosed before age 50 years. In our study, TP53
c.1010G>A was present in 4/106 (3.8%) LUAD samples with
activating EGFR mutations, and all patients with both alterations
were diagnosed after the age of 50 years. Importantly, ethnic
ancestry has major impact on the incidence of EGFR mutation
status in NSCLC patients, being lower (around 10%) in regions
with higher European ancestry representation (Gahretal., 2013).
The prevalence of European ancestry in the population studied
here, i.e, from Southern Brazil, has been estimated at 80-90%,
the highest amongall Brazilian regions (Ruiz-Linares etal., 2014).
In agreement with this observation, several studies evaluating
the human leukocyte antigen genotypic diversity in this region
also confirmed a high European ancestry and a meaningful
difference from Asians or even Brazilian indigenous populations
(Castro et al., 2019).

Indeed, the frequent co-occurrence of TP53 and EGFR
sequence variants is striking and it might be explained by
a p53/miR-193a/EGFR feedback loop mechanism previously
reported as a driving force for NSCLC tumorigenesis (Wang
et al, 2019). In vitro and in vivo studies demonstrated that
WT p53 directly activates miR-193a transcription and, in
turn, miR-193a directly targets EGFR, whereas EGFR functions
as a transcriptional repressor to negatively control miR-193a
expression, forming a feedback loop (Figure 1A). Considering
the repeated reports of co-occurrence of TP53 and EGFR variants
in LUAD, including the present study, we hypothesize that
occurrence of an activating EGFR somatic event on a background
of a tissue already harboring a mutant (germline) TP53 allele
(such as ¢.1010G>A) may result in an impairment of this
loop function, promoting NSCLC formation and tumor growth
(Figure 1B). In parallel, it has been widely described that, upon
conditions of genotoxic stress in the cellular context, presence
of functional TP53 germline variants, especially hypomorphic
variants (c.1010G> A), leads to a loss of p53 tumor-suppressive
functions (such as DNA damage repair and cell-cycle arrest),
triggering a genomic instability that, in turn, may promote
the accumulation of somatic mutations at different genes
(Zerdoumi et al.,, 2017; Park et al., 2018), which could include
the hotspot regions of somatic EGFR mutations. Additionally,
a previous study suggested that radiation-induced cancers are
more common among LFS patients (harboring germline TP53
pathogenic variants) (Heymann et al, 2010). Although the
underlying mechanism is not known, in recent reports of EGFR-
mutated lung tumors in LFS patients, researchers hypothesized
that the first genetic hit was a germline TP53 mutation and
suggested that chemotherapy or radiotherapy (i.e., genotoxic
stress-inducing conditions) promoted a second hit, which
might have consisted specifically of somatic EGFR mutations
(Michalarea et al., 2014; Ricordel et al., 2015). Further functional
studies are required to confirm this latter hypothesis, as well as
to elucidate, mechanistically, the reason why patients with TP53
germline mutations seem to harbor, more frequently, activating
EGFR mutations in lung tissue.

Finally, the results of the current study must be interpreted
with caution, considering its limitations. First, LUAD specimens

were obtained retrospectively from a diagnostic cohort de-
identified for this study, hindering the inquiry about clinical
data, such as histological subtype, smoking habit, cancer FH, and
ethnic ancestry. Second, for the same reason, germline screening
for the variant was not done and, thus, the study design employed
here did not allow contact with R337H-positive patients or their
relatives. Lastly, the limited availability of samples did not allow
additional analyses of the tumor samples such as LOH testing.

In conclusion, when compared to previous studies in Brazilian
patients with LUAD, the prevalence of TP53 c.1010G>A,
although higher than expected for the general population, was
much lower in our series from Southern Brazil, suggesting that
there may be regional variations. The variability observed so far,
in the absence of large prevalence studies in different regions of
the country, and also without a more detailed cost-effectiveness
analysis, do not allow, in our view, proposition of a general
recommendation of testing all Brazilian LUAD patients for TP53
¢.1010G> A. Further studies assessing presence of TP53 germline
variants, or at least the founder ¢.1010G> A variant, in Brazilian
LUAD patients, regardless of the age at tumor diagnosis and
especially if they harbor activating EGFR mutations, should be
undertaken in order to determine if universal screening for TP53
c.1010G> A is justified. Ultimately, predictive testing in healthy
family members of variant-positive LUAD probands might be
useful to assess the clinical actionability toward the occurrence of
other tumor types, and future cost-effectiveness analysis should
include this clinical actionability after predictive testing.
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In the original article, there were two errors. Due to a misinterpretation of some findings described
in the recent work conducted by Barbosa and colleagues (2020), two sentences reporting frequency
data of 7P53 c.1010G>A obtained from this previous study were incorrectly written in our
manuscript.

A correction has been made to Abstract, third sentence:

Recently, this variant was identified in 2.4 and 8.9% (overall frequency) of two apparently
unselected, single center case series of Brazilian lung adenocarcinoma (LUAD) patients from the
Southeastern and Central regions of the country, respectively.

Another correction has been made to Introduction, second paragraph:

Importantly, a more recent single center study in Southeastern Brazil also observed a high
prevalence of TP53 variants at codon 337 (predominantly ¢.1010G>A, p.Arg337His) in an
unselected series of 114 EGFR-positive LUAD patients: these variants were present in 5.3 and
12.5% of samples when considering diagnosis at any age or before the age of 50 years, respectively
(Barbosa et al., 2020).

The authors apologize for these errors and state that this does not change the scientific conclusions
of the article in any way. The original article has been updated.

Reference

Barbosa, M. V. R, de Lima, V. C., Formiga, M. N., de Paula, C. A., Torrezan, G. T., and Carraro,
D. M. (2020). High prevalence of egfr mutations in lung adenocarcinomas from Brazilian patients
harboring the TP53 p.R337H variant. Clin. Lung Cancer 21, e37-e44. doi:
10.1016/j.cllc.2019.11.012
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Abstract

The TP53 3'UTR germline variant rs78378222 A>C has been associated with several tumor
types in European populations. It modifies the polyadenylation signal (PAS) sequence of TP53,
resulting in p53 expression's decrease in heterozygotes. Its prevalence is not yet known in all
tumors and in admixed/non-European populations. Previous functional studies demonstrate
that rs78378222 modulates p53 expression and function through impairment of the TP53
MRNA polyadenylation efficiency and interference on the negative regulation by specific
microRNAs. Herein, we examine germline or somatic prevalences of rs7837822 in cohorts of
patients diagnosed with lung adenocarcinoma (LUAD, n=586), prostatic adenocarcinoma
(PAC, n=153), benign prostatic hyperplasia (BPH, n=167), and uterine leiomyoma (ULM, n=41)
in southern Brazil. The minor allele (C) was identified in 6/586 LUAD tumors (somatic
prevalence = 1.02%). In the germline, the allele was observed in 1/153 (0.65%) PAC and 1/167
(0.6%) BPH patients. The variant was absent in the ULM cohort and the rs78378222[C/C]
genotype was not identified. Further analyses including larger cohorts with different tumor types
and patients from distinct regions of Brazil should be undertaken in order to confirm the low
prevalence of rs78378222[C] in Brazilian population and determine if a broad screening for this
TP53 PAS variant is justified.

Keywords: rs78378222, polyadenylation signal, non-coding variant, 3’ untranslated region,

TP53 gene, cancer risk.
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1. Introduction

The p53 protein, encoded by the TP53 gene, is a crucial tumor suppressor which
regulates multiple anti-proliferative pathways in response to diverse cellular stress signals
(Levine, 1997; Vogelstein et al., 2000; Beroud & Soussi, 2001). The protein is a transcription
factor which binds to response elements in regulatory regions of multiple target genes, including
genes mediating cell cycle arrest, apoptosis, autophagy, senescence, energetic metabolism,
and DNA repair (Vogelstein et al., 2000; Soussi & Beroud, 2001; Bieging et al., 2014). Somatic
TP53 sequence variants are the most frequent alterations in human cancers, while pathogenic
germline variants in this gene are the underlying cause of Li-Fraumeni syndrome (LFS), which
is characterized by increased early-onset cancer predisposition (Li et al., 1988; Malkin et al.,
1990; Petitiean et al.,, 2007). Most reported and studied TP53 variants are single-base
substitutions, missense variants distributed throughout the coding sequence, predominantly
located within exons 5-8, corresponding to the DNA-binding domain (DBD) of p53 protein
(Hainaut & Hollstein, 2000; Petitjean et al., 2007; Bouaoun et al., 2016).

Although most studies have focused on molecular analyses encompassing exonic
regions and exon-intron boundaries, sequence variants in 5’ and 3’ untranslated regions (UTR)
of TP53 have been recently explored and described as tumor-promoting alterations (Stacey et
al., 2011; Li et al., 2013; Diederichs et al., 2016; Deng et al., 2019). Indeed, 5'- and especially
3'UTR, are highly conservative elements and commonly suggested as microRNA (miRNA)
binding sites (Jardin & Coiffier, 2013). Therefore, sequence variants in these elements may
have a greater impact on protein expression since 3'UTR contains polyadenylation regulatory
sequences, controlling mMRNA stability, localization and the efficiency of protein translation
(Matoulkova et al., 2012; Erson-Bensan, 2020). In this context, Li and colleagues (2013) first
analyzed both UTRs of the TP53 gene and showed that somatic alterations occurred frequently
in these regions and that they had prognostic value in a large cohort of tumor specimens from
patients with a subtype of lymphoma (Li et al., 2013).

The contribution of 3’UTR noncoding variants to the inherited predisposition to cancer is
not fully understood (Erson-Bensan, 2020). However, the detection of a novel germline rare
variant (rs78378222, NM_000546.5:¢.*1175A>C) within the sole polyadenylation signal (PAS)
sequence of TP53 has brought attention to this hypothesis, since this variant exhibited a minor
allele frequency (MAF) ranging from 0.003 to 0.044 in controls and cancer-affected individuals
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from European ancestry cohorts, respectively, and was consistently associated with increased
cancer risk (Stacey et al., 2011). In 2011, a genome wide association study (GWAS) first
reported TP53 rs78378222 in Icelanders. In the same study, rs78378222 A-to-C transition was
associated with an increased risk of developing cutaneous basal cell carcinoma, prostate
cancer, glioma and colorectal adenoma in Iceland and other European populations (Stacey et
al., 2011). The nucleotide alteration changes the TP53 PAS from AATAAA to AATACA and
results in impaired TP53 3'-end processing, thereby decreasing p53 protein expression, which
may in turn also affect other genes indirectly, through alterations in p53 downstream functions
such as apoptosis (Stacey et al., 2011; Li et al., 2013; Macedo et al., 2016).

Ten years after its first description, the rs78378222[C] allele has been described as a
risk allele for development of other tumors, including brain cancers (predominantly glioma and
neuroblastoma), esophageal squamous cell carcinoma, uterine leiomyoma, soft-tissue
sarcoma, and non-melanomatous skin cancer mainly in cohorts of European ancestry (Zhou et
al., 2012; Enciso-Mora et al., 2013; Diskin et al., 2014; Rafnar et al., 2018; Deng et al., 2019;
Di Giovannantonio et al., 2021). Importantly, a meta-analysis conducted by Wang and
colleagues (2016) identified that this variant confers susceptibility to cancer in general (Wang
et al., 2016). More recent studies focused on molecular mechanisms that lead to the tumor-
promoting behavior seen in association with the variant. In addition to the disruption of the PAS
sequence, in vitro and in vivo analyses demonstrated that the variant creates and alters miRNA
binding sites in the TP53 3'UTR, which definitely confirmed the initial hypothesis that it was a
functional variant (Deng et al., 2019; Zhang et al., 2021).

Previous findings indicated that rs78378222[C] minor allele was not associated with lung
cancer (not specified distribution of histological types) in a case series from the USA (Guan et
al., 2013), while it was significantly associated with increased risk for prostate cancer and
uterine leiomyoma (ULM) in European populations (Stacey et al., 2011; Rafnar et al., 2018).
Interestingly, the prevalence of rs78378222[C] carriers in non-tumoral conditions, such as
benign prostatic hyperplasia (BPH), has not yet been assessed. In this context, Brazil has an
admixed population with a highly heterogeneous genetic background, including European,
African and Native American ancestries (Moura et al., 2015; Souza et al., 2019). Surprisingly,
a previous study from our research group is the only report to date evaluating rs78378222 in
cancer cohorts from the Brazilian population, and it focused on a sample from the southern

region of the country (Macedo et al., 2016). Thus, the allele and genotype frequencies of this
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TP53 noncoding variant in patients with different tumor types from southern and other regions
of Brazil have not been completely described. Hence, the aim of this study was to determine
the prevalence of the TP53 rs7837822 (A>C) variant in a group of lung adenocarcinoma
(LUAD) tumors and ULM cases (somatic analyses) and in cohorts of patients with prostatic
adenocarcinoma (PAC) and BPH (germline analyses) from Southern Brazil. Additionally, we
also characterized the clinical and molecular features associated with variant-positive patients
and provide an overview of the main findings about molecular mechanisms disrupted by this

alteration and case-control association studies described so far.

2. Results

Clinical samples obtained from a total of 947 individuals diagnosed with LUAD, PAC,
BPH and ULM were included in this study. General clinical data according to the study groups
are summarized in Table 1. The largest group of analysis comprised 586 LUAD tumor samples,
of which 315 (53.8%) were women. PAC (n=153), BPH (n=167) and ULM (n=41) groups were
predominantly composed of self-identified ethnicity as white. Due to the retrospective study
design for recruitment of LUAD specimens, self-identified ethnic ancestry data was not
available for this group. The mean or median age at tumor/condition diagnosis was
concentrated in the sixth decade of life in the LUAD, PAC and BPH cohorts, while in the fourth
decade in ULM-affected women. Other specific clinical features of each tumor/condition are
presented in Table S1. All PAC tumors had a Gleason score assigned of 6 or higher, and most
ULM cases (51.5%) presented uterine location classified as intramural.

Allele and genotype frequencies of TP53 rs78378222 in each group of analysis are
shown in Table 2. Among 586 LUAD tumor specimens, we detected only 6 tumors with the
PAS variant in heterozygosity. Therefore, the somatic frequencies of the rs78378222[A/C]
genotype and C allele were 6/586 (1.02%) and 6/1172 (0.51%), respectively. However,
although this PAS variant was robustly associated with risk for prostate cancer and ULM in
previous studies, it was identified in only 1 PAC-affected patient (germline frequency of
heterozygous genotype 0.65%) and 1 BPH case (germline frequency of heterozygotes 0.6%).
Beyond the low prevalence of rs78378222[C] in the PAC (0.33%) and BPH (0.29%) cohorts,
as expected for a rare variant, it was not observed in our small case series of ULM (additional

group of analysis, n=41).
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Considering all rs78378222[A/C] heterozygotes identified in the overall sample (n=8),
only one patient had a cancer diagnosis at an early age: a LUAD-affected female diagnosed at
age 44, with a somatic activating EGFR alteration in the tumor (Table 3). In addition, two LUAD
tumors harboring the rs78378222[C] allele exhibited another somatic oncogenic driver variant,
namely KRAS p.(Glyl2Cys). Other LUAD variant-positive specimens had no identifiable
somatic EGFR, KRAS, BRAF, and NRAS alterations. Detailed characterization regarding the
testing status for somatic variants in our LUAD case series is presented in Table S2. Although
the number of rs78378222[C]-positive samples in the LUAD cohort (6/586) was small to
perform meaningful comparisons, we were able to verify a similar mean or median age at tumor
diagnosis between variant allele carriers and non-carriers’ groups (Table S2). Additional
somatic sequence alterations in the TP53 coding regions and exon-intron boundaries were
detected by NGS in four variant-positive LUAD tumors (Table S3). All of these tumors had at
least one pathogenic/likely pathogenic alteration in the p53 DBD, of which three (75%) exhibited
the previously reported alteration TP53 ¢.751A>C (p.lle251Leu) with a low allele frequency
(<0.05) in tumor DNA. In the other two positive LUAD cases, NGS analyses were not performed
due to limitations in sample availability.

Interestingly, most of the heterozygotes were diagnosed with cancer late in life (>70
years; 6/7, 85.7%). Both heterozygotes identified in the PAC and BPH cohorts were self-
identified as white males. Of particular interest, the PAC-affected patient harboring the variant
had a family history of prostate cancer (affected father).

Importantly, homozygous individuals for the minor allele C were not identified in any of
the study groups (Table 2). To better understand this finding, we queried updated frequency
data of this variant (Table S4) and provided an overview of all case-control association
analyses and functional evidence previously reported in the literature (Table S5). Among 18
initial search results addressing the rs78378222 variant, one review article was excluded as it
mentions the variant but does not provide original data (Rice et al., 2016), while another study
classified as review remained in our analysis because it represents the first meta-analysis of
the relationship between this variant and overall cancer risk (Wang et al., 2016). Additionally,
a meta-analysis of GWAS datasets reporting new statistical data about rs78378222 and risk of
glioma subtypes (Melin et al., 2017) was included from its citation in one of the initial search
results, totaling 18 articles in our final analysis. As depicted in Figure 1, functional evidence
from these previous studies demonstrates that different genotypes for rs78378222 variant
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modulate p53 expression levels and function through two main molecular mechanisms: (1)
impairment of the polyadenylation efficiency of TP53 transcripts, and (2) influence on their
negative regulation by certain miRNAs, such as miR-382-5p, miR-325-3p and miR-125b. Given
that it is a hypomorphic (i.e. multiple descriptions of p53 downregulation in clinical samples and
cancer cell lines harboring the minor C-allele) and rare variant (MAF ranging from 0.002 to 0.02
in African and European populations, respectively), there are only a few reports of
rs78378222[C/C] homozygotes in previous studies and different population databases (Table
S4).

Lastly, we investigated whether other variants in the TP53 gene would be differentially
coinherited with rs78378222 in different populations (Table S6). Pairwise linkage disequilibrium
data were available only to European ancestry populations, because this variant was not
genotyped in other populations at the time of the 1000 Genomes project. Thus, specific data
regarding the Brazilian TP53 ¢.1010G>A (rs121912664, widely known as R337H) founder
variant (Custodio et al., 2013) were not found. The rare noncoding variant rs35850753 (MAF=
0.005), mapping to 5'UTR of the A133 isoform of TP53, exhibited a strong linkage disequilibrium
with the studied variant, having higher r? correlation values in UK, Italy and Finland. In contrast,
rs17884306, a low-frequency 3'UTR variant recently identified in elderly individuals from
southeastern Brazil (ABraOM database, MAF=0.03) (Naslavsky et al., 2020) had estimated r?
values with rs78378222 below 0.3, suggesting that both loci are not in linkage disequilibrium in

the European populations analyzed.

3. Discussion

Rare sequence variants (MAF<0.05), mainly those located in regulatory, noncoding
regions of the genome have been proposed to contribute to the “missing heritability” in cancer
(Bodmer & Tomlinson, 2010). Several studies suggest that rare variants have a more important
functional consequence than common variants, and they tend to exhibit a stronger effect size
than its counterparts (Gorlov et al., 2011). Therefore, rare variants are likely to be an essential
element of the genetic basis of common human pathologies, including cancer (Bomba et al.,
2017). In the past decade, a rare germline variant in the TP53 3'UTR, rs78378222 (A>C),
initially reported by Stacey and colleagues (2011) as a risk allele for certain tumor types in
European and USA populations has been described. Independent studies showed association
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of this variant with susceptibility to prostate cancer, colorectal adenomas, brain tumors (mainly
glioma and neuroblastoma), esophageal squamous cell carcinoma, uterine leiomyoma, soft-
tissue sarcoma, and non-melanomatous skin cancer in different populations (Stacey et al.,
2011; Egan et al., 2012; Zhou et al., 2012; Enciso-Mora et al., 2013; Diskin et al. 2014; Wang
et al. 2015; Melin et al. 2017; Rafnar et al., 2018; Deng et al., 2019; Di Giovannantonio et al.,
2020). Moreover, a meta-analysis reported association of the rs78378222[C] variant allele with
an increased risk of cancer in general (Wang et al., 2016). This broad association with benign
and malignant neoplasms is supported by functional analyses indicating that the presence of
the minor allele C results in altered post-transcriptional TP53 regulation (Stacey et al., 2011; Li
et al., 2013; Macedo et al., 2016; Zhao et al., 2016; Deng et al., 2019; Zhang et al., 2021).

An overview of the functional consequences related to this variant from all available
original articles (n=18) published to date shows that the A-to-C transition changes the canonical
sequence of TP53 PAS from AATAAA to AATACA and impairs TP53 mRNA 3'-end processing,
producing aberrant transcripts and thereby decreasing expression levels of both TP53 mMRNA
and p53 protein. Reduced p53 levels were identified in cancer cell lines, animal model tissues
and many different human clinical specimens (normal and tumor tissue samples) from
rs78378222[A/C] heterozygotes (Stacey et al., 2011; Li et al., 2013; Diskin et al., 2014; Macedo
et al., 2016; Wang et al., 2016; Deng et al., 2019). The presence of the C nucleotide also
hinders negative TP53 regulation exerted by miRNAs. Specifically, it creates a binding site for
miR-382-5p and compromises miR-325-3p site, promoting the p53 downregulation, as
demonstrated in miRNA expression analyses from a mouse model harboring the variant (Deng
et al., 2019). Another study involving functional experiments in cultured lens epithelial cells
demonstrated that the C-allele introduces a miR-125b targeting site in the TP53 3'-UTR mRNA
(Zhao et al., 2016). Remarkably, a more recent work described four main findings regarding
this variant: (1) significant enrichments of uncleaved, improperly terminated “run-on” TP53
transcripts in cancer cell lines carrying the C-allele compared with the A-allele; (2) lower global
levels of both WT and mutant mRNA TP53 in a large cohort of tumors from The Cancer
Genome Atlas (TCGA) harboring the rs78378222 minor allele and without somatic TP53 copy
number variations; (3) in a group of patients with WT TP53 tumors from the TCGA cohort, those
with the minor C-allele have significantly worse clinical outcomes (progression-free interval and
overall survival) and treatment response (radiotherapy response) compared with those without

the minor allele; (4) significant association of the minor allele with specific subtypes of breast
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and ovarian cancers (estrogen receptor positive and low-grade serous, respectively) (Zhang et
al., 2021). Together, these data confirm our previous hypothesis that rs78378222 confers
susceptibility to different tumors through a mechanism of reduction in TP53 dosage
(haploinsufficiency) (Macedo et al., 2016).

Regarding the MAF of rs78378222 in cases and controls from different populations, it
has been observed from a higher frequency (3-4%) in tumor-affected individuals with European
ancestry (Stacey et al., 2011), to a lower frequency (~0,3%) in population controls with Latino
and African ancestry according to the gnomAD v2.1.1 dataset. This great variability in variant
frequencies was also verified in our previous study focusing on the populations of southern and
southeastern Brazil (Macedo et al., 2016). These Brazilian regions are of particular interest due
to their high frequency of another functional TP53 variant in the general population (~0,3%, the
highest value ever described for a TP53 germline variation), the germline founder pathogenic
variant c.1010G>A (rs121912664), commonly known as R337H or p.(Arg337His) (Pinto et al.,
2004; Custodio et al., 2013; Achatz & Zambetti, 2016). Notably, in our previous analyses,
rs78378222[C] carriers were not found in a group of LFS patients harboring germline TP53
pathogenic variants (n=130) but were detected at a high frequency in patients with the LFS
phenotype but no identifiable coding TP53 pathogenic variants (7/129, 5.4%) (Macedo et al.,
2016).

Herein, we identified a low somatic or germline prevalence of rs78378222[C] carriers in
LUAD, PAC and BPH patients (1.02% - somatic, 0.65% and 0.6% - both germline, respectively)
from southern Brazil, as well as the absence of this variant (somatic analyses) in a small cohort
of ULM-affected women from the same population. The low prevalence of rs78378222[C]
carriers observed in each of the cohorts, as well as in the overall sample of the current study
(8/947, 0.84%), is similar to the carrier frequency of about 1.2% (14/1,171) recently reported in
a Brazilian repository of whole-genome sequencing data from unrelated and healthy elderly
individuals from general population of S&o Paulo, Brazil's largest city located in southeastern
Brazil (ABraOM, SABE-WGS-1171 dataset) (Naslavsky et al., 2017; Naslavsky et al., 2020)
and with our previous findings in population controls (1%) (Macedo et al., 2016).

When comparing our data with the only previous study to evaluate rs78378222[C] in
lung cancer cases (not specified histological classification), there is a two-fold increase in
carrier frequency (21/1013, 2,12%) among non-Hispanic caucasians from the USA population
diagnosed with this tumor type (Guan et al., 2013). However, in the same case-control study
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rs78378222 was not associated with risk of lung cancer and, unlike our study, it had been
genotyped in the germline. A high germline prevalence of carriers (~2%) has also been
previously reported in a robust meta-analysis of two GWAS involving ULM-affected women
from Iceland and UK (n = 16,595 cases) but this study found a significant association between
the variant and ULM in these populations (OR = 1.74, 95% CI = 1.6 to 1.89) (Rafnar et al.,
2018). Moreover, germline frequency of rs78378222[A/C] heterozygotes in our cohort of PAC
patients (0.65%) was much smaller than that obtained in the study conducted by Stacey and
colleagues (2011) in European and USA populations (reaching up to 2.6%), which also
revealed an association of this variant with prostate cancer (OR =1.44, 95% CIl = 1.24 to 1.68)
(Stacey et al., 2011). In this context, a limited number of studies have explored the somatic
occurrence of this variant in different tumor types (Li et al., 2013; Wang et al., 2016; Voropaeva
et al., 2020; Zhang et al., 2021). Importantly, our study described, for the first time, the low
somatic prevalence of minor C-allele in LUAD cases. Together, these data suggest that the
rs78378222 variant does not play a determining role in the occurrence of tumors investigated
here (LUAD, PAC and ULM) in the population of southern Brazil. Although we were unable to
perform refined ancestry analysis of the patients included in the study, we speculate that the
lower prevalence found might be explained by two main reasons: (1) rs78378222[C] is probably
an allele of European origin, which is evidenced by its higher frequency in European ancestry
populations; and (2) the population of southern Brazil and other regions of the country have
one of the most heterogeneous genetic constitutions in the world with a predominant tri-hybrid
composition (European, African and Native American) and an extensive admixture (Marrero et
al., 2005; Souza et al., 2019), which may have triggered a decrease in the overall frequency of
the “putative European variant” rs78378222 in these specific populations.

Other interesting findings from the present study can be highlighted. First, we explored
the presence of other somatic TP53 functional/pathogenic variants in lung cancer specimens
from rs78378222[C] carriers by NGS analyses of the TP53 coding (exons 2-11) and flanking
intronic regions, which allowed us to identify that all four variant-positive tumors with sample
availability had additional pathogenic or likely pathogenic variants in the TP53 coding regions.
Most of the LUAD tumors (3/4, 75%) had the same pathogenic/likely pathogenic sequence
variant, namely TP53 ¢.751A>C (p.lle251Leu), located in the p53 DBD and reported to cause
loss of transactivation capacity (Kato et al., 2003), and previously detected in one LFS family
(Wu et al., 2011) and in a neoplasm of ovary (ClinVar database, 2021). In contrast with our
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findings in LUAD tumors, recent studies have identified that, regardless of tumor type,
rs78378222[C] is more frequent in tumors with no somatic-coding pathogenic TP53 variants,
l.e. WT TP53 tumors (Voropaeva et al., 2020; Zhang et al., 2021). Second, in our linkage
disequilibrium analyses, we identified that the TP53 3’'UTR variant studied here and
rs35850753 (TP53 5’'UTR) are preferentially coinherited in certain European populations.
Estimated r? correlation value of 1 was observed in British/UK population according to the data
from the 1000 Genomes Phase 3, indicating that both loci are in complete linkage disequilibrium
in this population. Interestingly, these two noncoding variants have been robustly associated
with risk of neuroblastoma in African and European ancestry cohorts (Diskin et al., 2014).
Furthermore, rs35850753 is a rare germline variant mapped to the 5'UTR of the A133 isoform
of TP53, an oncogenic short isoform lacking the N-terminus shown to have a dominant negative
effect whereby it inhibits the tumor suppressive functions of full-length TP53 (Fujita et al., 2009;
Slatter et al., 2011).

The results of the current study must be interpreted in the context of the following
limitations: (1) although our overall sample size is almost 1000 individuals and a recent study
in the Russian population described a very high somatic frequency of rs78378222[C] carriers
analyzing only 136 cases of a lymphoma subtype (11/136, 8.1%) (Voropaeva et al., 2020), our
cancer cohorts actually have a relatively small number of patients for analysis of a rare variant,
especially PAC (n = 153) and ULM (n = 41) groups; (2) LUAD tumor samples were obtained
from a retrospective study and de-identified for use in the current study, hindering the complete
clinical characterization of this case series regarding the ethnic ancestry, cancer family history,
and histological subtype; and (3) due to the inability to re-contact patients (or their relatives)
and limited availability of samples, the confirmation of all rs78378222[C]-positive results
detected by TagMan® assays through Sanger sequencing have not been carried out.

In conclusion, when compared to previous studies from different populations, the
prevalence of TP53 rs78378222[C] carriers in our case series from Southern Brazil (0.84%,
overall sample), although similar to that observed in the admixed-general population of the
country (~1%) was lower than that reported in controls and cancer-affected individuals with
European ancestry (2-2.6%). It was also much lower than that observed previously by our group
in Brazilian patients with a phenotype suggestive of LFS but without identifiable TP53 germline
pathogenic variants (2.7%). These comparisons suggest that frequency variations may be
influenced by ethnic ancestry and cancer family history in the selected sample. Despite the
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lower frequencies found in our BPH and cancer cohorts, this is the largest study to date
evaluating this germline-noncoding TP53 functional variant in Brazilians, and it represents the
first report of the minor C-allele frequency in a non-tumoral condition (BPH). Additionally, our
study examined, for the first time, the somatic frequency of this TP53 3’UTR variant in lung
cancer specimens with known histological classification (LUAD). Remarkably, we also provided
a comprehensive and integrative overview of all functional implications of this hypomorphic
allele described so far. Further studies genotyping rs78378222 in larger series of patients
diagnosed with different types of sporadic tumors and/or unselected for cancer family history
from distinct populations should be undertaken in order to confirm our findings and determine

if screening for this alteration is justified in Brazilian population.

4. Materials and Methods

4.1. Study subjects, sample types and ethical aspects

Patients diagnosed with tumor types of interest or with a noncancerous condition of
prostate (benign prostatic hyperplasia, BPH) were recruited from different tertiary care public
or private hospitals and clinics located in the three states of the southern region of Brazil (Rio
Grande do Sul, Santa Catarina, and Paranda), predominantly from the southernmost state of the
country (Rio Grande do Sul). Patients were not selected on previous cancer diagnosis or cancer
family history. No subjects under 18 years were recruited. Two main groups of cancer-affected
patients were included in this study: lung adenocarcinoma (LUAD, n= 586), and prostatic
adenocarcinoma (PAC, n= 153). Pathologic analyses confirmed typical adenocarcinoma
histology in all lung and prostate cancer cases.

LUAD specimens (tumor tissue) were obtained from a case series originally reported in
a previous retrospective study from our group, who underwent somatic molecular testing in
EGFR, KRAS, BRAF, and NRAS genes (Andreis et al., 2019). This somatic mutation testing
was conducted in a central laboratory, a precision medicine program established in the Hospital
de Clinicas de Porto Alegre (HCPA, Rio Grande do Sul). Specific regions evaluated in each
gene and technical procedures employed were detailed in our previous study (Andreis et al.,
2019). The same LUAD sampling used here (n= 586) was included in a recent work of our
group analyzing the prevalence of a TP53 founder variant (Vieira et al., 2021). For the cohort
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of PAC-affected men, peripheral blood samples (germline analyses) were collected from a
prospective study involving patients enrolled at the Urology Service of the HCPA with inclusion
criteria and ethnicity data detailed elsewhere (Silva Neto et al., 2008; Zambra et al., 2013).

Additional groups of analysis consisted of benign prostatic hyperplasia (BPH)-affected
men (n=167) and uterine leiomyoma (ULM)-affected women (n=41). Both groups were derived
from two prospective cohort studies: (1) peripheral blood samples (germline analyses) were
collected from BPH patients recruited at the Urology Service of the HCPA, and (2) tumor and
tumor-adjacent normal tissue samples (somatic analyses) were obtained from ULM cases
diagnosed at the Gynecology and Obstetrics Service of the HCPA. Inclusion criteria and ethnic
origin for the BPH cohort were described elsewhere (Biolchi et al., 2012). PAC, BPH and ULM
cohorts included predominantly Caucasians/Euro-descendant individuals, while ethnic
ancestry data were not available for the LUAD cohort due to the retrospective design for
recruitment.

All methods were carried out in accordance with relevant guidelines and regulations.
Informed consent was obtained from all subjects of PAC, BPH and ULM groups. Before the
beginning of the LUAD retrospective study (Andreis et al., 2019), age at LUAD diagnosis,
EGFR/KRAS/BRAF/NRAS status, and histological subtype (when available) were annotated
and samples were further de-identified. A consent waiver was approved by the Research Ethics
Committee (REC) specifically for the rs78378222 genotyping in LUAD tumors, given that
patient identification using only clinical and molecular features previously mentioned would not
allow patient re-identification. All genetic analyses were previously approved by the REC of
HCPA, Brazil (No. 2018-0099 for LUAD cohort, No. 2019-0170 for PAC and BPH cohorts, and
No. 2018-0517 for ULM cohort) and registered under the Certificate of Presentation for Ethical
Appreciation (CAAE No. 83557418.5.0000.5327 for LUAD, No. 9346919900005327 for PAC
and BPH, and No. 93970518.0.0000.5327 for ULM).

4.2. Molecular analyses
DNA from the formalin-fixed, paraffin-embedded (FFPE) LUAD tumor specimens,
previously selected containing a high percentage of tumor cells, was extracted using the

ReliaPrep FFPE gDNA Miniprep System (Promega, Madison, WI) according to the

manufacturer’s instructions. Genomic DNA extraction from peripheral blood leukocytes
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obtained from PAC and BPH patients was conducted through a salting out procedure described
elsewhere with minor modifications (Miller et al., 1988). For the frozen tumor (uterine fibroids)
and tumor-adjacent normal tissue (myometrium) samples from ULM-affected women, DNA
extraction and purification were carried out using GenElute™ Mammalian Genomic DNA
Miniprep Kit (Sigma-Aldrich, Saint Louis, MO) according to the manufacturer's
recommendations.

TP53 rs7837822 genotyping was performed in duplicate by real-time PCR using
fluorescent allele-specific TagMan® probes (reference and catalog numbers C_102214636_10
and 4351379, respectively), according to the Applied Biosystems® standard protocols (Applied
Biosystems, Carlsbad, USA). Detection of additional somatic TP53 sequence variants in
rs78378222[C]-positive LUAD tumors was performed by next generation sequencing (NGS)
analyses of the TP53 entire coding region (exons 2—-11) and 70 bp exon-intron junctions (not
including the position of the studied variant at 3'UTR) using a custom panel (Thermo Fisher
Scientific, Waltham, MA; reference number TP53.20140108.designed) on the lon Torrent PGM
platform (Thermo Fisher Scientific). Amplicon library was prepared using the lon AmpliSeq™
Library Kit 2.0 (Thermo Fisher Scientific) and then the PCR products were sequenced on the
lon GeneStudio S5 system (lon Torrent Systems Inc., Gilford, NH). Data were analyzed on the
bioinformatics platform lon Reporter version 5.0 with a minimum coverage of 100X by amplicon.
Sequence NM_000546.5 was used as a wild-type (WT) TP53 reference. These NGS analyses

were performed using research-use-only reagents with internal validation.

4.3. Query in population databases, search strategy for previous studies and linkage

disequilibrium analyses

The frequency of the rs78378222[C] variant allele was investigated in the following
population databases: gnomAD v2.1.1 data set (GRCh37/hg19) (Karczewski et al., 2020), 1000
Genomes Project (Genomes Project et al., 2015), Exome Aggregation Consortium (ExAC)
Browser (Karczewski et al., 2017), Trans-Omics for Precision Medicine (TOPMed) (Taliun et
al., 2021), Fabulous Ladies Over Seventy (FLOSSIES) (Walsh et al., 2010), and Online Archive
of Brazilian Mutations (ABraOM, SABE-WGS-1171 dataset) (Naslavsky et al., 2017; Naslavsky
et al., 2020). The literature search addressing the studied variant was based on a simplified
strategy using PubMed and the search terms "TP53 AND rs78378222" and "rs78378222 AND
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cancer”, excluding from further analysis only review articles without original data. When
performing a detailed reading of the manuscripts obtained from the search results, we also
seek to include articles cited in their reference section that could present original data about
the variant. Pairwise linkage disequilibrium of the rs78378222 variant with other selected TP53

variants was accessed in the Ensembl database (https://www.ensembl.org/index.html),

evaluating data from the 1000 Genomes project (Phase 3) for all the available populations.

4.4. Statistical analyses

Genotype and allele frequencies were estimated by simple counting. Clinical and
molecular features of patients were assessed using descriptive statistics. Considering the low
number of individuals harboring the variant allele found in our study and limitations in clinical
data availability, it was not possible to perform any meaningful statistical test in our comparisons
between groups of carriers and non-carriers (see more in Results section). SPSS® version 18
(SPSS® Inc., Chicago, IL, USA) was used for data handling and for all descriptive analyses.
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Table 1. General clinical features from patients included in this study according to the tumor type (or
noncancerous condition, BPH).

Main groups Additional groups
Clinical features Lung Prostatic Benign prostatic Uterine
adenocarcinoma, adenocarcinoma, hyperplasia, leiomyoma,
LUAD (n=586) PAC (n=153) BPH (n=167) ULM (n=41)
Gender, N (%)
Male 271 (46.2) 153 (100) 167 (100) NAP
Female 315 (53.8) NAP NAP 41 (100)
Self-identified ethnicity,
N (%)2 98 (64)2 107 (64.1)? 34 (82.9)?
White NAV 82 (83.7) 104 (97.2) 24 (70.6)
Black NAV 16 (16.3) 3(2.8) 10 (29.4)
Age at diagnosis
Mean, years (+SD) 66.1 (11.9) 64.3 (7.1) 66.8 (8.2) 43.7 (5)
Median, years (IR) 67 (16) 65 (9.2) 67 (9.5) 44 (6.5)

SD, standard deviation; IR, interquartile range; NAP, not applicable; NAV, not available due to the retrospective study design for recruitment of
LUAD specimens, hindering the inquiry about ethnic ancestry.

2 The percentage was calculated over the total number of genotyped samples for each study group, and over the number of cases for which the
specified clinical data was available.

Table 2. TP53 rs78378222 (A>C) genotyping results.

Genotype Main groups Additional groups
LUAD? PACP BPHP ULMe®
N (%) N (%) N (%) N (%)
n=586 n=153 n=167 n=41
AA 580 (100) 152 (99.3) 166 (99.4) 41 (100)
AC 6 (1.02) 1 (0.65) 1 (0.60) 0
cC 0 0 0 0
C allele frequency 0.0051 0.0033 0.0029 0

& Somatic analyses (tumor tissue samples).
b Germline DNA (peripheral blood samples).
¢ Somatic analyses, matched DNA samples obtained from tumor specimens and tumor-adjacent normal tissue (myometrium).
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Table 3. Clinical and molecular findings from LUAD, PAC and BPH-affected patients harboring the functional variant TP53 rs78378222.

Identifier  Tumor/  Gender Ethnicity Ageat  Cancer Status of somatic PSA Gleason
condition diagnosis FH? variants, LUAD® levels score,
(years) (ng/ml) PAC
#1 LUAD Female NAV 51 NAV Negative NAP NAP
#2 LUAD Male NAV 80 NAV Negative NAP NAP
#3 LUAD Female NAV 77 NAV Positive; KRAS NAP NAP

p.(Gly12Cys)¢

#4 LUAD Male NAV 73 NAV Positive; KRAS NAP NAP
p.(Gly12Cys)¢

#5 LUAD Female NAV 71 NAV Negative NAP NAP

#6 LUAD Female NAV 44 NAV Positive; EGFR NAP NAP
p.(Met766_Ala767insAlaSerVal)®

H#H7 BPH Male Caucasian 70 No NAP 3.58 NAP

#8 PAC Male  Caucasian 75 YesP NAP 6 6 (3+3)

NAP, not applicable; NAV, not available due to the retrospective study design for recruitment of LUAD specimens, hindering the inquiry about clinical data, such as ethnic
ancestry, cancer family history, and histological subtype.

a Cancer FH, presence of cancer family history.

b First-degree relative (father) with prostate cancer diagnosis.

¢LUAD cases were tested for somatic EGFR, KRAS, BRAF and NRAS variants. Specific regions evaluated in each gene were detailed in our previous study (PMID:
31532708).

4 Missense pathogenic variant located in the exon 2 of KRAS gene; it is an oncogenic (activating), clinically actionable KRAS alteration commonly identified in LUAD
tumors.

¢ Insertion located in the exon 19 of EGFR gene, representing a somatic oncogenic driver alteration in LUAD carcinogenesis.
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Figure 1. Overview of functional findings regarding the rs78378222[C] variant allele. It has been hypothesized that the different
genotypes for this noncoding variant (AA and AC, since homozygotes for the minor allele have rarely been described so far) influence the
global balance of TP53 transcript and p53 protein expression levels. rs78378222[C] disrupts the sole polyadenylation signal sequence of
TP53, which has been confirmed by detection of correctly terminated polyA(+) mRNAs predominantly derived from the wild-type allele (A),
and decreased p53 levels in rs78378222[A/C] heterozygotes. More recent studies demonstrated that presence of the C minor allele also
impacts the negative regulation exerted by miRNAs in the TP53 3'UTR mRNA, creating binding sites for miR-125b and miR-382-5p, as well
as compromising a miR-325-3p site. All functional evidence mentioned here were reported by Stacey et al., 2011; Li et al., 2013; Macedo
et al., 2016; Zhao et al., 2016; Deng et al., 2019 and Zhang et al. 2021.
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Table S1. Specific clinical features according to the study groups (tumor types and BPH).

Main groups Additional groups
Clinical data Lung Prostatic Benign prostatic Uterine
adenocarcinoma, adenocarcinoma, hyperplasia, leiomyoma,
LUAD (n=586) PAC (n=153) BPH (n=167)  ULM (n=41)

Histological subtype, N (%) 72 (12.3)2P NA NA NA
Acinar 47 (65.3) NA NA NA
Lepidic 25 (34.7) NA NA NA
PSA levels, N (%) 100 (65.3)2¢ 77 (46.1)2¢
Mean, ng/ml (+SD) NA 11.3 (14.5) 4.9 (3.9) NA
Median, ng/ml (IR) NA 8.1(7.1) 3.9 (5.33) NA
Gleason score, N (%) 118 (77.1)2¢
6 (3+3) NA 43 (36.5) NA NA
7 (3+4) NA 51 (43.2) NA NA
7 (4+3) NA 24 (20.3) NA NA
Uterine location, N (%) 33 (80.5)a¢
Intramural NA NA NA 17 (51.5)
Subserosal NA NA NA 1(3.1)
Intramural/Subserosal NA NA NA 8 (24.2)
Intramural/Subserosal/
Submucosal NA NA NA 7(21.2)

SD, standard deviation; IR, interquartile range; NA, not applicable; PSA, Prostate-Specific Antigen.

2 The percentage was calculated over the total number of genotyped samples for each study group, and over the number of cases for which
the specified clinical data was available.

b Histological subtype data were available for only a small proportion (72/586) of LUAD patients.

¢ PSA level results were available for only 100 and 77 PAC and BPH-affected patients, respectively.

4 Traditional Gleason score was available for the most (118/153) of PAC patients.

¢ Uterine location for the ULM’s group was available for the most (33/41) affected women.
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Table S2. Comparison of clinical and molecular features between LUAD samples of TP53

rs78378222[C] variant allele carriers and non-carriers.

All samples Carriers Non-carriers

Features?
n=586 n=6 n=580
Age at diagnosis, N (%)° 586 (100)°
Mean, years (xSD) 66.1 (11.9) 66(14.8) 66.1(11.9)
Median, years (IR) 67 (16) 72 (20) 66 (16)

Patients tested for somatic alterations, N (%)°¢ 502 (85.7)>¢ 6 (100) 496 (85.5)

EGFR variant 106 (21.1) 1(16.7) 105 (21.2)
KRAS variant 148 (29.5)  2(33.3) 146 (29.4)
BRAF variant 15 (3) 0 15 (3)

None 233 (46.4) 3(50) 230 (46.4)

SD, standard deviation; IR, interquartile range.

2 Histological subtype data were available for only a small proportion (72/586) of LUAD patients. None of the rs78378222[C]
carriers found in this study had available histological data.

bThe percentage was calculated over the total number of genotyped samples (586) and over the number of cases for which
the specified clinical or molecular data was available.

¢ A total of 502/586 LUAD cases were tested for somatic EGFR, KRAS, BRAF, and NRAS variants. Specific regions
evaluated in each gene are detailed in our previous study (PMID: 31532708). NRAS somatic variants were not found in our
case series.
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Table S3. Additional TP53 alterations identified by next generation sequencing analyses of the TP53
entire coding region and exon-intron junctions (not including 3'UTR) in tumor DNA from four LUAD

patients harboring the variant allele rs78378222[C].

Identifierd ~ WTmutant allele frequency Coverage ClinVar classification

€.215C>G (0.56/0.44) 858x Drug response®

#1 €.672+62A>G (0.002/0.998) 990x Benign
€.751A>C (0.96/0.04) 1,512x Pathogenic/Likely pathogenic®
€.215C>G (0.47/0.53) 1,043x Drug response®

#2 €.672+62A>G (0.01/0.99) 1,013x Benign
c.751A>C (0.97/0.03) 1,569x Pathogenic/Likely pathogenic®
€.215C>G (0.96/0.04) 1,220x Drug response®

#3 €.524G>T (0.85/0.15) 717x Pathogenic/Likely pathogenic®

€.672+62A>G (0.04/0.96) 947x Benign

€.215C>G (0.68/0.32) 1,128x Drug response®
c.536A>T (0.63/0.37) 744x Uncertain significance

" €.672+62A>G (0.001/0.999) 1,049x Benign
c.751A>C (0.96/0.04) 2,000x Pathogenic/Likely pathogenic®

2 NGS analyses were performed in only 4/6 positive LUAD cases due to limitations in sample availability for the remaining two
patients, such as low DNA concentration and/or poor purity of tumor DNA.

b WT, wild-type allele.

¢ The common single nucleotide polymorphism TP53 ¢.215C>G (p.Pro72Arg) (rs1042522, MAF=0.6) has been associated with
response to antineoplastic agents (efficacy and toxicity) for certain tumor types, such as gastric, ovarian and breast cancers
(reference: PMID 26696550).

4 The pathogenic/likely pathogenic variant TP53 ¢.751A>C (p.lle251Leu) was previously identified in one family with Li-Fraumeni
syndrome (LFS, reference: PMID 21305319) and in a neoplasm of ovary (somatic origin, ClinVar database). This alteration is located
in the DBD of p53 protein and is reported to have loss of transactivation capacity (reference: PMID 12826609).

¢ The pathogenic/likely pathogenic variant TP53 ¢.524G>T (p.Argl75Leu) has been observed in LFS patients (reference: PMID
16707427, ClinVar database). This alteration is in the DBD of p53 and showed a partial loss of transactivation activity and
temperature sensitivity in functional assays (references: PMID 12826609, 14559903, 16861262). Another alteration at this same
residue was associated with classic phenotype of LFS (reference: PMID 22233476, 21761402).

f The variant of uncertain significance TP53 ¢.536A>T (p.His179Leu) was previously detected in individuals with different tumor
types (somatic origin in all cases; ClinVar database). This alteration has not been reported in the literature in individuals with TP53-
related disease. It impairs p53 transactivation capacity, reduces apoptosis activity, confers cisplatin-sensitivity and increased cell
mobility, and exhibits a dominant-negative effect (references: PMID 12826609, 16861262, 22114072, 23713777). Cells carrying
this variant transplanted in mice induce tumor formation more rapidly than WT TP53 cells (PMID: 9049183).
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Table S4. Frequency of the TP53 rs78378222[C] variant allele reported in previous studies and

population databases.

Source/Population database or previous study TP53 rs78378222 (A>C)

N2 Homoz.” MAFe©
gnomAD (Overall population) 15,690 4 0.012
gnomAD (Latino population) 424 0 0.0035
gnomAD (European population)® 7,707 4 0.017
gnomAD (African population) 4,356 0 0.0024
1000 Genomes 2,504 0 0.0026
EXAC (Overall and specific populations) NRY NRY NR
Trans-Omics for Precision Medicine (TOPMed) 62,784 NRY 0.007
Fabulous Ladies Over Seventy (FLOSSIES) 9,884 0 0.0083
ABraOM (Online Archive of Brazilian Mutations) 1,171 0 0.0059
Cancer-unaffected Brazilian women (Macedo et al., 2016)f 299 0 0.005
Brazilian LFS patients without an identifiable TP53 germline 129 0 0.027
pathogenic variant (Macedo et al., 2016)
European and USA prostate cancer cases (Stacey et al., 2011) 7,790 NRY 0.007-0.026
Lung cancer cases in the USA (histological subtype not 1013 0 0.01
specified) (Guan et al., 2013)
European uterine leiomyoma cases (Rafnar et al., 2018) 16,595 NRY 0.018

2N, sample number evaluated in the specific database and/or study.

5 Homoz., number of variant allele homozygotes.

¢ MAF, minor allele frequency (frequency of variant allele); MAF in Brazilian and/or Latino populations is highlighted in bold letters.

4 NR, not reported.

¢ Frequency data excluding Finnish population.

fControl group in our previous study (PMID: 26823150) was composed of cancer-unaffected women from the general population in southern
Brazil, presenting no clinical evidence and/or suspicion of breast cancer, and their family histories were not consistent with hereditary cancer
syndromes.

9This study identified rs78378222[CC] homozygotes, but not specified its exact number.
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Table S5. Case-control association analyses between TP53 rs78378222 (A>C) and several tumor types, and previous functional studies.

. . OR . .
Reference Tumor types Studied population Functional evidence
(95% CI)
Cutaneous basal cell carcinoma Iceland, Denmark, Spain, Bulgaria, Hungary, Slovakia and 2.16 Minor allele (C) impairs proper termination
Romania (1.83-2.54) and polyadenylation of the TP53
1.44 transcript. In normal tissue types (blood
Stacey et al. 2011 Prostate Cancer? Iceland, Spain, USA, Netherlands, UK and Romania a 24'_1 68) and adipose), rs78378222[A/C]
(PMID: 21946351) . - heterozygotes expressed somewnhat less
Colorectal Adenoma Iceland 1.39 TP53 transcript than WT homozygotes,
(1.17-1.65) and it was observed that correctly
. 2.35 terminated polyA(+) mRNAs were
Glioma Iceland and USA (1.61-3.44) predominantly derived from the WT allele
Egan et al. 2012 . 3.54
| A NP
(PMID: 22706378) Glioma us (1.87-6.71)
Zhou et al. 2012 Esophageal squamous cell . 3.22
. Ch Hand t NP
(PMID: 22800615) carcinoma ina (Han descent) (1.71-6.33)
Enciso-Mora et al. 2013 . 3.74
Gl USA F ,UKand G NP
(PMID: 23571737) loma rance, U and Lermany (2.89-4.83)
Lung cancer (not specified 0.84
histological classification)® (0.51-1.37)
Guan et al. 2013 . . . 1.14
Mel A coh f -H NP
(PMID: 23742673) elanoma USA cohorts from non-Hispanic Caucasians (0.77-1.71)
Squamous cell carcinoma of head 0.44
and neck (0.24-0.80)
p53-null cells transfected with exogenous
p53 constructs containing the rare allele
Lietal. 2013 . b . b b (C) exhibited downregulation of both
(PMID: 23515929) Diffuse large B-cell ymphoma Different populations NA' TP53 mRNA and p53 protein levels, and
reduction of cellular apoptosis under the
influence of genotoxic factors
Preference for the WT allele in properly
terminated and polyadenylated TP53
icki transcripts, whereas improperly
Disk I. 2014 . . 2.
P',\S/”g_ 2223 420 4 Neuroblastoma European, African and Italian ancestry cohorts 18 2 9 terminated “run-on” transcripts were
( ) ) (1.8-2.9) detected almost exclusively from the risk
allele (C) in two rs78378222[A/C]
heterozygotes primary neuroblastomas
Rao et al. 2014 . .
| | B | NA¢ NP
(PMID: 25422255) Oral, Cervical and Breast Cancers ndia
. i i X 3.14 Aberrant transcripts containing the minor
Glioma USA, China, Australia, Israel and European populations (2.23-4.43) allele (C) are on ~3 kb longer than the
W, I 201 gene transcripts containing allele A. Copy
(Pl\j?g-eztsestmgei) Glioma (glioblastoma multiforme) loss of the WT allele may not be observed
' 9 Datasets from The Cancer Genome Atlas (TCGA)® NA® in all tumors (loss of heterozygosity); it

and lung adenocarcinoma®®

occurs in the tumor tissue from glioma
cases, but not in lung adenocarcinomas
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Macedo et al. 2016

Breast cancer and Li-Fraumeni

Lower p53 protein levels in tumor
specimens and fibroblasts from carriers of

PMID: 26823150 syndrome patients with multiple Brazil (southern and southeastern regions) NPd minor allele (C). It could interfere with a
( ) ) early-onset cancers* putative/predicted target site of miR-545-
3pinthe TP53 3'UTR
Wang et al. 2016 . . 151
Overall cancer® Different populations® NP
(PMID: 27147571) pop (1.28-1.77)
Minor allele (C) creates a novel potential
Zhao et al. 2016 Noncancerous condition (age- China NA! miR-125b binding site in the TP53 3'UTR,
(PMID: 27431420) associated cataracts)’ affecting p53 expression and inducing
apoptosis in cultured lens epithelial cells
Melin et al. 2017 . . 2.53
Glioma USA and European populations NP
(PMID: 28346443) pean pop (2.19-2.91)
Rafnar et al. 2018 . . 1.74
Uterine leiomyoma?® Iceland and UK NP
(PMID: 30194396) y (1.6-1.89)
0.573 Mouse line harboring the variant exhibits
Breast cancer (0.37-0.87) accelerated glioma development but
—4 55 delayed mammary tumorigenesis. Minor
Soft-tissue sarcoma ) allele (C) creates a miR-382-5p binding
E&Tge;féggg;g China (Han descent) M site and compromises a miR-325-3p site;
( . ) their differential expression results in p53
Osteosarcoma NAY downregulation in the brain, but p53
upregulation in the mammary gland of
carriers compared to non-carriers’ mice
Non-melanomatous skin cancer 1.36
Di Giovannantonio et al. UK (1.31-1.41) NP
2020 (PMID: 32591342) Brain cancer (predominantly 3.12
glioma) (2.22-4.37)
Copy loss of the protective allele A in the
Voropaeva et al. 2020 . .
PI\EI)ID' 33240649 Diffuse large B-cell lymphoma" Russia NPh tumor tissue from 5 of 11
( : ) rs78378222[A/C] positive-DLBCL cases
Estrogen receptor positive breast ' Minor allele (C) is more frequent in WT
cancer 1.12 (NP) TP53 tumors. C-allele is associated with
lower expression levels of both WT and
; - j mutant MRNA TP53 in cancer cells and
Zhang et al. 2021 Low-grade serous ovarian cancer | 1.59 (NP) tumors from the TCGA cohort. Significant
g - European populations' ] enrichments of uncleaved TP53 mRNA in
(PMID: 33558336) Estrogen recept(;r nfgatlve breast 0.8 (NPY cells carrying the C-allele. Reduction of
cance WT TP53 levels in tumors from patients
) . ) with the C-allele can lead to worse clinical
High-grade serous ovarian cancer 0.75 (NP) outcomes and treatment response

(radiation response)

OR, odds ratio; Cl, confidence interval; WT, wild-type; NA, not applicable; NP, not provided; DLBCL, Diffuse large B-cell ymphoma.
& Tumor types evaluated in the present study are highlighted in bold letters.

b International consortium exploring the occurrence of TP53 3'UTR sequence alterations in a cohort of tumor specimens from DLBCL patients treated with specific chemotherapy regimens
(“CHOP?” plus rituximab). Control group was not included.
¢ Bioinformatic analyses based on TCGA data (SNP, RNA-seq and Exome sequencing) for glioblastoma multiforme and lung adenocarcinoma.
4 The variant was not identified among the breast cancer patients. High frequency of rs78378222[C] variant allele (0.027) was observed in a cohort from Li-Fraumeni syndrome patients without
germline TP53 pathogenic variants in the coding regions. The variant frequency was significantly different in this group of probands compared to that observed in the control group included in
this study (P = 0.015), but OR and 95% CI were not calculated.
¢ Meta-analysis encompassing results of case-control association studies between rs78378222 and several tumor types in different populations (published until 2014).
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f Functional study investigating the effect of rs78378222[C] on the miR-125b-induced apoptosis of lens epithelial cells, which may be a mechanism of age-associated cataract development.
9 The risk allele (C) was not found in these case series.

" Although this study has included a cohort of DLBCL patients and comparable in age and sex controls, statistical data of OR and 95% CI were not reported. However, the authors indicated
that there were no significant differences in distributions of rs78378222 alleles and genotypes between controls and DLBCL cases.

' Genotyping analyses of this study two approaches: (1) genotype imputation based on genotype data from the TCGA clustered tightly with Europeans; and (2) selection of GWAS significant
lead SNPs that were identified in European ancestry cohorts.

195% CI data along with the OR were not found in this study.
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Table S6. Pairwise linkage disequilibrium data by population regarding rs78378222

(focus variant) and other variants of interest in the TP53 gene.

TP53 Chromosomal Gene

Description of population2 variant® location region r2g D'h
Finnish (Finland) rs1042522¢ 17:7676154 Exon4 0.071875 1.00
Finnish (Finland) rs1642785¢ 17:7676483 Intron 2 0.065430 1.00

Iberian populations (Spain) 0.158805 1.00

Toscani (Italy) 0.196244 1.00

British (England and

3UTR 0. ,
Scotland) 0.217876 1.00

rs17884306¢ 17:7668783

Utah residents (USA) with
Northern and Eastern 0.106598 1.00
European ancestry

Finnish (Finland) 0.294406 1.00
Iberian populations (Spain) 0.115553 1.00
Toscani (Italy) 0.497652 1.00

British (England and

Scotland) 1.000000 1.00

rs35850753f 17:7675353 5UTR

Utah residents (USA) with
Northern and Eastern 0.246193 1.00
European ancestry

Finnish (Finland) 0.484375 1.00

a This table gathers information from the 1000 Genomes Phase 3-based linkage disequilibrium (LD) plots and tables obtained
from Ensembl database.

b For other variants of interest in TP53 not mentioned above, such as rs121912664 (Brazilian founder pathogenic variant
¢.1010G>A p.Arg337His, widely referred as R337H) and rs17878362 (16-bp duplication polymorphism in intron 3, or PIN3),
there was no pairwise LD data in a given population for the following reasons: minor allele frequency close or equal to 0; they
do not have enough genotypes to calculate LD values; and estimated r? values are below 0.05 and have been filtered out.
¢TP53 ¢.215C>G (p.Pro72Arg) is a very common functional missense variant (minor allele frequency, MAF=0.6), also known
as Pro72Arg.

4 TP53 ¢.74+38C>G is a common intronic variant (MAF=0.4), also known as PIN2 polymorphism (intron 2).

€ TP53 ¢.*826G>A is a low frequency noncoding variant (MAF=0.06) recently identified in the population of the southeastern
region of Brazil (ABraOM database, MAF=0.03).

fTP53 ¢.376-117G>A is a rare noncoding variant (MAF= 0.005) that maps to 5'UTR of the A133 isoform of TP53. It has been
previously reported as a germline variant in linkage disequilibrium with rs78378222, and both variants were robustly
associated with risk of neuroblastoma in different populations (Diskin et al., 2014; PMID: 24634504).

9 The correlation between a pair of loci. It varies from O (loci are in complete linkage equilibrium) to 1 (loci are in complete
linkage disequilibrium and coinherited).

h The difference between the observed and the expected frequency of a given haplotype. If two loci are independent (i.e. in
linkage equilibrium and therefore not coinherited at all), the D’ value will be 0.
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Capitulo VI - Artigo 3

MIR605 rs2043556 is associated with the occurrence of multiple primary
tumors in TP53 p.(Arg337His) mutation carriers

Manuscrito publicado na revista Cancer Genetics. 2020 Jan;240:54-58.
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Li-Fraumeni and Li-Fraumeni-like (LFS/LFL) Syndrome are cancer predisposition syndromes caused by
germline pathogenic variants in TP53 and are associated with an increased risk of multiple early-onset
cancers. In Southern and Southeastern Brazil, a germline founder variant with partial penetrance located
in the oligomerization domain of TP53, c.1010G=A p.(Arg337His, commonly known as R337H), has been
detected in 0.3% of the general population. Recently, the functional MIR605 variant 152043556 (A=G) has
been identified as a novel LFS phenotype modifier in families with germline TP53 DNA binding variants.
In this study, our goal was to verify MIR605 rs2043556 allele frequencies and further explore its possible
effects on the phenotype of 238 Brazilian individuals carrying TP53 p.(Arg337His). The MIR605 152043556
G allele was detected in 136 (57.1%) individuals, including 25 homozygotes (10.5%), and although it had
been previously associated with an earlier mean age of tumor onset, this effect was not observed in this
study (p = 0.8). However, in p.(Arg337His) mutation carriers, the GG genotype was significantly associ-
ated with the occurrence of multiple primary tumors (p = 0.005). We provide further evidence of MIR605
152043556 G allele’s effect as a phenotype modulator in carriers of germline TP53 pathogenic variants.

Keywords:

Li-Fraumeni Syndrome
MIR605 gene

rs2043556

Multiple primary tumors

© 2019 Elsevier Inc. All rights reserved.

Introduction spectively [3,4]. The protein product of TP53, p53, is a transcrip-

tion factor whose ability to mediate tumor suppression has been

Li-Fraumeni Syndrome (LFS) (OMIM # 151623) and its variant,
Li-Fraumeni-like Syndrome (LFL), are autosomal dominant cancer
predisposition syndromes characterized by a high risk for develop-
ment of multiple tumors at a young age [1,2]. Germline pathogenic
variants in the TP53 gene are identified in approximately 70% and
40% of families that meet clinical criteria for LFS and LFL, re-

* Corresponding author.
E-mail address: igvieira@hcpa.edu.br (LA. Vieira).
! Isabel C. Bandeira and Igor A. Vieira have contributed equally to this work and
should be considered co-first authors.

https://doi.org/10.1016/j.cancergen.2019.11.005
2210-7762/© 2019 Elsevier Inc. All rights reserved.

extensively studied. p53 exerts its multiple antiproliferative func-
tions through the transcriptional control of several target genes
and through protein-protein interactions [5].

In southern and southeastern Brazil, the TP53 founder variant
c1010G>A or p.(Arg337His, commonly known as R337H), located
in the oligomerization domain (OD) of the gene, is detected in
0.3% of the general population. Although penetrance is reduced in
relation to DNA binding domain (DBD) variants, its frequency is
higher than what is observed for any other germline variant pos-
sibly present in the gene [6]. Currently, c.1010G=A is associated
with a broad spectrum of tumors, similar to the one observed in

93



L.C. Bandeira, I.A. Vieira and T.F. Andreis et al./Cancer Genetics 240 (2020) 54-58 55

families with LFS/LFL caused by DBD variants [7-9]. Recent studies
have prioritized epidemiological aspects of this mutation, while the
mechanism of cancer predisposition associated with this founder
variant and its penetrance is still not completely understood [8,9].
Despite existing evidence linking the LFS/LFL phenotype with dif-
ferences in mutant p53 activity in terms of cellular localization
and functional effect, these genotype-phenotype correlations do
not fully explain the global and intra-familial heterogeneity ob-
served in carriers of this Brazilian founder mutation [10,11].

In this context, several recent studies have explored the role
of coexisting or secondary genetic factors that might modify p53
function. Among these are microRNAs (miRNAs), a class of 18-
to 25-nucleotide-long single-stranded non-coding RNAs involved
in the post-transcriptional regulation of gene expression [12,13].
These small molecules play a role in several biological processes,
including cell proliferation, differentiation, apoptosis, and develop-
ment, acting as oncogenes or tumor suppressors [14-16]. In addi-
tion, it has been shown that several miRNAs contribute to a re-
fined p53 expression control by interacting directly with target
sites on the 3’UTR of the TP53 mRNA and, thus, they could be
considered clinically relevant oncogenes. A few examples of in-
direct p53 regulation through a miRNA network have been de-
scribed, including the effect of miR-605, which directly modulates
MDM?2 expression, the main p53 activity negative regulator [ 17,18].
MiR-605 also appears to be inducible by p53 in response to cell
stress mechanisms [19]. Furthermore, the presence of a MIR605
gene variant, rs2043556 (A=G), has been associated with an in-
creased risk for developing different cancers [16]. More recently,
this same single nucleotide polymorphism (SNP) was identified as
a functional variant and a novel genetic modifier of the LFS phe-
notype, specifically associated with an earlier mean age of tumor
onset in Canadian families with TP53 pathogenic DBD variants [20].
Hence, the objective of this study was to determine the allelic and
genotypic frequencies as well as the phenotypic effect of MIR605
SNP rs2043556 (A>G) in Brazilian LFS/LFL individuals carrying the
germline founder variant p.(Arg337His).

Materials and methods
Study subjects and ethical aspects

Patients selected for the study were recruited from three ter-
tiary care hospitals in southern and southeastern Brazil. They all
fulfilled the Chompret criteria for LFS/LFL and were carriers of
a germline TP53 pathogenic variant, either p.(Arg337His) (main
study group) or a DBD variant (comparison group). A total of 238
p.(Arg337His) carriers were recruited, 65 from Hospital de Clinicas
de Porto Alegre (HCPA, in the city of Porto Alegre, southern Brazil),
66 from A.C. Camargo Cancer Center (city of Sdo Paulo, southeast-
ern Brazil), and 107 from Hospital de Cancer de Barretos (city of
Barretos, southeastern Brazil). Six LFS patients carrying germline
DBD variants from HCPA were recruited and included in a compar-
ison group. Genetic analyses were previously approved by research
ethics committees of the involved collaborating centers (registered
under the Certificate of Presentation for Ethical Appreciation -
CAAE n° 52641616.0.0000.5327).

MIR605 SNP genotyping

TagMan® allelic discrimination analyses of variant rs2043556
were performed according to Applied Biosystems® standard pro-
tocols (Applied Biosystems, Carlsbad, USA), using fluorescent
allele-specific probes (reference number C_11737438_10). TP53
p.(Arg337His) genotyping was performed following previously pub-
lished protocols using custom TagMan® assays [21]. Sanger se-
quencing confirmed all samples with a variant identified by Tag-

Man®. Sequencing of TP53 exon 10 encompassing p.(Arg337His)
was performed according to IARC standard protocols (primer
sequences and PCR conditions available at  http://p53.iarc.fr/
download/tp53_directsequencing_iarc.pdf), while MIR605 was ana-
lyzed according to the primers described by Id Said & Malkin [20].

Statistical analysis

Genotype and allele frequencies were estimated by simple
counting. Differences between groups were compared using the
Kruskal-Wallis’ (median age at tumor onset), Pearson’s chi-squared
(multiple primary tumors and cancer personal history) or Fisher’s
exact tests (tumor type). All tests were two-tailed, significance was
set at p less than 0.05 and statistical analyses were done using
SPSS® version 18 (SPSS Inc., Chicago, USA).

Results

Clinical data on LFS/LFL patients included in the main study
group are summarized in Supplementary Table 1. Among the 238
p.(Arg337His) carriers, the variant G-allele for MIR605 rs2043556
was detected in 136 individuals (57.1%), including 25 homozygotes
(GG genotype, 10.5%) (Table 1). Moreover, the G-allele had a high
frequency in this series (0.34), similar to the frequency observed
in population databases, especially those related to Latin cohorts
(Supplementary Table 2). Presence of the MIR605 rs204356 G al-
lele was not associated with age of tumor onset (p = 0.8, Fig. 1,
Supplementary Table 3) or tumor type (p = 0.3) (Table 2) or per-
sonal history of cancer (p = 0.1, Supplementary Table 4). Genotypic
frequency distribution was also not related with the median age
of breast and adrenocortical cancers (two common tumor types
found in LFS/LFL families, Supplementary Table 5). However, the
GG genotype was significantly associated with the occurrence of
multiple primary tumors (p = 0.005) (Table 2). For instance, among
these TP53 p.(Arg337His) and rs204356[GG]-positive patients with
tumor diagnosis in multiple primary sites, one female patient de-
veloped very early-onset breast and thyroid cancers (at 23 and 25
years, respectively; data not shown). Of note, 26 of 122 cancer-
affected patients (10.3%) developed more than one primary tumor
(Table 2). Among these 26 patients, 4 (15.4%) had synchronous tu-
mors; for the remaining metachronous tumors, the average time
between diagnoses was approximately 6 years (Supplementary Ta-
ble 6).

In addition, MIR605 rs2043556 was genotyped in a small group
of LFS patients with DBD mutations (comparison group, N = 6).
Clinical data from these patients is summarized in Supplementary
Table 7. The variant G-allele was detected at a frequency of 0.33,
very similar to the one observed in the p.(Arg337His) group. In-
terestingly, one patient in the comparison group heterozygous for
the TP53 p.(Arg273His) variant (identifier LFS-4) was GG homozy-
gous for the MIR605 SNP and was diagnosed with multiple tumors

Table 1

Genotypic and allelic frequencies of
MIR605 152043556 (A=G) in TP53
p.(Arg337His) mutation carriers with the
LFS/LFL phenotype.

Genotype frequencies N (%)

n =238
AA 102 (42.9%)
AG 111 (46.6%)
GG 25 (10.5%)
AG+GG 136 (57.1%)
Allele frequency
G 0.34

* Riskjvariant allele.
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Genotype Median age
SNP rs2043556 inyears (IR)? =
AA 35.5(31.75)
AG 31.5(41.75) 0.808°
GG 40 (36)

a|R, interquartile range.
b Kruskal-Wallis test.
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0 10 20 30 40 50 60 70
Age at diagnosis

Fig. 1. Distribution of the median age of first cancer diagnosis according to MIR605 rs2043556 genotype in TP53 p.Arg337His carriers. The plot on the right shows the
percentage of cancer-unaffected individuals harboring the founder variant for each MIR605 genotype as a function of age of cancer onset.

Leukemia

3 4

2.
Liver cancer
>60 yrs

: /

CNS, 7 yrs
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Breast cancer, 29 yrs
Thigh Sarcoma, 38 yrs
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W Jaw sarcoma
M Breast cancer
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~N

Fig. 2. Pedigree of an LFS proband (indicated by the black arrow; identifier LFS-4 in Supplementary Table 7) fulfilling classical clinical criteria and harboring the TP53 DNA-
binding domain germline variant p.(Arg273His), along with the MIR605 variant G-allele in homozygosis (confirmed by Sanger sequencing as shown by the lower-left panel).

Yrs, years; CNS, central nervous system tumor.

(sarcoma at age 17, breast cancer at age 29 and a new sarcoma at
age 38 years). Fig. 2 shows the pedigree of this proband. To our
knowledge, this is the first description of a patient with a DBD
p53 pathogenic variant carrying the MIR605 rs2043556 G-allele in
homozygosis. Sanger sequencing confirmed the GG genotype in all
cases identified by TagMan® analyses (Supplementary Fig. 1).

Discussion

In a previous report, MIR605 rs2043556 (A>G) was proposed to
be a genetic modifier of the age of cancer onset in a Canadian
cohort of LFS patients (classical LFS criteria) composed predomi-
nantly of TP53 DBD mutation carriers [20]. Presence of the G-allele
in heterozygosity was associated with a 10-year acceleration in the
mean age of tumor onset (p = 0.04) in this LFS case series. Impor-

tantly, none of the participants in this previously mentioned study
were carriers of the Brazilian founder mutation p.(Arg337His). We
did not observe the same effect in our cohort, and although this
could be due to the different genetic background between Cana-
dian and Brazilian populations, the most important difference be-
tween both studies is the localization of the germline TP53 mu-
tations of their participants (DBD vs. OD). The modifying effect of
MIR605 152043556 G allele in heterozygosity on the age of cancer
diagnosis previously observed in carriers of highly penetrant DBD
mutations might be insufficient to cause a detectable phenotypic
change in carriers of “milder”, less penetrant TP53 variants such
as p.Arg337His). In addition, it is worth emphasizing that a sig-
nificant proportion of cancer diagnoses reported in p.(Arg337His)
carriers occurs in adults, except for adrenocortical carcinomas and
brain tumors, which occur more frequently in pediatric patients.
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Table 2

Genotypic frequencies of MIR605 rs2043556 in TP53 p.Arg337His carriers according to tumor type and number of cancer diagnoses.

Multiple primary tumors

diagnosis, N (%)
12 (46.1)
6 (23.1)

Single tumor

p

Other tumor types‘,

N (%)

Sarcomas and

CNS tumors®, N (%)

Adrenocortical

Breast cancers, N

(%)

Genotype SNP
rs2043556

diagnosis, N (%)
44 (45.8)

44 (45.8)

8 (8.3)

osteosarcomas®, N (%)

5 (33.3)
9 (60)
1(6.7)

carcinomas, N (%)
10 (38.5)

12 (46.1)
4(154)

0.005°

0.308¢

18 (64.3)
7(25)

6 (66.7)
3(33.3)
0(0)

18 (40)
19 (422)
8 (17.8)

8 (30.8)

3 (10.7)

GG
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3 CNS, central nervous system.

b Soft tissue sarcomas and osteosarcomas.

¢ Twenty-eight patients developed other tumor types, including prostate, thyroid, lung, kidney, uterine cancers, colorectal, gastric cancers, pheochromocytoma, melanoma, leukemia, lymphoma, and multiple myeloma.
ght p p P g P y 2 ey, g p cy ymp P y

¢ Fisher exact test.

¢ Pearson's chi-squared test.

A remarkable finding in the present study is a significant as-
sociation between the homozygous GG genotype and the develop-
ment of more than one primary tumor, suggesting that the G-allele
might have a dose dependent effect associated with increased
cancer predisposition, or might exert an influence on predisposi-
tion to a second primary tumor. This association between MIR605
152043566 and multiple cancer diagnoses seems to be limited to
TP53 p.(Arg337His) carriers, since in the previous study (N = 55)
[20] and in our small cohort (N = 6), among LFS patients with TP53
DBD mutations, the frequency of multiple primary tumors did not
differ between individuals harboring the variant G-allele and those
with the AA genotype.

Furthermore, Id Said and Malkin (2015) [20] showed in their
functional experiments that, in MIR605 rs2043556 AG heterozy-
gotes, the miR-605 processing efficiency from its precursor to its
mature form was compromised, leading to reduced mature miR-
605 levels. Therefore, it is reasonable to hypothesize that GG ho-
mozygotes could have dramatically impaired miRNA processing,
triggering severe deregulation effects on MDM2 and/or p53 func-
tion. This effect would be profoundly deleterious in the pres-
ence of a germline TP53 DBD mutation, but less so in the pres-
ence of a “milder” TP53 OD mutation. In addition to MDM2 and
p53, other validated individual target regulated by miR-605 in-
cludes Sec24D (miRTarBase database, http://mirtarbase.mbc.nctu.
edu.tw/php/search.php#mirna), a cellular trafficking protein lack-
ing a well-established role in carcinogenesis [22], as well as MAPK
signaling pathway was shown to be induced by miR-605 over-
expression, leading to tumor suppressive effects in TP53 mu-
tant cell lines according to the preliminary evidence reported by
Malkin’s group [23]. In agreement with this hypothesis, our study
identified, for the first time, a considerable amount of MIR605
1s2043556[GG] homozygotes meeting LFS/LFL clinical criteria and
harboring the TP53 OD mutation p.(Arg337His), differing from the
results of the study by Id Said and Malkin (2015) in which no
GG homozygotes were identified [20]. When considering the G
allele frequencies described in population databases worldwide,
the fact that none of the individuals in the Canadian study had
the G-variant allele in homozygosis is striking. This difference in
GG genotype frequency (0/55 vs. 25/258) between Canadian and
Brazilian LFS/LFL cohorts exhibited a statistically significant dif-
ference, reinforcing that these findings are not random events
(P = 0.006).

In conclusion, our results support previous studies in show-
ing that the MIR605 rs2043556 G allele is a potential phenotype
modifier not only in LFS/LFL patients with DBD mutations but
also in those with OD mutations, as demonstrated here in carri-
ers of the exon 10 founder TP53 variant p.(Arg337His). In these
patients, we identified an association between the presence of
the MIR605 rs2043556 GG genotype and occurrence of multiple
primary tumors. Larger studies including patients with different
TP53 germline mutations preferentially accompanied by functional
analysis of the MIR605 rs2043556 risk allele are required to con-
firm this hypothesis. Taken together, these findings emphasize the
importance of analyzing miRNA genes that directly or indirectly
regulate p53 expression as potential phenotype modifiers and as
promising therapeutic targets in LFS/LFL.
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Abstract

Li-Fraumeni Syndrome (LFS) is a rare cancer predisposing condition caused by germline
pathogenic TP53 variants, in which core tumors comprise sarcomas, breast, brain and
adrenocortical neoplasms. Clinical manifestations are highly variable in carriers of the
Brazilian germline founder variant TP53 R337H, possibly due to the influence of modifier
genes such as miRNA genes involved in the p53 pathway regulation. Herein, we
investigated the potential phenotypic effects of two miRNA-related functional SNPs, pri-
miR-34b/c rs4938723 and 3’'UTR KRAS rs61764370, in a cohort of 273 LFS patients from
southern and southeastern Brazil. Although the KRAS SNP showed no effect as a
phenotype modulator, the rs4938723[C/C] genotype was significantly associated with
development of LFS non-core tumors (first tumor diagnosis) in R337H carriers (p=0.039).
Non-core tumors were also more frequently diagnosed in carriers of germline TP53 DNA
binding domain variants harboring the rs4938723[C] variant allele. Previous studies
described pri-miR-34b/c rs4938723[C] as a risk allele for sporadic occurrence of thyroid
and prostate cancers (non-core tumors of the LFS spectrum). With this study, we present
additional evidence about the importance of analyzing miRNA genes that indirectly
regulate p53 expression, and thus may modulate the LFS phenotype, such as those of

the miR-34 family.

Keywords: Li-Fraumeni syndrome, phenotype modifiers, pri-miR-34b/c rs4938723, core

tumors, KRAS rs61764370.

100



Introduction

The p53 protein is a widely referred transcription factor encoded by the TP53 gene
(chr.17p13.1). TP53 is the most commonly mutated gene in human tumors, acting as a
key player in both sporadic and inherited cancers (Petitjean et al., 2007). In response to
stress, the p53 protein targets a plethora of genes involved in its tumor suppressor
functions, such as cell cycle arrest, DNA repair, apoptosis, metabolism, senescence and
inhibition of angiogenesis (Levine, 1997). Pathogenic tumor-associated TP53 variants
often cause a loss of their tumor-suppressive function and acquisition of dominant-
negative activities, but also gain of new oncogenic properties that are independent of wild-

type (WT) p53 (Zhang et al., 2016; Brosh and Rotter, 2009).

Germline pathogenic TP53 variants are the only known genetic alterations underlying Li-
Fraumeni Syndrome (LFS) (OMIM #151623). LFS is a cancer predisposition syndrome
characterized by an autosomal dominant inheritance pattern, a wide spectrum of early
onset cancers and development of multiple primary tumors (Li and Fraumeni, 1969;
Malkin, 2011). The most frequent tumors of LFS, named "core tumors", are breast cancer,
bone and soft-tissue sarcomas, central nervous system tumors and adrenocortical
carcinoma (Malkin et al., 1990). However, other tumor types (non-core tumors) have also
been reported in LFS families, including hematological malignancies (leukemias and
lymphomas), gastrointestinal tumors (colorectal and gastric), melanoma, lung, thyroid
and prostate cancers (IARC TP53 database; Caron et al., 2017; Formiga et al., 2017;
Swaminathan et al., 2019). Individuals harboring pathogenic TP53 germline variants have
variable cancer risks, exhibiting clinical manifestations that range from a fully penetrant

phenotype to cancer-free over a lifetime (Bougeard et al., 2008; Guha et al., 2017; IARC

101



TP53 database). Most of TP53 germline pathogenic variants are missense and located
in exons 5-8, corresponding to the p53 DNA-binding domain (DBD), and they usually
confer high penetrance to cancer (Varley, 2003; Bougeard et al., 2015; IARC TP53
database). In contrast, there are germline pathogenic variants in the p53 oligomerization
domain, such as the founder variant c.1010G>A or p.(Arg337His, commonly known as
R337H) (Latronico et al., 2001; Ribeiro et al., 2001; Achatz et al., 2007) often showing
reduced penetrance. TP53 R337H is highly prevalent in southern and southeastern Brazil
due to a founder effect (Pinto et al., 2004, Palmero et al., 2008; Custodio et al., 2013) and
carriers show a wide range of neoplasms, including core and non-core tumors, but the
penetrance is reduced when compared to carriers of DBD variants (Giacomazzi et al.,

2013, Achatz and Zambetti, 2016; Mastellaro et al., 2017; Pinto and Zambetti, 2020).

In addition to the previously reported TP53 intragenic alterations and variants in p53
pathway genes (Marcel et al., 2009; Bougeard et al., 2006; Renaux-Petel et al., 2014),
other genetic modifiers of LFS, such as single nucleotide polymorphisms (SNPs) in genes
encoding microRNAs (miRNAs), termed as miRSNPs, have been explored. miRNAs are
short non-coding single-stranded RNAs that play a pivotal role in post-transcriptional
regulation of gene expression (Ambros, 2004; Bartel, 2004). Importantly, miRNAs can
function as oncogenes or tumor suppressors according to their targets, and several
MiRNAs have emerged as direct and indirect regulators of multiple genes in the p53
network (Esquela-Kerscher and Slack, 2006; Shenouda and Alahari, 2009; Hermeking,
2012). To date, the most studied miRSNP in the LFS context is MIR605 rs2043556 (A>G),
a functional variant within a miRNA gene encoding an indirect regulator of p53 (miR-605).

It has been recently described as a phenotype modifier of LFS in Canadian families
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harboring DBD variants and in carriers of the Brazilian founder variant TP53 R337H (Id
Said and Malkin, 2015; Bandeira et al., 2020). Other regulator genes involved in the p53
network are those of the miR-34 family, widely known for positively regulating p53
expression and activity and whose transcription is directly induced by p53 in response to
genotoxic stress (Bommer et al., 2007; Okada et al., 2014; Navarro and Lieberman,
2015). A functional miRSNP in the promoter region of miR-34b/c (chr.11923.1), a member
of this miRNA family, namely pri-miR-34b/c rs4938723 (T>C), has been associated with
an increased risk of osteosarcoma and with early onset of hereditary retinoblastoma (Xu

et al., 2011; Wang et al., 2014; Carvalho et al., 2017).

In parallel, germline variants located at miRNA binding sites in the 3' untranslated region
(UTR) of target mRNAs can influence on individual risk of developing cancer (Lopes de
Silanes et al., 2007). In this context, KRAS (chr.12p12.1) is one of the most commonly
mutated proto-oncogenes in the development of malignancy (Prior et al., 2012). The let-
7 miRNA family plays an important role in many tumors by modulating the expression of
multiple genes, including KRAS (Akao et al., 2006). In the last decade, it has been
reported a 3’'UTR KRAS SNP, rs61764370 (T>G), disrupting a let-7 binding site in this
UTR. Its presence has been shown to result in KRAS overexpression and seems to be
associated with increased risk and/or reduced survival for several tumor types, including
breast, ovarian, oral, colorectal and lung cancers (Chin et al., 2008; Ratner et al., 2010;
Hollestelle et al., 2011; Paranjape et al., 2011; Pilarski et al., 2012; Zhang et al., 2016).
The prevalence of this functional SNP and its possible phenotype-modifying effect have

not yet been evaluated in LFS patients.
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Given the remarkable global and intrafamilial heterogeneity in clinical manifestations of
LFS, in the present study we aimed to determine the genotypic and allelic frequencies
and potential phenotype modulating effects of the pri-miR-34b/c rs4938723 and KRAS
3'UTR rs61764370 miRNA-related functional SNPs in carriers of germline TP53

pathogenic variants, predominantly individuals harboring the R337H founder variant.

Material and Methods

Study subjects and ethical aspects

A total of 273 patients fulfilling Chompret criteria for LFS (Bougeard et al., 2015) and
previously identified as carriers of germline pathogenic/functional TP53 variants were
included in the present study. All of them were recruited from tertiary care hospitals in
southern and southeastern Brazil, including 136 from Hospital do Amor (in the city of
Barretos, southeastern Brazil), 71 from Hospital de Clinicas de Porto Alegre (HCPA, in
the city of Porto Alegre, southern Brazil) and 66 from A.C. Camargo Cancer Center (in
the city of S&o Paulo, southeastern Brazil). Among these LFS patients, 267 were R337H
carriers, and six individuals (from HCPA only) were carriers of highly penetrant p53 DBD
variants (classical phenotype). Written informed consent was obtained from the
participants or from a parent and/or legal guardian (subjects under 18) in all cases.
Molecular analyses performed in the current study were approved by the Research Ethics
Committees of the collaborating centers (registered under the Certificate of Presentation

for Ethical Appreciation — CAAE n° 96211017.7.1001.5327).
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SNP genotyping

Genomic DNA was isolated from patients’ peripheral blood leukocytes using the
commercial kits lllustra Blood genomicPrep Mini Spin Kit (GE Healthcare Life Sciences,
Brazil) or FlexiGene DNA kit (QIAGEN, Hilden, Germany), according to the
manufacturer’s instructions. Genotyping of the miRNA-related SNPs pri-miR-34b/c
rs4938723 and KRAS rs61764370 was performed by TagMan® allelic discrimination
according to Applied Biosystems® standard protocols (Thermo Fisher Scientific, Waltham,
MA, USA), using fluorescent allele-specific probes (reference numbers C_3081610 10
and ANU7AJN, respectively). The rs4938723 variant was genotyped using a predesigned
and validated TagMan® SNP Genotyping Assay, while genotyping of rs61764370 was
carried out with custom-made TagMan® probes (Applied Biosystems by Thermo Fisher
Scientific). TP53 R337H or rs121912664 genotyping was performed following a
previously published protocol based on a custom TagMan® assay (Fitarelli-Kiehl et al.,

2016).

Sequencing analysis

Direct Sanger sequencing was carried out to confirm the TP53 rs121912664 and KRAS
rs61764370 genotypes. Sequencing of TP53 exon 10 encompassing rs121912664 was
performed in all variant-positive subject samples previously identified by TagMan®
analyses according to original IARC standard protocols (primer sequences and PCR
conditions available at https://p53.iarc.fr/Download/TP53_SangerSequencing_IARC.pdf).
Moreover, custom TagMan® genotyping results for KRAS rs61764370 were confirmed by

Sanger sequencing in all SNP-positive LFS patients. Specific primers for KRAS 3'UTR
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were designed for this study using Primer-BLAST and employed to amplify a 664-bp DNA
fragment surrounding the SNP by PCR: forward primer 5'-
GCTGCCCAATCCATTAGCGAC-3 and reverse primer 5'-
GCGCATCGTGTTATCTCTGGGT-3'. The reference sequences used were LRG 344
and NC_000012.12. Sanger sequencing was performed on an ABI 3500 genetic analyzer
(Thermo Fisher Scientific). Sequences were aligned to reference using CodonCode
Aligner software. Importantly, carriers of p53 DBD variants included in our comparison
group (n= 6) were derived from a previous Sanger-based screening cohort in which
pathogenic alterations in all TP53 coding regions (exons 2-11) were assessed as

established by the IARC protocols (Giacomazzi et al., 2013).

Queries in population and sequence databases

Frequency data of the miRNA-related variants in different populations were retrieved from
Online Archive of Brazilian Mutations (ABraOM, SABE-WGS-1171 dataset) (Naslavsky
etal., 2017; Naslavsky et al., 2020), gnomAD v2.1.1 dataset (GRCh37/hg19) (Karczewski
etal., 2020), 1000 Genomes (1000 Genomes Project Consortium et al., 2015), and Trans-
Omics for Precision Medicine (TOPMed) (Taliun et al.,, 2021). In order to analyze
evolutionary conservation of genome sequences encompassing the SNPs pri-miR-34b/c
rs4938723 and KRAS rs61764370 positions across 27 primate species, the phylogenetic
context tool was accessed in the Ensembl database

(https://www.ensembl.org/index.html).
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Statistical analyses

Descriptive statistics was used to determine genotype and allele frequencies, as well as
to evaluate clinical features of LFS patients. Hardy—Weinberg equilibrium was assessed
by Chi-square analysis. Differences between groups according to polymorphism status
were compared using Kruskal-Wallis’ (median age at tumor diagnosis), Pearson’s chi-
squared (age group distribution of cancer onset, cancer personal history, number of
cancer diagnoses, and frequency of LFS core and non-core tumors as the first tumor type
diagnosed) or Fisher exact tests (specific tumor type at first diagnosis). All tests were two-
tailed and a p value less than 0.05 was considered statistically significant. All statistical

analyses were performed in SPSS v.18 software (IBM, Armonk, New York, NY, USA)

Results

Clinical characterization of the main study group including LFS patients carrying the TP53
R337H founder allele is summarized in Table S1. When analyzing their clinical features,
141 carriers (52,8%) had already developed cancer, of which 38 (26,9%) exhibited
multiple primary tumors. Genotype and allele frequencies for both SNPs pri-miR-34b/c
rs4938723 (T>C) and KRAS rs61764370 (T>G) in this group of LFS patients are shown
in Table 1 and were in Hardy-Weinberg equilibrium (p=0.05 and p=0.22, respectively).
Minor allele frequencies (MAF) for pri-miR-34b/c and KRAS SNPs in our cohort of R337H
carriers (0.35 and 0.07, respectively) were consistent with the frequency reported in
previous studies and population databases (Table S2). No individual with the KRAS SNP

homozygous G genotype was identified in the overall sample. Since the genotyping for
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this SNP was based on custom TagMan® probes, we performed Sanger sequencing and
confirmed the rs61764370[T/G] heterozygous genotype in all SNP-positive LFS patients
(Figure S1). Sequence comparisons of genomic regions encompassing pri-miR-34b/c
and KRAS SNPs across 27 primate species revealed that none of these species showed
the rs4938723[C] and rs61764370[G] variant alleles, respectively, indicating a high

evolutionary conservation of these sequences (Figure S2).

Potential phenotype-modifying effects of the various SNP genotypes in relation to the
number and/or type of tumors were assessed and pri-miR-34b/c rs4938723[C] was
associated with the first tumor type diagnosed (p=0.045) but not with an increased
number of primary tumors in the main study group (TP53 R337H carriers) (Table 2).
When refining this analysis (Table 3), we observed that neoplasms more frequently
associated with the rs4938723[C] variant allele were non-core tumors of the LFS
spectrum. Although the KRAS SNP showed no effect as a phenotype modulator, we
identified that the homozygous CC genotype for pri-miR-34b/c rs4938723 was also
significantly associated with development of LFS non-core tumors (first tumor diagnosis)
in R337H carriers (p=0.039) such as thyroid, prostate and gastrointestinal cancers.
Nonetheless, there was no significant difference in the median age at first tumor diagnosis
when comparing distribution of the pri-miR-34b/c and KRAS SNPs genotypes among
R337H carriers (Figure 1, Table S3). Finally, no association between pri-miR-34b/c
rs4938723[C] and KRAS rs61764370[G] presence and personal history of cancer or

median age at core cancers' diagnoses was found in R337H carriers (Tables S4 and S5).

Clinical and molecular features of our small case series of LFS patients harboring p53

DBD pathogenic alterations (classical phenotype) are summarized in Table S6.
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Interestingly, non-core tumors were also more frequently diagnosed in patients of this
group with the pri-miR-34b/c rs4938723[T/C] heterozygous genotype. This genotype was
identified in 4/6 carriers of germline DBD alterations, of which the majority (3/4)
developed, over the years, at least one of these LFS atypical tumor types (gastrointestinal
and thyroid cancers). Two of them were female LFS probands whose pedigrees and

genotype data are depicted in Figure 2.

Discussion

Notably, LFS patients exhibit a striking phenotypic variability both within and between
their families that cannot be explained only by distinct functional impact of each specific
TP53 pathogenic variant, suggesting the presence of coexistent genetic factors that
modify germline p53 mutant activity (Olivier et al., 2003; Bougeard et al., 2008; Bougeard
et al., 2015). Of particular interest, clinical manifestations are highly variable in carriers of
the TP53 R337H Brazilian founder hypomorphic allele associated with incomplete
penetrance, reinforcing the role of modifier genes (Achatz and Zambetti, 2016; Pinto and
Zambetti, 2020; Jeffers et al., 2021). In the past twenty years, germline intragenic TP53
variants (common variant p.Pro72Arg and 16-bp duplication polymorphism in the intron
3, named as PIN3) and SNPs in p53 pathway genes, especially in the main negative
regulator of p53 (MDM2 SNP309), have been described as LFS phenotype modifiers
associated with earlier age of tumor onset (Bougeard et al., 2006; Marcel et al., 2009;
Renaux-Petel et al., 2014; Macedo et al., 2018). In parallel, several miRNAs have

emerged as major players in the p53 network, acting as direct and indirect post-
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transcriptional regulators of p53 expression and activity (Hermeking, 2012; Liu et al.,
2017). miRSNPs occurring in regulatory regions of miRNA genes may affect their
efficiency of transcription and potentially modify pri-miRNA or pre-miRNA processing

levels (Ryan, 2017).

In the present study, we explored the potential phenotypic effects of a functional mMiRSNP
within a pri-miRNA gene (chr.11923.1), namely pri-miR-34b/c rs4938723 (T>C), in an
expressive cohort of LFS patients (n=273) from southern and southeastern Braazil,
predominantly TP53 R337H carriers. The main findings from our study were that LFS
non-core tumor types were significantly increased at first tumor diagnosis in R337H
carriers with the rs4938723[C/C] homozygous genotype (p=0.039), and the
rs4938723[T/C] heterozygous genotype was identified in 3/6 carriers of germline p53
DBD variants (classical phenotype) exhibiting LFS non-core cancers over the years. Our
findings are in agreement with previous descriptions of rs4938723[C] as a risk allele for
thyroid and prostate tumors, which are also observed in our R337H-positive patients, in
cohorts apparently unselected for cancer family history (Wang et al., 2014; Chen et al.,
2015; Hashemi et al., 2017; He et al., 2018; Heidari et al., 2018; Li et al., 2019). Since,
regardless of the LFS context, rs4938723[C] confers susceptibility to thyroid and prostate
neoplasms, we hypothesized that the previously observed high frequency of thyroid,
prostate cancer and other non-core tumors in R337H carriers (Achatz and Zambetti,
2016; Formiga et al., 2017; Mastellaro et al., 2017) could be due to coinheritance with

rs4938723[C].

Functionally, the variant C-allele is located within the CpG island of the promoter region

of miR-34b/c, altering the binding efficiency of transcription factor GATA-X.
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Therefore, the alteration affects not only the expression of mature miR-34b/c but also
exerts, very likely, an influence on risk for several cancer types (as shown in Figures 3A
and 3B) (Xu et al., 2011; Wang et al., 2014; Tong et al., 2016; Hashemi et al., 2019).
GATA-X only binds to the promoter sequence in the presence of rs4938723[C] variant
allele. In vitro luciferase assays showed that the transcription activity of pri-miR-34b/c was
increased when T allele transited to C allele (Tong et al., 2016), and tumor samples from
individuals with the rs4938723[C/C] genotype exhibited significantly higher expression
levels of miR-34b compared with TT and TC genotypes (Yu, 2017). Furthermore, a
positive feedback loop between p53 and miR-34 family members, including miR-34a and
miR-34b/c, has been shown to mediate tumor suppression (Figure 3C) (Okada et al.,
2014; Zhang et al., 2019). Members of the miR-34 family are direct transcriptional targets
of p53 and their expression is induced by p53 in response to DNA damage or activation
of oncogenes (Bommer et al., 2007; He et al., 2007). In contrast, this miRNA family acts
indirectly as an important positive regulator of p53 expression and function by negatively
regulating some of the key post-translational inhibitors of p53, such as MDM4, SIRT1 and
HDAC1 (Navarro and Lieberman, 2015; Liu et al., 2017). Interestingly, miR-34 promoter
inactivation by aberrant CpG island methylation is a common event in tumor formation
(Lodygin et al., 2008; Vogt et al., 2011), and miR-34a promoter hypermethylation has
been previously identified in different types of primary tumors from LFS patients and

associated with poor clinical outcomes (Samuel et al., 2016).

In comparison with our findings, recent studies have demonstrated that another common
MiIRSNP located in a pre-miRNA gene, MIR605 rs2043556 (A>G), may partly explain the

clinical heterogeneity in LFS. The rs2043556 variant G-allele causes a reduction in the
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processing levels of its host miIRNA, leading to decreased mature miR-605 levels which
are associated with several clinical observations: a 10-year acceleration in the mean age
of LFS tumor onset in Canadian families with TP53 pathogenic DBD variants (Id Said and
Malkin, 2015), and association of the rs2043556[G/G] genotype with occurrence of
multiple primary tumors among Brazilian R337H carriers (Bandeira et al., 2020). More
recently, a germline nonsense variant in the tumor-suppressor gene XAF1
(E134*/Glul34Ter/rs146752602) has been described as a remarkable LFS phenotype
modifier associated with cancer risk and tumor type patterns in R337H carriers (Pinto et
al., 2020). The extended haplotype cosegregating both XAF1 E134* and TP53 R337H
variants was predominant in Brazilian R337H carriers with a more aggressive cancer

phenotype, increasing risk for sarcoma and subsequent neoplasms over lifetime.

Regarding the KRAS-upregulation 3'UTR SNP (rs61764370, chr.12pl12.1), we
hypothesized that it could be a strong phenotype modifier in carriers of TP53 hypomorphic
variants, such as R337H. Nonetheless, this SNP was not associated with any of the
clinical manifestations analyzed in our cohort. Indeed, there are conflicting results of its
association with sporadic and hereditary breast cancer (Hollestelle et al., 2011; Paranjape
et al., 2011; Pilarski et al., 2012; Ovarian Cancer Association Consortium et al., 2016),
which is the most common tumor type found in LFS families (IARC TP53 database; Mai

et al., 2016).

Importantly, our study presents limitations that must be considered in the interpretation of
its results. First, despite this being one of the largest R337H cohorts used in the context
of LFS genetic modifiers, our global sample size could be considered relatively small

(n=273) to identify causal genetic associations as phenotype modifiers. Second, due to a
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limitation in accessing additional clinical samples we were unable to perform miR-34b/c
expression analyses. Third, for the same reason, we were unable to carry out tumor loss
of heterozygosity (LOH) analyses for TP53 and pri-miR-34b/c. Finally, the mechanistic
basis of a potential interaction between R337H mutant p53 and miR-34b/c C-allele on
TP53 expression and activity as well as its contribution to predisposition to different tumor

types remains unknown, requiring further functional studies.

In conclusion, our study suggested that pri-miR-34b/c rs4938723 may act as a LFS
phenotype modifier for the tumor type manifestation, specifically associated with
development of atypical or non-core tumors (first tumor diagnosis) in Brazilian TP53
R337H carriers. The exact mechanism to explain this tumor-specific predisposition
remains to be determined. This study also provides additional evidence about the
importance of analyzing miRNA genes that indirectly regulate p53 expression, such as
those of the miR-34 family. Further studies including larger case series with different
germline pathogenic TP53 variants from ethnically diverse populations as well as
additional functional analyses of the pri-miR-34b/c risk allele are warranted to validate our

findings.
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Figure legends

Figure 1. (A) Distribution of the median age of first cancer diagnosis according to
genotypes for pri-miR-34b/c and KRAS SNPs in TP53 p.(Arg337His) carriers. (B) and (C)
shows the percentage of cancer-unaffected individuals harboring the founder TP53
variant for each pri-miR-34b/c and KRAS genotype, respectively, as a function of age of

cancer onset.

Figure 2. Pedigrees of female LFS probands with classical phenotype (indicated by the
black arrows; identifiers LFS-1 and LFS-5 in Table S6) and harboring different TP53 DNA-
binding domain (DBD) germline variants, along with the pri-miR-34b/c variant C-allele in
heterozygosis. Note that both were diagnosed with multiple primary tumors, one of them
was a non-core tumor of LFS (pancreatic and thyroid cancers). Genotypes for TP53 and
pri-miR-34b/c are shown next to the arrow indicating the proband. Yrs, years; mth,

months; d, age of death; CNS, central nervous system tumor.

Figure 3. Influence of rs4938723[C] variant allele on tumor development from organism
to p53 network levels. (A) rs4938723[C] variant allele acting as a risk allele (left red side)
or a protective allele (right green side) depending on the tumor type. (B) Overview of the
CpG island within the pri-miR-34b/c promoter region. The base change (T>C) enables
the binding of GATA-family transcription factors in this site, which will later contribute to
increase transcriptional levels of miR-34b/c as opposed to the wild-type T allele. (C) A

positive feedback loop between p53 and miR-34 family members mediates tumor

123



suppressor activities. miR-34 family regulates TP53 expression by directly targeting TP53
MRNA and also indirectly by negatively regulating p53 critical inhibitors (MDM4, SIRT1
and HDAC1), as well as p53 induces the transcription of all members of this miRNA family
in response to genotoxic stress. Papillary thyroid carcinoma; 2Hepatocellular carcinoma;
3Renal cell cancer; “Pediatric acute lymphoblastic leukemia. S, sense sequence; AS,

antisense sequence; isl, island; 4mer, tetramer; p5S3RE, p53 response element.
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Supplementary material

The following online material is available for this article:

Table S1 — Clinical features of LFS patients harboring the germline founder
pathogenic variant TP53 R337H included in the present study.

Table S2 — Minor allele frequency for the variants of interest pri-miR-34b/c
rs4938723 and KRAS rs61764370 reported in previous studies and population
databases.

Table S3 — Age group distribution of cancer onset and genotypes for the pri-miR-
34b/c and KRAS SNPs among TP53 R337H catrriers.

Table S4 — Personal history of cancer diagnosis and genotypes for the selected
SNPs in overall sample of TP53 R337H carriers.

Table S5 - pri-miR-34b/c rs4938723 and KRAS rs61764370 genotypic
frequencies in TP53 R337H carriers according to the median age at diagnosis of
breast and adrenocortical tumors.

Table S6 — Clinical and molecular features of LFS patients with classical germline
TP53 pathogenic variants (DNA-binding domain mutations) included in the
present study and their genotyping results for the SNPs pri-miR-34b/c rs4938723
and KRAS rs61764370.

Figure S1 — Direct Sanger sequencing analysis confirmed the genotypes of all
SNP-positive samples for KRAS rs61764370 (T>G) previously identified through
a custom TagMan® assay.

Figure S2 — Comparison of genomic sequences encompassing regions of the
germline SNPs (A) pri-miR-34b/c rs4938723 (T>C) and (B) KRAS rs61764370

(T>G) across 27 primate species.
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Figure 2
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Table 1. Genotypic and allelic frequencies of pri-miR-34b/c rs4938723 (T>C) and
KRAS rs61764370 (T>G) SNPs among TP53 R337H catrriers fulfilling LFS criteria.

Genotypic

frequencies

N (%)
n= 267

pri-miR-34b/c rs4938723

TC+CC
C allele frequency*

104 (39)
137 (51.3)

26 (9.7)
163 (61)
0.35

KRAS rs61764370

G allele frequency*

230 (86.1)
37 (13.9)
0 (0)
0.07

* Variant allele.
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Table 2. Genotypic frequencies of pri-miR-34b/c rs4938723 and KRAS rs61764370 in TP53 R337H carriers according to

tumor type (first tumor diagnosis) and number of cancer diagnoses.

Breast  Adrenocortical CNS Other tumor Single tumor  Multiple primary
Genotypes ) Sarcomas?, ] ] ) )
cancers, carcinomas, N (%) tumors®, types®, p diagnosis, tumors diagnosis, p
N (%) N (%) N (%) N (%) N (%) N (%)
pri-miR-34b/c rs4938723
TT 21 (42.8) 12 (37.5) 9 (40.9) 8 (88.9) 9 (31) 45 (43.7) 14 (36.8)
TC 26 (53.1) 17 (53.1) 12 (54.6) 0 (0) 14 (48.3) 0.02d 50 (48.5) 19 (50) 0.57¢
CC 2(4.1) 3(9.9) 1(4.5) 1(11.1) 6 (20.7) 8(7.8) 5(13.2)
TC+CC 28 (57.1) 20 (62.5) 13 (59.1) 1(11.1) 20 (69) 0.0454 58 (56.3) 24 (63.2) 0.46¢
KRAS rs61764370
TT 41 (83.7) 29 (90.6) 20 (90.9) 7 (77.8) 26 (89.7) 90 (87.4) 33 (86.8)
TG 8 (16.3) 3(9.9) 2(9.1) 2 (22.2) 3(10.3) 0.72d 13 (12.6) 5(13.2) >0.9¢

a Soft-tissue sarcomas and osteosarcomas.

b CNS, central nervous system.

¢ Twenty-nine patients developed other tumor types, including thyroid (n=6), prostate (n=4), hematological malignancies (n=4), lung (n=3), kidney (n=2), uterine cancers

(n=2), pancreas (n=2), rectum (n=2), gastric (n=1), pheochromocytoma (n=1), melanoma (n=1), and peripheral nerve sheath (n=1).

d Fisher exact test.
€ Pearson’s chi-squared test.
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Table 3. Frequency distribution of LFS core and non-core tumors as the first
tumor type diagnosed according to genotypes for pri-miR-34b/c and KRAS SNPs
in TP53 R337H carriers.

LFS core Non-core
Genotypes tumors?, tumors®, p
N (%) N (%)
pri-miR-34b/c rs4938723
TT 50 (44.6) 9 (31)
TC 55 (49.1) 14 (48.3) 0.039°¢
cC 7 (6.3) 6 (20.7)
TC+CC 62 (55.3) 20 (69) 0.18°
KRAS rs61764370
TT 97 (86.6) 26 (89.6)
TG 15 (13.4) 3 (10.3) 0.661°

a Core spectrum of tumors associated with Li-Fraumeni syndrome (LFS) include
breast cancer, adrenocortical carcinomas, sarcomas (soft and bone tissues),
and central nervous system tumors.

b LFS non-core tumors at first diagnosis include other twelve tumor types found
in the overall sample (detailed information in Supplementary Table 1).

¢ Pearson’s chi-squared test.
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Table S1. Clinical features of LFS patients harboring the germline founder pathogenic
variant TP53 R337H included in the present study.

Characteristics n %
Number of patients 267 -
Gender

Female 172 64.4
LES criteria

Classic 4 1.5
Chompret (original and modified) 263 98.5

Personal history of cancer
Cancer-affected 141 52.8

Age of tumor onset
Median (IR?) 33 (38) -

Number of primary tumors diagnosed
Single 103 73.1
Multiple 38 26.9

First tumor type diagnosed

Breast cancer 49 34.7
Adrenocortical carcinoma 32 22.7
Bone or soft tissue sarcoma 22 15.6
CNS tumor® 9 6.4
Othere 29 20.6

2IR, interquartile range.

b CNS, central nervous system.

¢ Twenty-nine patients developed other tumor types at first diagnosis, including
thyroid (n=6), prostate (n=4), hematological malignancies (n=4), lung (n=3), kidney
(n=2), uterine cancers (n=2), pancreas (n=2), rectum (n=2), gastric (n=1),
pheochromocytoma (n=1), melanoma (n=1), and peripheral nerve sheath (n=1).
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Table S2. Minor allele frequency for the variants of interest pri-miR-34b/c rs4938723 and KRAS rs61764370 reported in previous

studies and population databases.

Source/Population database or previous study pri-miR-34b/c KRAS
rs4938723 (T>C) rs61764370 (T>G)

N Homoz. MAF N Homoz. MAF
ABraOM @ 1,171 154 035 1,171 13 0.083
gnomAD (Overall population) 15,668 1,697 0.33 15,690 63 0.053
gnomAD (Latino/Admixed American population) 424 18 0.23 423 1 0.050
gnomAD (European population) ° 7,695 1,024 037 7,712 60 0.081
gnomAD (African/African-American population) 4,347 325 0.28 4,353 1 0.019
1000 genomes 2,504 NR 0.29 2,504 NR 0.035
Trans-Omics for Precision Medicine (TOPMED) 62,784 NR 0.33 62,784 NR 0.063
Brazilian retinoblastoma cases © 130 14 0.35 NA NA NA
Brazilian healthy subjects (controls) ¢ 105 16 0.36 NA NA NA
Brazilian men diagnosed with SCCHN ¢ NA NA NA 165 1 0.094
Brazilian healthy men (controls) ¢ NA NA NA 230 3 0.098

N, sample number evaluated in the specific database and/or previous study; Homoz, number of variant allele homozygotes; MAF,
minor allele frequency (frequency of variant allele); NR, not reported; NA, not applicable; SCCHN, squamous cell carcinoma of the
head and neck. MAF in Brazilian and Latino populations is highlighted in bold letters.

2 Frequency searched in the SABE-WGS-1171(hg38) dataset. This is a Brazilian repository of whole-genome sequencing data from
unrelated and healthy elderly individuals from general population of S&o Paulo, Brazil's largest city located in southeastern Brazil.
b Frequency data excluding Finnish population.

¢ Frequency data reported by Carvalho and colleagues (2017) in patients with hereditary and non-hereditary retinoblastoma as well
as unrelated control individuals from the same Brazilian geographical region (southeastern Brazil, PMID: 28106538).

d Case-control study performed by Santiago et al. (2014) including a cohort of males diagnosed with squamous cell carcinoma of
the head and neck (SCCHN) from southeastern Brazil, and a control group of healthy male subjects without cancer or a family
history of cancer from the same Brazilian region (PMID: 24932237).
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Table S3. Age group distribution of cancer onset and genotypes for the pri-miR-34b/c
and KRAS SNPs among TP53 R337H carriers.

Number of patients per age groups, (%)?

Genotypes Pediatric Early onset Late onset .
(0-21 yr?) (22-45yr)  (46-90yr) "
pri-miR-34b/c rs4938723
TT 19 (45.2) 23 (45.1) 17 (37)
TC 18 (42.9) 23 (45.1) 26 (56.5) 0.7
CcC 5(11.9) 5(9.8) 3(6.5)
TC+CC 23 (54.8) 28 (54.9) 29 (63) 0.65
KRAS rs61764370
TT 37 (88.1) 42 (82.4) 42 (91.3)
TG 5 (11.9) 9 (17.6) 4 (8.7) 0.41

a Distribution of age groups as previously reported by Hardin et al., 2017 (PMID: 28827380).

bYears.
¢Pearson’s chi-squared test.
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Table S4. Personal history of cancer diagnosis and genotypes for the selected SNPs

in overall sample of TP53 R337H carriers.

Cancer-affected, Cancer unaffected,

Genotypes a
yp n (%) n (%) P

pri-miR-34b/c rs4938723

TT 59 (41.8) 45 (35.7)

TC 69 (49) 68 (54) 0.591

CcC 13 (9.2) 13 (10.3)

TC+CC 82 (58.2) 81 (64.3) 0.305

KRAS rs61764370

TT 123 (87.2) 107 (84.9)

TG 18 (12.8) 19 (15.1) 0.599

@ Pearson’s chi-squared test.
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Table S5. pri-miR-34b/c rs4938723 and KRAS rs61764370 genotypic frequencies in
TP53 R337H carriers according to the median age at diagnosis of breast and

adrenocortical tumors.

Median age at diaghosis Median age at diagnosis
Genotypes of breast cancer, p° of adrenocortical p°
years (IR?) carcinoma, years (IR)

pri-miR-34b/c rs4938723

TT 39 (17) 1.5 (9)
TC 40 (19) 0.797 1.5(2) 0.899
cC 42.5 (NAP) 2 (NA)

KRAS rs61764370
TT 39 (18) 2 (4)
TG 41 (15) >0.9 1 (NA) >0.9

a|R, interquartile range.
b NA, not applicable due to the low number of individuals diagnosed with that tumor type and exhibiting this genotype.

¢ Kruskal-Wallis test.
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Table S6. Clinical and molecular features of LFS patients with classical germline TP53 pathogenic variants (DNA-binding domain
mutations) included in the present study and their genotyping results for the SNPs pri-miR-34b/c rs4938723 and KRAS
rs61764370.

dentifier First tumor Age of diagnosis Other tumors TP53 Mutant  pri-miR-34b/c KRAS
(years) (age in years) Status, HGVS p. genotype Genotype
LFS-1 Bilateral breast cancer 36 Pancreas (44) p.(Gly245Ser) TC TT
LFS-2 Medulloblastoma 11 No p.(Gly245Ser) TT TT
LFS-3  Adrenocortical Carcinoma 44 No p.(Glu258His) TT TG
LFS-4 Mandibular Sarcoma 17 Breast (29) and Sarcoma (38)  p.(Arg273His) TC TT
LFS-5 Breast cancer 30 Thyroid (37) p.(Gly244Asp) TC TT
LFS-6 Colorectal cancer 35 Breast (40) p.(Gly244Asp) TC TT
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(T>G) previously identified through a custom TagMan® assay. KRAS RefSeq DNA sequence (sense strand) corresponding to
NC_000012.12 was used in this alignment as a wild-type (WT) reference. (A) LFS patient exhibiting WT T-allele homozygous;
(B) and (C) LFS probands with heterozygous genotype rs61764370[T/G] confirmed by Sanger sequencing.
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Figure S2. Comparison of genomic sequences encompassing regions of the
germline SNPs (A) pri-miR-34b/c rs4938723 (T>C) and (B) KRAS rs61764370
(T>G) across 27 primate species. Although there were some sequence variations
(indels), none of the included species exhibited the rs4938723[C] and

rs61764370[G] variant alleles, suggesting that these regions are evolutionarily

conserved. Figure extracted from the phylogenetic context tool from Ensembl

database.
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Capitulo VIl — Resultados adicionais

Updated analysis of the p53 pathway regulation by miRNAs
Manuscrito em preparacao
Igor Araujo Vieira, Mariana Recamonde-Mendoza, Eduarda Heidrich Pezzi,

Gabriel de Souza Macedo, Patricia Ashton-Prolla
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8.1. Introducéao

A proteina p53, codificada pelo gene TP53, é um fator de transcricdo
amplamente conhecido, atuando na ativagcdo ou repressao transcricional direta
ou indireta de genes-alvo (Levine, 1989, 2020). Em resposta as diferentes formas
de estresse celular, p53 regula uma gama de genes envolvidos em suas funcdes
supressoras de tumor, bem como sua expressao e atividade sdo moduladas por
reguladores criticos que fazem parte da via de p53, tais como MDM2, MDM4 e
USP7 (HAUSP) (Beckerman e Prives, 2010; Brooks et al., 2007; Perry, 2010).
Além destes, os microRNAs (miRNAs), pequenos RNAs nédo codificantes de fita
simples (~23 nucleotideos de tamanho) que atuam como reguladores pés-
transcricionais da expressao génica, exercem um papel importante na regulacao
fina da atividade de p53 (Bartel, 2004; Hermeking, 2012).

A primeira rede de regulacdo de p53 por miRNAs, contendo dados de
interagéo entre um conjunto limitado de miRNAS e a regido 3'UTR dos transcritos
TP53 (mecanismo de regulacéo direta) e daqueles derivados de outros genes
inibidores da sua atividade (MDM2, MDM4, entre outros; mecanismo de
regulacao indireta), foi descrita por Hermeking em 2012. Essa rede apresentava
10 genes da via de p53 (incluindo TP53), 16 familias de miRNAs e 18 interacdes
miRNA-alvo comprovadas por diferentes ensaios funcionais (Hermeking, 2012).
Em 2017, dois estudos independentes forneceram uma atualizacdo do
conhecimento sobre o controle da expresséo da via de p53 por um namero maior
de miRNAs, focando em intera¢cdes validadas experimentalmente e reportadas
na literatura (Goeman et al., 2017; Liu et al., 2017). Desde entdo, nenhum estudo
com contribuicdo significativa acerca dessa rede de regulacdo tem sido
publicado. Por outro lado, o numero de miRNAs descritos em humanos tem
crescido significativamente nos ultimos anos. Em 2013, a principal base de
dados de miRNAs (miRBase, http://www.mirbase.org/) contabilizava 2578
diferentes miRNAs maduros em humanos (verséo 20.0), sendo que esse numero
aumentou para 2654 na sua ultima atualizacdo em 2018 (verséo 22.1). De modo
similar, também tem sido observado um aumento na quantidade de interagfes
miRNA-alvo preditas computacionalmente e validadas experimentalmente em

humanos (Kozomara e Griffiths-Jones, 2014; Kozomara et al., 2019). Nesse
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contexto, o objetivo do presente estudo foi atualizar a rede de miRNAs envolvida

na regulacéo da via de p53.

8.2. Metodologia

A rede atualizada foi gerada através da combinacédo de ferramentas de
bioinformética, bancos de dados publicos e descricbes anteriores na literatura
acerca dos tipos de interacdo gene-gene que compdem a via de p53 (regulacéo
positiva ou negativa). As interacdes miRNA-alvo validadas experimentalmente
foram coletadas dos bancos de dados mirTarBase release 6.1 (Chou et al., 2016)
e Tarbase v8.0 (Sethupathy et al., 2006), aplicando-se os seguintes filtros para
obtencdo de evidéncias experimentais de alta qualidade: (a) para dados do
mirTarBase, apenas interagdes classificadas como funcionais (“MTI”) foram
mantidas; e (b) para dados do Tarbase, as interacdes foram filtradas baseando-
se no resultado do experimento (apenas interagdes “positivas”), tipo de
associagao (apenas interagbes “diretas”) e tipo de regulacdo (apenas
“‘modulacao negativa/downregulation” do gene alvo pelo miRNA). Além disso, as
interacbes do TarBase comprovadas somente por experimentos considerados
como “evidéncias limitadas” (i.e., HITS-CLIP e PAR-CLIP) foram mantidas
apenas se o numero total de experimentos comprovando a interacao fosse 24.

Também foram coletadas interacdes a partir dos algoritmos de predicéo
TargetScan v7.1 (Agarwal et al.,, 2015) e miRanda-mirSVR (August 2010
Release) (Betel et al., 2010). A lista completa de interagdes miRNA-alvo preditas
por cada algoritmo foi filtrada usando scripts in-house na plataforma R para
extrair apenas interacdes entre miRNAs e genes-alvo da via de p53. Em seguida,
para controlar a taxa de falso-positivos, ambas listas (i.e., predicdes do
TargetScan e mirSVR) foram filtradas para manter apenas interagées com score
dentro do percentil 25% (mais fidedignas), e a interseccdo entre as predi¢cdes
resultantes foi adotada como o conjunto final de interagdes miRNA-alvo preditas.

Embora alguns miRNAs ndo tenham uma classificagdo em familia,
guando possivel, os miRNAs foram agrupados em familias de acordo com as
anotacdes do miRBase (versao 22.1) (Kozomara et al., 2019). Para a construcao
e visualizacao da rede foi utilizado o software Cytoscape version 3.7.2 (Shannon
et al., 2003).
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8.3. Resultados parciais e discussao preliminar

Um total de 238 interacdes miRNA-alvo com validag&o experimental e 473
interacdes derivadas de predicdo computacional foram extraidas a partir dos
diferentes bancos de dados e ferramentas utilizados (Figura 1). Conforme
mostrado na Figura 2, uma rede atualizada de regulacdo mediada por miRNAs,
centrada em p53 e seus interatores conhecidos, foi obtida contendo 26 genes
codificadores de proteinas envolvidas na via de p53, incluindo o proprio gene
TP53, e todas as interacdes miRNA-alvo validadas experimentalmente que

foram filtradas a partir das nossas analises (n= 238 interacdes).

A B C

Experimentally validated data Computationally predicted data Overlapping data sources

Predicted

Tarbase

Figura 1. Diagramas de Venn das interagBes miRNAs-alvo extraidas a partir dos bancos de
dados com validacdo experimental (A) e predigcdo computacional (B), bem como a sobreposicdo

dos dados das diferentes fontes (C). Figura da versdo do manuscrito em inglés.
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A partir de dados coletados na literatura (Goeman et al., 2017; Liu et al.,
2017), também foi gerada uma representacao atualizada do conjunto de miRNAs
cuja expressao € regulada por p53 em humanos (Figura 3a, pagina seguinte).
Ainda, foi construida uma rede simplificada (Figura 3B) contendo somente as
interacdes miRNAs-alvo preditas computacionalmente pelos dois algoritmos aqui
empregados (TargetScan e mirSVR) e que ndo apresentavam sobreposicdo com
os dados validados mostrados na Figura 2 (n= 52).

miR-34 consiste em uma familia de miRNAs que se destacou pelo seu
papel central na rede atualizada de regulacao da via de p53 por miRNAs gerada
neste estudo (Figura 2), bem como pela existéncia de estudos funcionais e
clinicos prévios demonstrando suas funcdes supressoras de tumor e sua
relevancia como potencial alvo terapéutico em cancer (Hong et al., 2020; Zhang
et al., 2019). Esta familia atua como um importante regulador positivo dos niveis
de expressédo e funcdo de p53 (Okada et al., 2014). A expressao de todos os
membros da familia miR-34 (miR-34a, -34b e -34c) pode ser induzida por p53
em resposta a estresse genotdxico, assim como alguns membros,
especialmente miR-34a, regulam negativamente a expressdo de inibidores
criticos da atividade de p53, tais como MDM4, SIRT1 e HDAC1 (Bommer et al.,
2007; He et al., 2007; Hermeking, 2012; Navarro e Lieberman, 2015).
Adicionalmente, estudos caso-controle em diferentes populacdes tém mostrado
gue SNPs funcionais localizados no gene codificador de miR-34a (rs35301225 e
rs72631823) e na unidade transcricional pri-miR-34b/c (rs4938723) estdo
associados com suscetibilidade a varios tipos de tumores, incluindo
osteossarcoma, carcinoma hepatocelular, canceres de tireoide, colon, préstata
e mama triplo-negativo (Hashemi et al., 2017, 2019; Heidari et al., 2019; Jiang et
al., 2017; Kalapanida et al., 2018; Lv et al., 2014; Wang et al., 2014; Xu et al.,
2011).

As proximas etapas a serem realizadas para concluséo deste estudo
serdo: (1) avaliar com uma maior profundidade todos os genes-alvo da familia
miR-34 validados experimentalmente e as vias biolégicas relacionadas,
independentemente de pertencerem a via de p53 ou ndo, através de uma
abordagem de biologia de sistemas e de analises de enriquecimento funcional
(KEGG Pathway Database); (2) investigar a conservacéao evolutiva da sequéncia

dos genes da familia miR-34 em diferentes espécies de mamiferos; e (3) mapear
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as variantes funcionais nesses genes (mMiRSNPs) que potencialmente afetam o

mecanismo de regulacédo indireta da expressao de p53.
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Capitulo IX — Discussao Geral
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A discussao especifica e completa referente aos resultados obtidos nos
diferentes estudos que compdem essa tese encontra-se em cada um dos
manuscritos e na secdo de Resultados adicionais (Capitulos IV-VIII). Neste
capitulo, dividido em duas partes conforme os objetivos gerais da tese, serdo
mencionados aspectos mais gerais referentes ao tema e comparacdes com
achados de estudos anteriores. Ainda, serdo abordadas perguntas e hipoteses
de pesquisa suscitadas pelos resultados encontrados, porém ndo discutidas

anteriormente.

9.1. Prevaléncia das variantes funcionais em TP53 rs121912664 (R337H,
éxon 10) e rs7837822 (3’UTR) em coortes de pacientes com diferentes tipos

de tumores

No Capitulo IV, a prevaléncia da variante fundadora patogénica TP53
p.(Arg337His) ou R337H foi determinada em amostras de adenocarcinoma de
pulmdo (DNA do tecido tumoral) obtidas de pacientes da regido Sul do Brasil,
sendo observada uma prevaléncia de portadores da variante consideravelmente
menor (1,2%) em comparagao com aquela reportada em estudos realizados nas
regides Sudeste e Central do Brasil (2,4 e 8,9%, respectivamente) (Barbosa et
al., 2020; Couto et al., 2017). Essa prevaléncia de R337H também é muito menor
quando comparada a maioria dos dados previamente descritos em coortes de
pacientes brasileiros diagnosticados com diferentes tipos de tumores e né&o
selecionados por histéria familiar de cancer. E importante ressaltar que, embora
em nosso estudo limitacdes na disponibilidade e condicbes das amostras de
DNA impediram a andalise por sequenciamento de nova geracao para
determinacdo das frequéncias do alelo variante R337H em alguns tumores
positivos para a variante inicialmente identificados pelos ensaios TagMan® (n=
7, analise somatica), provavelmente todos estes casos positivos sdo na verdade
germinativos, uma vez que existem evidéncias consistentes de que a ocorréncia
somatica desta variante € muito rara, sendo reportada como ausente ou proxima
de zero em diferentes bancos de dados publicos (COSMIC, 2020; IARC TP53
database, 2019).
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As prevaléncias mais altas de R337H tém sido descritas em coortes de
carcinoma adrenocortical nas regides Sul e Sudeste (90-97%), sendo que este
€ um tumor caracteristico (“core tumor”) da SLF e muitos portadores da variante
encontrados nestes estudos foram posteriormente identificados com outros
casos de cancer na familia (Mastellaro et al., 2018; Ribeiro et al., 2001).
Enquanto que prevaléncias menores dessa variante foram reportadas em dois
estudos recentes: (a) um estudo envolvendo casos de cancer de mama
caracterizados como esporadicos da regido Sul (2,36%, restrito ao estado do
Parand), sendo este o tipo de tumor mais frequente em familias SLF (Mathias et
al., 2020); e (b) o nosso estudo incluindo casos de adenocarcinoma de pulméao
da regido Sul (1,2%, abrangendo todos os estados da regido). Em conjunto,
esses achados corroboram o fato de que esta € uma variante fundadora que
contribui para uma parcela significativa dos casos de cancer no Brasil,
principalmente nas regides Sul e Sudeste. Além disso, eles sugerem que a
frequéncia de portadores pode ser menor em coortes de pacientes nao
selecionados diagnosticados com tumores n&o-centrais do espectro da SLF
(conforme observado em nosso estudo de adenocarcinoma de pulméo) ou com
tumores sabidamente esporadicos (casos selecionados pela auséncia de histéria
familiar de cancer), ainda que sejam tipos de tumores comumente encontrados
em familias SLF (exemplo do estudo com céncer de mama esporadico no
Parand) (Mathias et al., 2020).

Por outro lado, tem sido reportado que portadores de R337H tendem a
apresentar um padréo de ocorréncia de cancer ao longo da vida marcado pela
presenca de dois picos de idade ao diagndstico, um na infancia e outro na fase
adulta avancada, sendo este segundo pico caracterizado pelo desenvolvimento
de varios tipos tumorais, incluindo tumores nédo-centrais da SLF, tais como
tumores gastrointestinais, de prostata e pulmao (Mastellaro et al., 2017). Sendo
assim, mostra-se relevante que investigacdes futuras avaliem a prevaléncia
desta variante em coortes de pacientes brasileiros com tumores gastrointestinais
(estdbmago, intestino e colorretal) e de préstata ndo selecionados pela idade ao
diagnéstico e historia familiar de cancer, ou sabidamente esporadicos.

No Capitulo V, uma prevaléncia germinativa ou somatica baixa (<1%) de
portadores da variante do sinal de poliadenilacdo (PAS) de TP53 (rs78378222

A>C) foi encontrada em coortes de pacientes com adenocarcinomas de pulmao
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e prostata e leiomioma uterino, provenientes da regido Sul do Brasil. Esse
achado é similar a frequéncia de portadores da variante identificada no grupo
controle de um estudo anterior do nosso grupo (1%), composto por mulheres da
mesma regido do pais sem histéria pessoal e familiar de cancer, previamente
submetidas a um programa de rastreamento mamografico e que né&o
apresentavam nenhuma evidéncia e/ou suspeita clinica de cancer de mama
(Macedo et al., 2016). Nesse sentido, a estimativa de frequéncia dessa variante
funcional em controles da regido ainda necessita de uma amostragem mais
robusta e com distribuicdo proporcional entre ambos os sexos. Curiosamente,
até o momento, na populacdo brasileira, a maior frequéncia de portadores da
variante rs78378222 (5,4%) foi detectada nesse mesmo estudo em um grupo de
pacientes com fenétipo clinico da SLF sem variantes germinativas patogénicas
identificadas nas regifes codificantes de TP53. Todos os pacientes SLF
portadores da variante em questéo apresentavam diagndstico prévio de tumores
centrais da sindrome (Macedo et al.,, 2016). Em populacdes europeias,
rs78378222[C] apresenta uma frequéncia elevada (~2-4%) em coortes de
pacientes com varios tipos de tumores sélidos, incluindo sarcomas, glioma e
neuroblastoma (tumores cerebrais), sendo descrita como um alelo de risco para
estes tumores (Deng et al., 2019; Diskin et al., 2014; Di Giovannantonio et al.,
2021; Stacey et al., 2011). No entanto, existe uma escassez de dados sobre a
frequéncia e o impacto da variante em tumores hematologicos, havendo apenas
uma descricdo em um subtipo especifico de linfoma, no qual a frequéncia de
portadores foi de 1,5% (Li et al., 2013). Nesse contexto, torna-se interessante
avaliar a prevaléncia dessa variante do PAS de TP53 em um maior nimero de
individuos controles e em coortes de pacientes brasileiros com sarcomas,
carcinoma adrenocortical e tumores cerebrais (tumores caracteristicos da SLF),
nao selecionados pela histéria familiar de cancer, bem como em pacientes de
diferentes populagbes diagnosticados com neoplasias hematologicas
(leucemias, linfomas e mieloma multiplo).

Além disso, é importante salientar que a variante funcional TP53
rs78378222 esta localizada na 3’'UTR, uma regido ndo-codificante do gene
frequentemente negligenciada na rotina de diagnéstico molecular (Diederichs et
al., 2016; IARC, 2014; Li et al., 2013). Poucos estudos incluem a analise

completa dessa regidao nos protocolos de sequenciamento. Um exemplo que se
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destaca é o estudo citado anteriormente de Li e colaboradores (2013), no qual
demonstrou-se que as variacdes de sequéncia na 3'UTR de TP53 podem
apresentar valor prognéstico em pacientes com neoplasias hematoldgicas,
especificamente em casos de linfoma. Atualmente, o diagnéstico molecular de
pacientes que preenchem critérios clinicos para SLF concentra-se
principalmente no rastreamento de VGP nos éxons 2-11 e nas juncdes éxon-
intron de TP53 (Leroy et al., 2017). Considerando os achados anteriores do
nosso grupo acerca do papel dessa variante na SLF (Macedo et al., 2016), torna-
se relevante mapear as variantes na 3'UTR de TP53 em uma série de casos
preenchendo critérios clinicos para SLF com e sem VGP identificadas nas
regides classicamente analisadas do gene, visando identificar variagdes de
sequéncia com impacto funcional em sitios para ligacdo de miRNAs e/ou

elementos regulatérios de poliadenilacao.

9.2. Estudos de modificadores de fenétipo da SLF e daregulacédo da via de
p53 por miRNAs

A penetrancia de VGP em TP53 é variavel, dependendo tanto da
localizagao e tipo da variante (variantes com efeito dominante negativo sendo
associadas com um alto risco de cancer) quanto de fatores que modificam a
funcdo de p53mut (genéticos, epigenéticos e/ou ambientais), o que justifica a
grande diversidade inter- e intrafamilial das manifestacées clinicas na SLF
(Amadou et al., 2018; Bougeard et al., 2008; Frebourg et al., 2020). Em especial,
individuos brasileiros portadores da variante germinativa fundadora TP53
R337H, que apresenta penetrancia reduzida, apresentam uma heterogeneidade
clinica marcante, sugerindo que alteracfes genéticas e/ou epigenéticas em
genes modificadores possam desempenhar um papel importante na modulagéo
do fendtipo destes individuos (Achatz e Zambetti, 2016; Achatz et al., 2007; Pinto
e Zambetti, 2020).

Em 2015, analises de sequenciamento de exoma e genoma completo em
tumores adrenocorticais pediatricos positivos para a variante fundadora R337H
mostraram que todos estes casos compartilhavam uma sequéncia idéntica do
gene TP53 (localizagdo cromossdmica: 17pl13.1), contendo o alelo né&o-

duplicado para o polimorfismo PIN3 (alelo Al, rs17878362) e o alelo que codifica

152



0 aminoacido arginina no codon 72 (SNP p.Pro72Arg, rs1042522) (Pinto et al.,
2015). Mais recentemente, 0 mesmo grupo de pesquisa que conduziu essas
andlises também identificou haplotipos estendidos (incluindo uma regido mais
abrangente no braco curto do cromossomo 17) e divergentes entre portadores
de R337H. Foi verificado que a maioria dos individuos brasileiros apresentando
esse alelo fundador (~70-80%) também eram portadores de uma variante
germinativa sem sentido (nonsense) no gene supressor de tumor XAF1
(E134*/Glul34Ter/rs146752602), a qual possui uma frequéncia alélica na
populacao geral brasileira estimada em 0,4%. Este estudo incluiu a maior coorte
de individuos positivos para R337H estudada até o momento, e o seu principal
achado consistiu em observar que a cosegregacéo dos alelos mutantes XAF1
E134* e TP53 R337H contribui para um fenotipo de cancer mais agressivo do
que a presenca do alelo R337H sozinho, conferindo um risco significativamente
aumentado para desenvolvimento de sarcoma e de outros tumores
subsequentes ao longo da vida. Sendo assim, a variante XAF1l E134* se
destacou pela atuagcdo como um modificador de fenétipo com o maior tamanho
de efeito ja descrito em portadores da variante TP53 R337H, especificamente
associado com o risco de cancer, os padrdes de tipos tumorais exibidos e o
namero de tumores primarios diagnosticados nestes pacientes (Pinto et al.,
2020).

Nesse contexto, outros fatores genéticos que podem modificar a funcao
de p53mut tém sido explorados em estudos recentes, tais como SNPs em genes
codificadores de miRNAs (miRSNPs) que atuam como reguladores diretos e
indiretos da expresséo de p53 (Hermeking, 2012; Id Said e Malkin, 2015; Liu et
al., 2017). Sabe-se que a presenca de miRSNPs funcionais localizados em
regides regulatorias dos genes de miRNAs pode alterar a expressao dos miRNAs
maduros correspondentes e, subsequentemente, afetar a expressdao de
centenas de genes-alvo envolvidos em uma variedade de fungdes biologicas
(Ryan, 2017; Ryan et al., 2010).

Em relacdo aos dois estudos de modificadores de fenétipo da SLF que
fazem parte desta tese, focamos na analise de miRSNPs relacionados a duas
familias de miRNAs que atuam como reguladores indiretos da atividade de p53:
(a) miR-605 (Capitulo VI), baseando-se em um estudo anterior que avaliou um

mMiRSNP funcional na sequéncia desse miRNA em familias SLF canadenses (ld
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Said e Malkin, 2015); e (b) miR-34 (Capitulo VII), selecionada a partir de
evidéncias funcionais na literatura e da identificacdo do seu papel central como
reguladora positiva de p53 na rede atualizada (regulacédo de p53 por miRNAS)
obtida no Capitulo VIII. Ademais, € importante enfatizar que um dos principais
aspectos positivos dos nossos estudos de modificadores de fendtipo consiste na
homogeneidade do background genético dos casos analisados, uma vez que a
maioria dos pacientes SLF eram portadores da mesma alteragcdo fundadora
patogénica em TP53 (R337H). Ambos os estudos foram os primeiros a explorar
o papel de miRSNPs como potenciais modificadores de fendtipo em pacientes
com essa variante fundadora brasileira.

No Capitulo VI, investigamos o papel do Unico miRSNP anteriormente
estudado como potencial modificador de fenétipo da SLF: MIR605 rs2043556
(A>G) (Id Said e Malkin, 2015). Trata-se de uma variante comum (MAF= 0,25)
gue diminui em cerca de 3 vezes a eficiéncia de processamento de miR-605, um
MIiRNA que, em resposta a diferentes tipos de estresse celular, tais como dano
ao DNA e ativacdo de oncogenes, forma uma alca de feedback positivo
juntamente com p53 e MDM2 (Id Said e Malkin, 2015; Xiao et al., 2011).
Previamente descrito como um alelo de risco para diferentes tipos de cancer (Hu
et al., 2014; Mw et al., 2012), em um estudo realizado na populacdo canadense,
o alelo variante rs2043556[G] foi associado com uma aceleragao de 10 anos na
média de idade de manifestacdo do primeiro tumor em familias SLF portadoras
de VGP no DBD de p53 (Id Said e Malkin, 2015). Em nosso estudo envolvendo
individuos brasileiros portadores da variante fundadora TP53 R337H, esse
mMiRSNP apresentou um efeito modificador em outro tipo de manifestacao clinica:
0 genotipo rs2043556[G/G] foi associado com o desenvolvimento de multiplos
tumores primarios nestes individuos.

No Capitulo VII, além do SNP funcional de superexpressdo de KRAS
(rs61764370) que ndo apresentou associacdo com nenhuma variavel clinica
analisada (Chin et al., 2008), avaliamos o miRSNP funcional pri-miR-34b/c
rs4938723 (T>C) como um potencial modificador de fenétipo da SLF. O alelo
variante rs4938723[C] est4d localizado na regido promotora de um gene
pertencente a familia miR-34 (discutida em maiores detalhes no paragrafo a
seguir), sendo que a sua presenca aumenta a atividade transcricional desse

promotor ao criar um sitio de ligacéo para o fator de transcricdo GATA-X, levando
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a maiores niveis de expressao de miR-34b/c maduro (Tong et al., 2016; Xu et
al., 2011; Yu, 2017). Dentre os principais achados do nosso estudo, verificou-se
que o genatipo rs4938723[C/C] foi associado com o desenvolvimento de tumores
nao-centrais da SLF (primeiro tipo de tumor diagnosticado) em portadores da
variante R337H, tais como neoplasias de tireoide e prostata. Estudos prévios
descreveram rs4938723[C] como um alelo de risco para estes mesmos tipos
tumorais, porém em uma ocorréncia esporadica (Chen et al., 2015; Hashemi et
al., 2017, 2019; Heidari et al., 2019). Ao nosso conhecimento, esse é o primeiro
estudo a reportar uma associacdo significativa entre uma variante funcional
comum (MAF= 0,33) situada em uma sequéncia génica de pri-miRNA e os tipos
de tumores diagnosticados em portadores de R337H.

No Capitulo VIII, as estratégias de bioinformatica empregadas, aliadas a
busca de dados funcionais e clinicos na literatura, demonstraram ser adequadas
para a construcao e interpretacdo de uma rede atualizada envolvendo genes da
via de p53 e a regulagao por miRNAs. Nessa rede, miR-34 destacou-se como
uma familia de miRNAs supressora de tumor, cuja transcricdo € diretamente
induzida por p53 em resposta a estresse genotoxico, atuando para promover a
parada de ciclo celular ou apoptose (Navarro e Lieberman, 2015). Essa familia
compreende trés miRNAs processados que séo codificados por dois miRNAs
primérios diferentes: miR-34a é codificado pelo seu préprio transcrito derivado
do gene MIR34A, enquanto miR-34b e miR-34c compartilham um transcrito
primario comum (pri-miR-34b/c). As regides promotoras de ambos 0s transcritos
contém sitios de ligacdo para p53 (Bommer et al., 2007; He et al., 2007). miR-
34a apresenta um efeito positivo na estabilidade e atividade de p53 ao modular
negativamente a expressao de genes reguladores negativos dessa proteina
(Okada et al., 2014). Curiosamente, estudos pré-clinicos e ensaios clinicos de
fase | recentes tem testado uma nova estratégia para tratamento de pacientes
com tumores solidos em estagio avancado baseada na reposicdo de miR-34,
utilizando a droga lipossdmica MRX34. Essa droga é constituida por moléculas
gue mimetizam a estrutura e fungdo de miR-34, demonstrando sua importancia
como potencial alvo terapéutico (Beg et al., 2017; Hong et al., 2020; Zhang et al.,
2019).

Por outro lado, uma analise integrativa de dados epigenéticos indicou que

a familia miR-34 é comumente silenciada por metilacdo de DNA em muitos tipos
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tumorais (Strmsek e Kunej, 2014). Em concordancia com este achado,
recentemente, andlises globais de metilacdo no genoma de pacientes SLF
oriundos de diferentes populacdes e portadores de diferentes VGP em TP53,
utilizando amostras de DNA extraido tanto de sangue periférico quanto de tecido
tumoral, identificaram uma desregulacéo epigenética no gene que codifica miR-
34a (MIR34A). Na linhagem germinativa foi detectada uma hipometilacdo no
promotor de MIR34A em pacientes LFS positivos para VGP em TP53, quando
comparados aos controles sem mutagdo, enquanto 0 mesmo promotor foi
inativado por hipermetilacdo em tumores primarios de casos SLF. Essa
hipermetilacdo de MIR34A em tecido tumoral foi associada com uma diminuicdo
na sobrevida global em uma coorte de pacientes com carcinoma de plexo
coroide, tumor caracteristico da sindrome (Samuel et al., 2016). Sendo assim,
torna-se pertinente aplicar as mesmas metodologias para analise germinativa e
somatica dos niveis de metilacdo no promotor de MIR34A em pacientes SLF com
VGP identificadas em TP53 provenientes da regidao Sul do Brasil, bem como
avaliar o impacto dessas alteracfes epigenéticas nos desfechos clinicos destes
pacientes.

Embora os estudos de modificadores de fen6tipo da SLF que compdem
essa tese tenham focado nas familias miR-605 e miR-34, é importante destacar
que a rede atualizada apresentada no Capitulo VIII nos permitiu a identificacéo
de outros genes candidatos de miRNAs com variantes funcionais previamente
descritas em associacdo com cancer, como, por exemplo, pri-miR-124-1
rs531564 (G>C). O miRNA miR-124-1 (ou miR-124-3p) foi apontado como um
dos reguladores indiretos de p53, apresentando interacées experimentalmente
validadas com os transcritos associados a SIRT1 e PI3K, duas proteinas
inibidoras da atividade de p53. Ensaios funcionais mostraram que o alelo
variante pri-miR-124-1 rs531564[C], localizado na regido do gene codificador de
miR-124-1 contendo a sequéncia do transcrito primario (pri-miRNA), quando em
heterozigose, altera a estrutura secundaria do pri-miRNA e leva a maiores niveis
de expressdo do miRNA maduro (Li et al., 2017; Qi et al., 2012). Esse miRSNP
ja foi descrito como um fator de risco ou protecdo para alguns tipos de
neoplasias, incluindo tumores gastricos, de esdfago e cérvice uterina (Chuanyin
et al., 2017; Mirnoori et al., 2018; Zhang et al., 2014).
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Além disso, o panorama atual de entendimento dos modificadores de
fendtipo da SLF ainda carece de uma visdo mais ampla acerca do papel dos
MiRNAs. Nesse sentido, seria interessante estudar SNPs em genes envolvidos
na magquinaria de biogénese e processamento de miRNAs, uma vez que esses
genes regulam os niveis globais de expressdo dos miRNAs na célula (Lin e
Gregory, 2015; Ryan et al., 2010). Algumas variantes funcionais encontradas
nesses genes tém sido associadas com risco a tumores caracteristicos da SLF
e/ou cancer em geral, tais como DICER1 rs1057035, DROSHA rs78393591 e
DGCRS8 rs417309 (He et al., 2016; Qian et al., 2016; Wen et al., 2018). Essa
analise torna-se ainda mais relevante pelo fato de que p53wt e p53mut séo
capazes de regular a transcricdo de genes associados a essa maquinaria
proteica, tais como p68 (DDX5) e AGO2 (Lin e Gregory, 2015; Liu et al., 2017).

Por fim, a influéncia de diferentes combinacdes de polimorfismos
modificadores de fenotipo, em especial aqueles previamente associados com
manifestacbes clinicas na SLF (TP53 rs1042522 [p.Pro72Arg] e rs17878362
[PIN3], MDM2 rs2279744 [SNP309], MIR605 rs2043556, e XAF1 rs146752602),
provavelmente contribui de maneira significativa para o amplo espectro de
diferentes suscetibilidades que caracterizam a doenca (Bougeard et al., 2015;
Malkin, 2011). Com a finalidade de estimar o “tamanho do efeito” de cada uma
dessas combinacfes, sera necessario, em um primeiro momento, explorarmos
o efeito de interacdes SNP-SNP no padrdo das manifestacbes clinicas
observadas em pacientes SLF. Em um passo seguinte, seria muito interessante
a possibilidade de elaboracdo e validacdo de um score poligénico para efeito
modificador de fen6tipo na sindrome, especialmente no caso dos portadores da
variante fundadora TP53 R337H que apresentam grande variabilidade
fenotipica. Portanto, a identificacdo de biomarcadores Uuteis para o
monitoramento clinico futuro de pacientes SLF exigirA uma compreensdo mais

profunda e completa de todos os eventos modificadores da funcdo de p53.
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Capitulo X — Conclusdes e Perspectivas

158



b)

d)

Considerando os objetivos do presente estudo e 0s respectivos

resultados encontrados, € possivel concluir que:

A prevaléncia de portadores da variante patogénica TP53 p.(Arg337His),
também conhecida como R337H, em amostras de adenocarcinoma de pulméo
(andlise somatica) de pacientes diagnosticados na regiao Sul do Brasil € maior
do que aquela reportada na populacdo geral (1,2 vs. ~0,3%), porém é
consideravelmente menor que as prevaléncias descritas anteriormente em
séries de casos das regides Sudeste (SP) e Central (MG) do Brasil, sugerindo

gue podem existir variacdes regionais na frequéncia desta variante fundadora;

Considerando a variabilidade observada até o momento, bem como a auséncia
de grandes estudos para determinacéo da prevaléncia em diferentes regides do
Brasil e de andlises detalhadas de custo-efetividade, atualmente, ndo seria
justificavel uma recomendacao geral de testagem da VGP TP53 R337H em

todos os pacientes brasileiros com adenocarcinoma de pulmé&o;

A prevaléncia de portadores da variante germinativa do PAS de TP53
(rs78378222) € baixa em coortes de pacientes diagnosticados com
adenocarcinoma de pulmao (analise somatica), adenocarcinoma de préstata e
hiperplasia prostatica benigna (analise germinativa) provenientes da regido Sul
do Brasil, variando de 0,6 a 1,02%; além disso, o alelo variante rs78378222[C]
nao foi identificado em nenhuma das pacientes da pequena série de casos de

leiomioma uterino analisada (n=41);

Os achados de prevaléncia da variante rs78378222 obtidos em nosso estudo
sugerem que essa alteracdo de sequéncia funcional em TP53 ndo parece
desempenhar um papel determinante na ocorréncia dos tipos tumorais aqui

analisados na populacéo do Sul do Brasil;

A utilizacdo de ferramentas de bioinformatica e bancos de dados publicos,
juntamente com a busca por evidéncias funcionais e clinicas na literatura,
demonstrou ser uma estratégia adequada para a elaboracdo de uma rede

atualizada de regulacéo da via de p53 por miRNAs, sendo gerada em nosso
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9)

h)

)

estudo uma rede contendo 26 genes da via, incluindo o préprio gene TP53, e

238 interacdes miRNA-alvo validadas experimentalmente;

Nessa rede atualizada envolvendo a regulagédo dos genes da via de p53 por
mMiRNAs, a familia miR-34 apresentou um papel central como reguladora positiva
da atividade de p53, através da modulacdo negativa da expressao de varias
proteinas inibidoras de p53, tais como MDM4, SIRT1 e HDACL, o que corroborou
descricdes prévias em ensaios funcionais e clinicos de que esta familia de

mMiRNAs é uma importante mediadora de atividades supressoras de tumor;

Os alelos variantes dos dois miIRSNPs selecionados para os estudos de
modificadores de fenétipo na SLF, MIR605 rs2043556[G] e pri-miR-34b/c
rs4938723[C], apresentaram frequéncias similarmente elevadas em nosso grupo
de portadores da variante fundadora TP53 R337H das regifes Sul e Sudeste do
Brasil (MAF= 0,36 e 0,35, respectivamente), enquanto o alelo variante para o
SNP funcional KRAS rs61764370 (T>G) apresentou uma frequéncia menor no
mesmo grupo de pacientes (MAF rs61764370[G]= 0,07);

O gendtipo rs2043556[G/G] para o miRSNP localizado no gene MIR605 esta
significativamente associado com o diagnéstico de multiplos tumores primarios
em individuos brasileiros portadores da variante fundadora TP53 R337H

oriundos das mesmas regides do pais;

O genotipo pri-miR-34b/c rs4938723[C/C] consiste em um potencial modificador
de fendtipo relacionado ao tipo de tumor diagnosticado em pacientes SLF
positivos para a variante fundadora TP53 R337H, especificamente associado
com o desenvolvimento de tumores nao-centrais ou atipicos da sindrome

(tumores de tireoide, prostata e gastrointestinais) nesse grupo de pacientes;

O alelo variante KRAS rs61764370[G] ndo esta associado com nenhuma das
manifestagbes clinicas analisadas em portadores da variante fundadora
brasileira TP53 R337H, sugerindo que o mesmo ndo apresente um efeito
modificador de fendtipo na SLF;
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k)

b)

d)

Nossos achados acerca do papel dos miRSNPs relacionados as familias miR-
605 e miR-34 no contexto da SLF mostram a importancia da analise de genes
de miRNAs que regulam indiretamente os niveis de expressao e funcao de p53
como potenciais modificadores de fenétipo da doenca.

Como perspectivas e sugestdes de analises adicionais destacamos as

seguintes:

Determinar a prevaléncia da variante fundadora patogénica TP53 R337H em
coortes de pacientes diagnosticados com tumores gastrointestinais e
adenocarcinoma de préstata, aparentemente ndo selecionados pela idade ao
diagnéstico do tumor e presenca de histéria familiar de cancer, provenientes das

regides Sul e Sudeste do Brasil;

Investigar a prevaléncia da variante germinativa rara do PAS de TP53 (3’'UTR
rs78378222) em pacientes com diferentes tipos de neoplasias hematoldgicas
(leucemias, linfomas e mieloma multiplo) provenientes do Sul e Sudeste do

Brasil;

Determinar a prevaléncia da variante funcional TP53 rs78378222 em coortes de
pacientes com tumores centrais do espectro da SLF (sarcomas, carcinoma
adrenocortical e tumores cerebrais), ndo selecionados pela idade ao diagnostico

e historia familiar de cancer e provenientes das mesmas regifes do Brasil;

Ampliar o niumero amostral de probandos SLF incluidos em nossos estudos de
modificadores de fenoétipo, através de colaboracdes com grupos de pesquisa de
outras regides do Brasil e do exterior, em especial o grupo de portadores de
variantes no DBD de p53 (h= 5 a 6 pacientes nos estudos que compdem esta
tese - Capitulos VI e VII);

Realizar analises de enriquecimento funcional utilizando o banco de dados Kyoto
Encyclopedia of Genes and Genomes (KEGG Pathway Database) para
investigar a totalidade das vias biolégicas reguladas pelas familias de miRNAs

gue compdem a rede atualizada da via de p53 e miRNAs (Capitulo VIII);
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f)

Investigar o papel de outros miIRSNPs em genes de miRNAs reguladores da
atividade de p53, como potenciais modificadores de fenétipo da SLF, tais como
as variantes funcionais pri-miR-124-1 rs531564, MIR34A rs35301225 e pre-miR-
34ars72631823, localizadas em genes de miRNAs que atuam como reguladores
indiretos de p53, identificados a partir da nossa rede atualizada de regulacao de
p53 por mMiRNAs (Capitulo VIII);

g) Avaliar o papel de SNPs funcionais em genes da maquinaria de biogénese e

h)

)

processamento de miRNAs, previamente associados com risco de tumores
caracteristicos da SLF e/ou cancer em geral (DICER1 rs1057035, DROSHA
rs78393591 e DGCRS8 rs417309, por exemplo), como potenciais modificadores
de fendtipo da SLF;

Explorar o efeito de interacdes SNP-SNP em diferentes variaveis clinicas na
mesma coorte de portadores da variante fundadora R337H analisada nos artigos
3 e 4 (Capitulos VI e VII), selecionando para esta analise de interacdo apenas
pacientes genotipados para todos os SNPs recentemente avaliados pelo nosso
grupo (MIR605 rs2043556, pri-miR34b-c rs4938723 e KRAS rs61764370);

Desenvolver um score poligénico para efeito modificador de fenétipo na SLF,
constituido somente por variantes funcionais previamente associadas com
manifestacdes clinicas da SLF, tais como TP53 rs1042522 (p.Pro72Arg), TP53
rs17878362 (PIN3), MDM2 rs2279744 (SNP309), MIR605 rs2043556, XAF1
rs146752602 e pri-miR34b-c rs4938723, e especialmente destinado aos
portadores da variante fundadora TP53 R337H;

Avaliar os niveis de metilagdo no promotor do gene MIR34A, tanto na linhagem
germinativa quanto em tecido tumoral (tumor primario), em pacientes SLF com
diferentes VGP em TP53 provenientes da regido Sul do Brasil, a fim de investigar
se alteracbBes epigenéticas nesse gene podem atuar como modificadores de

fendtipo adicionais da sindrome;
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k) Analisar os dados de expresséo e de metilacdo dos genes da familia miR-34 em

amostras de tecido tumoral incluidas no banco de dados do TCGA (The Cancer

Genome Atlas), focando nos tipos de tumores centrais da SLF;

Caracterizar as variagdes de sequéncia germinativas na regidao 3’'UTR de TP53
em pacientes com fendtipo clinico da SLF com e sem VGP identificada nas
regides codificantes e jungbes éxon-intron do gene, visando a identificacdo de
variantes patogénicas, funcionais e/ou com potencial efeito modificador de
fendtipo que alterem elementos de sequéncia regulatorios (sitios para ligacao de

MiRNAs e sequéncias regulatérias de poliadenilacao);

m) Desenvolver e validar um painel-piloto de sequenciamento de nova geracgéo para

analise das regides 3'UTR de diferentes genes associados com sindromes de
cancer hereditario (SCH) altamente prevalentes na nossa populacdo (NF1,
BRCAL, BRCA2, TP53, genes do sistema de Mismatch Repair, entre outros),
direcionado principalmente para pacientes e/ou familias que preenchem critérios
clinicos para determinada SCH, mas ndo apresentam alteracdes patogénicas
detectadas nas regides codificantes e juncBes éxon-intron dos genes

associados.
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g. Macedo GS, Vieira IA, Vianna FSL, Alemar B, Giacomazzi J, Brandalize APC,
Caleffi M, Volc SM, de Campos Reis Galvao H, Palmero El, Achatz MI, Ashton-
Prolla P. p53 signaling pathway polymorphisms, cancer risk and tumor phenotype
in TP53 R337H mutation carriers. Fam Cancer. 2018; 17(2):269-274. doi:
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12.2. Artigos em preparacdo ou aceitos no periodo do doutoramento

Em colaboracdo com pesquisadores do nosso grupo de pesquisa e de

outros grupos:

a. Julia A. Gomes, Igor A. Vieira, Eduarda Sgarioni, Ana Claudia P. Tercas-
Tretell, Juliana H. da Silva, Bethénia F. R. Ribeiro, Marcial F. Galera, Thalita M.
de Oliveira, Maria Denise F. Carvalho de Andrade, Isabella F. Carvalho, Lavinia
Schiler-Faccini, Fernanda S. L. Vianna. “A polymorphism (rs531564) in the gene
encoding miR-124 may contribute to the occurrence of Congenital Zika

Syndrome”. Artigo em preparagdo. 2021.

b. Bruno S. Correa, Igor A. Vieira, Tiago F. Andreis, Guilherme D. Viola, Patricia
Ashton-Prolla, Gabriel S. Macedo. “Reclassification of missense BRCAL variants
associated with hereditary breast and ovarian cancer using Sherloc and ACMG-
AMP classification criteria”. Artigo em preparacao. 2021.

c. Camila M. Bittar, Yasminne M. A. Rocha, Igor A. Vieira, Clévia Rosset, Tiago
F. Andreis, Ivaine T. S. Sartor, Osvaldo Artigalas, Cristina B. O. Netto, Barbara
Alemar, Gabriel S. Macedo, Patricia Ashton-Prolla. “Clinical and molecular
characterization of patients fulfilling Chompret criteria for Li-Fraumeni Syndrome
in Southern Brazil”. Artigo aceito (PLOS One). 2021.
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13.1. Premiacdo na 402 Semana Cientifica do HCPA
Apresentacao Oral Destaque do dia em 09/11 — ano de 2020

B - = AEEEEENNE s

& %8 Semana aat
A0 % CIENTIFICA

&> do HCPA

Certificamos que o trabalho REDE DE MIRNAS ENVOLVIDA NA REGULM;AO DA VIA DE P53 E ANALISE DE MIRSNPS COMO
POTENCIAIS MODIFICADORES DE FENOTIPO NA SINDROME DE LI-FRAUMENI de autoria de IGOR ARAUJO VIEIRA e coautoria
EDUARDA HEIDRICH PEZZI; MARIANA RECAMONDE-MENDONZA; LARISSA BRUSSA REIS; MARINA SIEBERT; MARIA NIRVANA
FORMIGA; DIRCE MARIA CARRARO; EDENIR INEZ PALMERO; GABRIEL DE SOUZA MACEDO; PATRICIA ASHTON PROLLA, foi
escolhido Destaque do Dia 9 de novembro, durante a 402 Semana Cientifica do HCPA, realizada no formato digital, no periodo
de 9 de novembro a 13 de novembro de 2020.

Ll M gﬂc
Profs, Nad|ne Oliveira Clausell Prof*. Patridia Ashton-Prolla
Divetora-fresidtnte do Hospital de Clinkos Coarderadora do GG

%% CLINICAS
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13.2. Prémio de produtividade do PPGBM-UFRGS

1° Lugar na categoria Doutorado — ano de 2019

& S===I

UFRGS  CERTIFICADO  ioeaa

UNIVERSIDADE FEDERAL prokisaca
DO RIO GRANDE DO SUL fui;«mmu e Bologia

Certificamos que Igor Araujo Vieira recebeu o |° lugar no prémio de Aluno com
Maior Produtividade no ano de 2019 (Area Humana/Médica - Nivel Doutorado), concedido
pelo Programa de Pés-Graduagio em Genética e Biologia Molecular (PPGBM) da
Universidade Federal do Rio Grande do Sul (UFRGS).

Porto Alegre, 06 de janeiro de 2020.

/
/ ./Vh
Prof. Dr. Thalés Renato torena de Freitas Elmo

Coordenador PPGBM-UFRGS Coord.

ir’Antunes Cardoso
inistrativo PPGBM-UFRGS
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13.3. Premiacédo na 382 Semana Cientifica do HCPA
Poster Destaque do dia em 22/10 — ano de 2018
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13.4. Cartas de aprovacao dos projetos de pesquisa
13.4.1. Investigacdo das variantes funcionais de TP53 em casos de

adenocarcinomas de pulmao e prdstata e leiomioma uterino

UFRGS - HOSPITAL DE
CLINICAS DE PORTO ALEGRE 'Wa il -
DA UNIVERSIDADE FEDERAL

PARECER CONSUBSTANCIADO DO CEP
DADOS DA EMENDA

Titulo da Pesquisa:A‘JALl.ﬂx{;.aD DO PERFIL MOLECULAR DE PACIENTES BRASILEIROS
DIAGHOSTICADOS COM ADENOCARCINCMA DE PULMAC

Pesquizsador: Gabngl de Souza Macedo

Area Tematica: Genatica Humana:
(Trata-se de pesquisa envolvendo Genética Humana gue ndo necessita de analise
ética por parte da COMNER;);

Versdo: 3

CAAE: 83557418.5.0000.5327

Instituigio Proponente: Hospital de Clinicas de Porto Alegre
Patrocinador Principal: Hospital de Clinicas de Porto Alegre

DADOS DO PARECER

Mimero do Parecer: 2.730.011

Apresentagio do Projeto:

A5 neoplasias de traqueia, bronquios e pulmao s&o os tipos de céncer que mais causam mortes no munda,
levando a cada ano aproximadamente 1,7 milhdes de pessoas a obito. Estima-se que em 10 anos o ndmero
de casos cresceu 29%, com 2 milhdes estimades somente em 2015. Neoplasias pulmonares sdo divididas
em dois grandes grupos: céncer de pulméo de células peguenas (CPCP) e cdncer de pulmao de
naopeguenas células (CPNPC), este dltimo responsavel por 85% dos casos. Apesar dos avangos em
tratamentos nos Oltimos anos, & taxa relativa de sobrevida de 5 anos & de apenas 15% para pacientes
diagnosticados com CPMPC. Marcadores moleculares surgiram como uma nova femamenta para auxiliar na
terapéutica do céncer de pulmao, a qual baseia-se nas caracteristicas histologicas e genéticas dos tumores.
Por exemplo, delegfes do éxon 19 & a substituigio LBSER do &xon 21 no gene EGFR estio associadas a
altas taxas de resposta no tratamento com inibidores de tirosina quinase (ITQs). Ja fustes de ALK eROS1
apresentam uma taxa de resposta de 72% ao tratamento com crizotinibe. Recentemente foi aprovado um
novo tratamento imunoterapico chamado de pembrolizumabe, droga recomendada para CPNPC que
expreszam altos niveiz da proteina PD-L1. Mo entanto, uma resposta satisfatdria com o uso de um (nico
agente anti-PD-1/PD-L1 tem variado de 10% - 45% em pacientes positivos para este

biomarcador. Outras mutagdes que conferem resisténcia aos tratamentos com ITQs envolvem
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decisdes, identificaco a potencias novos mecanismos associados a sensibilidade ou resisténcia a
tratamentos, melhorando, as=im, a reposta terapéutica e guiando novas politicas piblicas para o tratamento
desta neoplasia. Ressaltamos gue ndo

ha beneficios diretos aos pacientes, apenas indiretos.

Comentarios e Consideragies sobre a Pesquisa:

Trata-=e de emenda ao projeto com a seguinte justificativa:

(1) Acrescentar o seguinte objetivo especifico: “Investigar a frequéncia da mutagdo TP53 p.Arg337His em
amostras de adenocarcinoma depulm&o®.

Recentemente, em um estudo publicado por um grupo brasileiro, 4 em 45 pacientes (8,9%) diagnosticados
com cancer de pulmdo foram identificados como sendo portadores da mutagio germinativa p.Arg337His no
gene TP53. Mutagdes germinativas no gene TP53, incluindo esta mutagdo especifica, estio associadas a
Sindrome de Li-Fraumeni e suas variantes, doengas autossdmicas dominantes associada a um risco
aumentado para uma ampla variedade de tumores em idade jovem. Individuos com mutagdes em
heterozigose (ou seja, com perda da fungdo de um dos alelos de TP53) apresentam um risco
significativamente maior que o da populacdo de desenvolverem cancer, sendo a magnitude deste risco
dependente da mutagdo e do fipo de tumor em questdo. Dentre os principais tumores que compdem o
espectro desta sindrome estio; tumores do sistema nervoso central, carcinomas adrenocorticais, sarcomas,
osteossarcomas & tumores de mama. Caneer de pulm&o ndo tem sido descrito como um tumor frequente
em pacientes portadores de mutagdes em TP53, embora possa ocomer, especialmente o sublipo lepidico. A
saber, estudos prévios do nosso grupo e de outros grupos de pesquisa, identificaram a mutagéo p.R337H
como uma fundadora brasileira presente em  aproximadamente 0,3% da populag&o geral. Em bancos de
dades intemacionais de mutagdes de TP53 em tumores (somaticas), por outro lado esta mutagéo especifica
ndo tem sido reportada.

Devido a este cenario, o resultado do estudo recentemente publicado foi surpreendente porgue em estando
a mutagdo p.Arg33THis na linhagem germinativa, deveria aparecer também na linhagem somatica (tumer) o
que ndo tem sido demonstrado em bancos de dados com milhares de amostras. Ressalta-se que a grande
maioria dos tumores nestas bases de dados plblicas ndo 580 de pacientes brasileiros. Sendo assim, a
proposta de emenda visa a determinagdo da freguéncia da mutagdo p_Arg337His no gene TP53 em 600
casos de adenocarcinoma de pulmao (linhagem somatica, analise no tumor) ja coletados no Ambito do
Programa de Medicina Personalizada do HCPA. Esta seria uma oportunidade de confimagao da possivel
associagdo entre a mutago p.Arg337His em TP53 e cincer de pulmdo em uma populag&o onde a mutago
oCome
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frequentemente (0.3% da populagio geral). Diferente do estudo ja publicado com amostras de pacientes,
estaremos fazendo a analise do tumor & ndo sangue. O resultado do sequenciamento de TP53 no tumor
(primeiramente por analise de gPCR da mutagdo e depois por sequenciamento de nova geragao, NGS)
permitira tambem fazer uma inferéncia sobre a frequéncia da mutagdo germinativa. Para confirmar se essa
inferéncia & real, teremos que propor, posteriormente um segundo projeto prospectivo coletando amostras
de sangue & tumor para avaliar a frequéncia nas linhagens germinativa e somatico do mesmo individuo,
respectivaments.

Az amostras incluidas no estudo que propomos com esta emenda serfio desidentificadas, ou seja, nenhuma
informacgdo clinica sera levada em consideraco e relacionada ao resultado do status dessa mutagdo. Cabe
ressaltar gque a analise do tumor ndo permite dizer com certeza se a mutagio esta apenas no tumor ou
també&m na linhagem germinativa. Apenas se pode fazer uma inferéncia pela frequéncia alélica obtida na
andlisz por NGS. Como ndo temos ainda a certeza dessa alta frequéncia mutacional no sangue ou tumor
{apenas um artigo publicado), solicitamos dispensa do Termo de Consentimento Livre & Eaclarecido (TCLE),
entendendo gue ndo seria exeguivel do ponto de vista pratico e que num cenario ainda de incerteza sobre o
significado, poderia ser mais ansiogénico do que benéfico para os pacientes. Se a alta frequéncia se
confirmar, ai entdo se justificaria a realizacdo de um estudo prospective como descrito anteriocrmente.

Consideragoes sobre os Termos de apresentagao obrigatdria:
Apresenta todos os documentos pertinentes para a avaliacdo da emenda.

Recomendagoes:
Ma proxima atualizagdo, harmonizar as informagoes do projeto e as informagoes basicas da Plataforma
Brasil.

Conclusdes ou Pendéncias e Lista de Inadequagdes:
A emenda ndo apresenta pendéncias e esta em condigdes de aprovagio.

Consideragoes Finais a critério do CEP:
Emenda incluida em 08/06/2018 aprovada.

Docuomento aprovado:
Mova versdo de projeto de DB/D6/2018 (projeto.docx)
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DADOS DA EMENDA

Titulo da P-esquisa:.&‘«"ALl.&{;.aD DO PERFIL MOLECULAR DE PACIENTES BRASILEIROS
DIAGNOSTICADOS COM ADENOCARCINOMA DE PULMAO

Pesquisador: Gabrsl de Soura Macedo

Area Temdtica: Genética Humana:
(Trata-se de pesquiza envolvendo Genética Humana que ndo necessita de andlise
ética por parte da COMEFR;);

Versdao: 4

CAAE: B3557418.5.0000.5327

Instituigao Proponente: Hospital de Clinicas de Porto Alegre
Patrocinador Principal: Hospital de Clinicas de Porto Alegre

DADOS DO PARECER

Mamero do Parecer: 2875206

Apresentacao do Projeto:

&5 neoplasias de tragqueia, brdnquios e pulmdo sdo os tipos de cdncer gue mais causam mortes no mundo,
levando a cada ano aproximadamente 1,7 milhdes de pessoas a obito. Estima-se que em 10 anes o ndmero
de casos cresced 29%, com 2 milhdes estimados somente em 2015, Neoplasias pulmonares s3o divididas
em dois grandes grupos: cdncer de pulmdo de células pequenas (CPCP) e cdncer de pulmao de
ndopequenas células (CPNPC), este altimo responsavel por 85% dos casos. Apesar dos avangos em
tratamentos nos Oltimos anos, a taxa relativa de sobrevida de 5 anos & de apenas 15% para pacientes
diagnosticados com CPNPC. Marcadores moleculares surgiram como uma nova fermamenta para auxiliar na
terapéutica do cdncer de pulmdo, a qual baseia-se nas caracteristicas histologicas e genéticas dos tumores.
Por exemplo, deleges do éxon 19 e a substituigo LBSER do éxon 21 no gene EGFR estdo associadas a
altas taxas de resposta no tratamento com inibidores de tirosing quinase ([TQs). Ja fusdes de ALK eROS1
apresentam uma taxa de resposia de 72% ao tratamento com crizofinibe. Recentemente foi aprovado um
novo tratamento imunoterapico chamado de pembrolizumabe, droga recomendada para CPNPC que
expressam altos niveis da proteina PD-L1. Mo entanto, uma resposta satisfatoria com o uso de um dnico
agente anti-PO-1/PD-L1 tem variado de 10% - 45% em pacientes positivos para este biomarcador. Outras
mutagdes que conferem resisténcia aos tratamentos com ITQs
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tratamentos, melhorando, assim, a reposta terapéutica e guiando novas politicas pablicas para o tratamento
desta neoplasia. Ressaltamos que ndo
ha beneficios diretos aos pacientes, apenas indiretos.

Comentarios & Consideragoes sobre a Pesquisa:

Trata-=e de menda 2 com a seguinte justificativa:

(1) Acrescentar o seguinte objetivo especifico: “Investigar a frequéncia da variante funcional TP53
ra783ATE222 (A=C) em amaostras de tecido tumoral de adenocarcinoma de pulm&o®

& razdo para incluir esse objetivo se baseia em um estudo publicado pelo nosso grupo de pesquisa, no gual
uma variante germinativa rara, rs78378222 (4=C), gue altera uma regido ndo codificante do gene TPS3,
apresentou evidéncias de assotiagio com o fendtipe da Sindrome de Li-Fraumeni (SLF) e, sua variante, Li-
Fraumeni-like (LFL). Tais sindromes sdo doencas autossdmicas dominantes caracterizadas pela
predisposi¢do aumentada a uma ampla variedade de tumores em idade jovem, sendo associadas com
mutagbes germinativas patogénicas no gene supressor fumoral TPS3. Dentre os principais tumores que
compdem o espectro desta sindrome podemos destacar os tumores do sistema nervoso central, carcinomas
adrenocorticais, sarcomas, osteossarcomas e tumores de mama. Especificamente, o cdncer de pulmdo nao
tem sido descritc como um tumor freguente em pacientes portadores de mutagdes germinativas em TPS3,
embora varios casos tenham sido relatados em familias SLF/LFL. Ainda no nosso estudo anterior, foi
observada uma redugdo na expressao da proteina p53 em amostras biclogicas de pacientes LFL portadores
da variante. A saber, essa variante foi primeiramente descrita em um estudo de associagio por varredura
gendmica (GWAS) como um alelo de risco para diversos tipes de tumores em populagoes da Eurcpa e
Estados Unidos, incluindo carcinoma basocelular, glioma, céncer de prostata e adenoma colorretal, com sua
frequéncia nos casos variando de 0,7 a 4,9%. Em relag&o ao risco para cancer de pulmao, até o momento o
Unico estudo gue avaliou essa variante observou auséncia de associagdo, no entanto, os autores ndo
especificaram o subtipo histologico dos tumores analisados, bem como vale ressaltar que a populagdo
estudada foi exclusivamente de caucasianos ndo-hispénicos dos Estados Unidos. Mais recentemente, os
resultados de uma metanalise robusta indicaram que o alelo =T78378222[C] foi significativamente associado
com um risco aumentado para cdncer em geral (OR=1.51, IC 95%=1.28-1.77).

Por outro lado, & importante destacar que a grande maioria dos estudos publicados até o momento sobre
essa variante avaliou sua presenca na linhagem gemminativa de pacientes com cancer. Apenas um estudo
gque ufilizou resultados de bancos de dados intemacionais de variantes
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Conclusdes ou Pendéncias e Lista de Inadequagdes:

M&o apresenta pendéncias.

Consideragoes Finais a critério do CEP:

Emenda 2 aprovada.

Este parecer foi elaborado baseado nos documentos abaixo relacionados:

Rerari

ma

Tipo Documento Arquivo Postagem Autor Situagao
Informagdes Basicas | PB_INFORMACOES_BASICAS_120757| 24/08/2018 Aceito
do Projeto 5 E2.pdf 16:33:03
Projeto Detalhado /  |PROJETO_ADENCCARCINOMA_Gabr| 24/08/2018 |Igor Araujo Vieira Aceito
Brochura elMacedo_versaod_agosto2018.docx 16:32:15
Investigador
Oulros termo_compromisso_utilizacao_de_dad | 24082018 |Igor Araujo Vieira Aceito

03 _novo paricipante_pdf 16:29:50
Oulros delegacao_de_funcoes _novo_participan| 24082018 |Igor Araujo Vieira Aceito
te_pdf 16:28:03
Duiros EMEMDAD2ago2018.doc 24/08/2018 [TIAGO FINGER Aceito
10:29:17 | ANDREIS
Oulros projeto.docx 08062018 | Gabriel de Souza Aceito
154441  |Macedo
Outros EMENDA. doc 08/06/2018 | Gabriel de Souza Aceito
152814 |Macedo
Oreamento orcamento.pdf 08/06/2018 | Gabriel de Souza Aceito
152741  |Macedo
Duftros STROBE_checklist_cohort.doc 1032018 [TIAGO FINGER Aceito
16:04:58 | AMNDREIS
Ouftros RespostazParecer2537613Assinado pdf| 15032018 | TIAGO FINGER Aceito
16:04:27 | AMNDREIS
Ouftros RespostasParecer2537613.doc 19032018 [TIAGO FINGER Aceito
16:03:57 |AMNDREIS
Farecer Anterior PB_PARECER_CONSUBSTANCIADD | 15032018 |TIAGD FINGER Aceito
CEP 2537613.pdf 16:00:47 |ANDREIS
Folha de Rosto folhaDeRosto. pdf 19032018 [TIAGO FINGER Aceito
15:59:32 |AMNDREIS
Declaragdo de formulario_de_autorizacao_das_areas p 22022018 | TIAGD FINGER Aceito
Instituigdo e ara_projetos de pesquizsa_e dessnvolv 16:04:06 |ANDREIS
Infrasstrutura mento. pdf
TCLE/ Termos de  (termo_de_compromisso_para_utilizacao| 22022018 |TIAGO FINGER Aceito
Assentimento _de_dados_prontuarios__pdf 16:03:27 |ANDREIS
Justificativa de
Auséncia
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DADOS DO PROJETO DE PESQUISA

Titule da Pesquisa: Associagio entre mutagtes do receptor de androgénics em tumores de prostata

Pesquisador: lima Simoni Brum da Silva

Area Tematica:

Versdo: 3

CAAE: 09346919.9.0000.5327

Ingtituigio Proponente: Hospital de Clinicas de Porto Alegre
Patrocinador Principal: HOSPITAL DE CLINICAS DE PORTO ALEGRE

DADOS DO PARECER

Humero do Parecer: 3346999

Apresentagdo do Projeto:

&s doencas da prostata atingem cerca de B0% dos homens com idade superior a 50 anos, sendo gue as
duas formas mais comung sdo a hiperplasia prostatica benigna (HPB) e o cdncer de prostata (CaP), ambas
resultantes da proliferag@o celular anormal. O CaP é o segundo tipo de cdncer mais incidente no Brasil,
tendo o Rio Grande do Sul (RS) como o estado com a maior prevaléncia. E sabido que oz androgénios
possuem um papel crucial na gldndula prostitica e que suas acdes sdo mediadas pelo receptor celular
denominado receptor de androgénios (AR), um receptor nuclear que age como fator de transcrigio
dependente de ligante. Sendo assim, alteragies no AR e no gene supressor tumoral TP53 podem estar
relacionadas com o desenvolvimento da HPB e do CaP. Visto gue o crescimento de células do CaP &
dependente da agdo dos androgénios, a privagio hormonal € a principal terapia ufilizada, porém, alguns
homens desenvolvem resisténcia e o tumor continua progredinde, invadindo orgdos proximos (bexiga e
uretra) e distantes (ossos, figado e pulmdes). Mutagdes do AR tém sido apontadas como fatores de
resisténcia & terapia antiandrogénica e recidiva bioguimica em tumores avangados, mas, pouco se sabe de
seu papel no tumor primario. Duas importantes mutagdes relacionadas & resisténcia terapéutica ja foram
descritas: AR-TBTBA e AR-Q784* Além das mutagdes do AR, o gene TP53 também estd associado ao
desenvolvimento de tumores. A variante germinativa rara rs7T8378222 (A=C) do gene TP53 predispde a uma
ampla variedade de tumores em idade jovem, porem, o CaP ndo tem sido descrito como um tumor frequente
em pacientes portadores de mutagdes germinativas em TP53. A
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elucidago dos mecanismos envolvidos neste processo e o manejo de tumores primarios sdo necessarios
para gue seja possivel diferenciar tumores indolentes dagueles com alto potencial de malignidade efou
propor novas altermativas para o controle da HPB. Sendo assim, o Projeto “Associagdo entre mutagdes do
receptor de androgénios em tumores de prostata e a agressividade tumoral® & um estudo transversal gue
tem come objetive principal descrever a frequéncia das mutagdes AR-TE78A, AR-QOTB4* e rsTH378222
(A=C) em uma amostra de pacientes do RS e avaliar possivel associagdo ao desenvolvimento,
agressividade tumoral e recidiva bioguimica. Os resultados serdo obtidos a partir de analises moleculares do
DNA gendmico extraido de amostras de sangue e tecido prostatico de 237 pacientes atendidos no Senvigo
de Urologia do Hospital de Clinicas de Porto Alegre (HCPA).

Objetivo da Pesquisa:

OBJETIVO GERAL

- Descrever a frequéncia das mutagdes de receptores de androgénio, AR-TB78A e AR-Q784%, e da variante
funcional re78378222 em uma amostra de pacientes do Rio Grande do Sul submetidos & cirurgia de
pristata, por hiperplasia prostatica benigna ou cincer de prostata, no Servigo de Urologia do Hospital de
Clinicas de Porto Alegre (HCPA) e avaliar sua possivel implicagdo no desenvolvimento, agressividade
tumoral e recidiva bioguimica.

OBJETIVOS ESPECIFICOS

- Avaliar a presenga das mutagdes do AR, AR-TBTBA e AR-QTB4*, nos grupos HPEB e CaP e descrever suas
frequéncias.

- Determinar a frequéncia da variante funcional rs7T8378222 em amostras de DNA gendmico de pacientes
com CaP e HPB.

- Avaliar o risco de desenvolvimento de CaP em pacientes com a presenca das mutagdes em andlise.

- Awaliar a concordincia da presenga das mutagdes em andlize no DMNA gendmico de amostras de sangue e
de tecido prostatico derivadas de pacientes com CaF e HPB.

- Avaliar se as variantes AR-TETSA, AR-OTE4* e rsTE378222 apresentam efeito modificador de fendtipo no
mesmo grupo de pacientes com CaP, considerando as sequintes manifestagdes clinicas: idade ao
diagnostico, agressividade tumoral, desenvolvimento de resisténcia & deprivagdo androgénica & recidiva
bioguimica;

- Verificar se existe associacBo entre o gendtipo para a variante re7B378222 com os niveis de expressio de
mREMNA TPS3 analisados anteriormente pelo nosso grupo de pesquisa em tecido
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Recomendagdes:

0= pesquisadores devem incluir no TCLE, versdo reconsentimento, que ha riscos de guebra de
confidencialidade em relagio 4 manipulagdo de dados dos participantes e gue esse risco sera minimizado
pelo uso de codigos, e ndo nomes dos participantes.

Conclusdes ou Pendéncias e Lista de Inadequagdes:

As pendéncias emitidas para o projeto no parecer 3.283 865 foram adequadamente respondidas pelos
pesquisadores, conforme carta de respostas adicionada em 068/05/2019. Mo apresenta novas pendéncias.
Ver recomendagies

Consideragdes Finais a critéric do CEP:

Lembramos que a presente aprovagdo (versdo projeto 17/04/2019 TCLE D&/05/2019 (ver recomendagio e
demais documentos que atendem as solicitagdes do CEP) refere-se apenas aos aspectos éticos e
metodoldgicos do projeto.

O pesquizadores devem atentar ao cumprimento dos seguintes itens:

a) Este projeto estd aprovado para inclusdo de 237 participantes no Centro HCPA, de acordo com as
informagoes do projeto apresentado. Qualguer alteragio deste ndmero devera ser comunicada ao CEP & ao
Senvigo de Gestio em Pesquisa para autorizagbes e atualizagBes cabiveis.

b) O projeto devera ser cadastrado no sistema AGHUse Pesquisa para fins de avaliag@o logistica e
financeira e somente pedera ser iniciade apds aprovagao final do Grupo de Pesguisa e Pés-Graduago.
) Qualquer alteragdo nestes documentos deverd ser encaminhada para avaliaggo do CEP. Informamos que
cbrigatoriamente a versdo do TCLE a ser utilizada devera corresponder na integra a versao vigente
aprovada.

d) Deverdo ser encaminhados ao CEP relatorios semestrais e um relatorio final do projeto.

e) A comunicagao de eventos adversos classificados como sérios e inesperados, ocomidos com pacientes
incluidos no centro HCPA, assim como os desvios de protocolo gquando envolver diretamente estes
pacientes, deverd ser realizada através do Sistema GEOQ (Gestio Estratégica Operacional) disponivel na
intranet do HCPA.

Este parecer foi elaborado baseado nos documentos abaixo relacionados:
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DADOS DO PROJETO DE PESQUISA

Titulo da Pesquisa: Analise de metilagio gene especifico do receptor de progestercna total em leiomiomas
uterings.

Pesquizador: Helena von Eye Coreta

Area Tematica:

Versao: 3

CAAE: 93970518.0.0000.5327

Instituigio Proponente: Hospital de Clinicas de Porto Alegre

Patrocinador Principal: Hospital de Clinicas de Porto Alegre

DADOS DO PARECER

Mumero do Parecer: 2910308

Apresentagdo do Projeto:

Leiomiomas uterinos ou miomas 280 tumores benignos gue s2 desenvolvem no miométrio & acometem
cerca de 50% da populagio feminina. Tém como principais sintomas associados, sangramento excessivo e
dor pélvica inespecifica. 530 classificados de trés formas: intramurais, quando localizados no interior da
parede uterina; submucosos, quando se projetam para a cavidade endometrial, e subserosos quando se
projetam para a superficie externa do dtero. Convencienalmente o estrogénio & considerado o responsavel
pelo inicio da proliferagdo tumoral, mas recentes evidéncias bioguimicas, histologicas e clinicas sugerem
que a progesterona, agindo por meio dos seus receptores celulares também promova a proliferagdo celular
nos leiomiomas uterinos. Além da agdo dos hormodnios estercides e seus receptores, mecanismos
epigenéticos, como a metilacdo do DNA parecem estar envolvidos na etiologia desses tumores. A metilagio
do DMA influencia na condensagdo da cromatina e consequentemente afeta diretamente a expresséo
génica. Importante salientar que, somente nos EUA 280 realizadas 240 mil histerectomias/ano para tratar

essa doenga sendo considerado um problema de sadde pdblica. Frente a esses dados & imprescindivel o
entendimento dos mecanismos moleculares envolvidos no desenvolvimento desses tumores e a busca de

tratamentos menos invasivos. Objetivos: verificar se (1) a metilaggo global do DNA & igual em miomeirio e
em leiomiomas (2) se a metilagio no receptor de progesterona € maicr leiomiomas uterinos quando
comparado ao miomeétrio, e (3) analisar e comelacionar os dades de metilacdo global € gene especifico com
a expressio génica dos
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Consideragdes sobre os Termos de apresentagio obrigatoria:
Apresenta TCLE.

Recomendages:

* Deve ser acrescentado na versdo aprovada do TCLE a informagao essencial, antes das opgdes de
armazenar as amostras: "Caso vocé concorde com ¢ armazenamento, a nova utilizagdo sera apreciada pelo
Comité de Etica em Pesquisa e vocé serd chamado novamente para consentir com o uso do material ™

* Embora oz pesquisadores tenham reiterado gue o material sera coletado "apds o término da cirurgia®, ndo
fica claro se a coleta ocorrerd no material j& retirado ou diretamente na paciente. Sugerimos esclarecer
verbalmente no processo de consentimento.

Conclusdes ou Pendéncias e Lista de Inadequagdes:
Az pendéncias emitidas para o projeto no parecer 2.849 660 foram adequadamente respondidas pelos
pesquisadores, conforme carta de respostas adicionada em 30/08/2018. Néo apresenta novas pendéncias.

Consideragoes Finais a critério do CEP:

Lembramos que a presente aprovagdo (Projeto verso de 30/08/2018, TCLE versdo de 30/08/2018 incluindo
as Recomendagdes, & demais documentos gue atendem as solicitagdes do CEP) refere-se apenas aos
aspectos &ticos e metodologicos do projeto.

05 pesquisadores devem atentar ao cumprimento dos seguintes itens:

a) Este projeto estd aprovado para inclusdo de 50 participantes no Centro HCPA, de acordo com as
informagdes do projeto ou do Plano de Recrutamento apresentado. Qualguer alteragdo deste nimero
deverd ser comunicada ao CEP e ao Senvigo de Gestdo em Pesquisa para autorizagdes e atualizagdes
cabiveis.

b) O projeto devera ser cadastrado mo sistema AGHUse Pesguisa para fins de avaliag&o logistica e
financeira & somente podera ser iniciado apos aprovagao final do Grupo de Pesguisa e Pds-Graduagao.
¢) Qualquer alteragdo nestes documentos devera ser encaminhada para avaliagdo do CEP. Informamos gue
obrigatoriamente a versdo do TCLE a ser utilizada devera corresponder na integra & versdo vigente
aprovada.

d) Deverdo ser encaminhados ao CEP relatdrios semestrais & um relatdrio final do projeto.

e) A comunicagdo de eventos adversos classificados como séries e inesperados, ocomidos com
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HOSPITAL DE CLINICAS DE PORTO ALEGRE
Grupo de Pesquisa & Pos Graduagio
Carta de Aprovagio
Projeto
20180517
Pesquizadores:

HELEMA VOMN EYE CORLETA

GABRIELA DOS SANTOS SANT AMA PALLA DE BORTOLI

ILhA SIMONI BRUM DA SILYVA ANNA

Hiumero de Participantes: 50
Titulo: Andlise de metilagio gene especifico do receptor de progesterona total em leiomiomas uterinos.

Este projeto foi APROWVADO em seus aspectos &ticos, metodoldgicos, logisticos e financeiros para ser realizado no Hospital
de Clinicas de Porto Alegre. i
Esta aprovagio esta baseada nos pareceres dos respectivos Comités de Etica e do Senvigo de Gestio em Pesguisa.

- 0= pesquisadores vinculados ao projeto ndo participaram de qualquer etapa do processo de avalipBo de seus projetos.

- O pesquizador devera apresentar relatorios semestrais de acompanhamento e relatdrio final ao Grupo de Pesquisa e Pos-
Graduago (GPPG).

[W] sessbompmras =

ol [l FATEICIA AEHTON FECRLLA

CGnupa S Pescpimn » Pn-reduncio

[ oRl- OLREET RO
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13.4.2. Estudo dos modificadores de fenétipo na SLF

HOSPITAL DE CLINICAS DE
PORTO ALEGRE - HCPA / ‘%': T
UFRGS

PARECER CONSUBSTANCIADO DO CEP

DADOS DO PROJETO DE PESQUISA

Titulo da Pesquisa: Avaliagdo do papel do SNP rs2043556 no gene MIRE0S como potencial medificador de
fendtipo na Sindrome de Li-Fraumeni.

Pesquizsador: PATRICIA ASHTON PROLLA

Area Tematica:

Versdo: 2

CAAE: 52641616.0.0000.5327

Ingtituigio Proponente: Hospital de Clinicas de Porto Alegre
Patrocinador Principal: FIPEMHCPA

DADOS DO PARECER

Mimero do Parecer: 1.458.864

Apresentagdo do Projeto:

O projeto “Avaliagdo do papel do SNP rs2043556 no gene MIRGDS como potencial modificador de fendiipo
na Sindrome de Li-Fraumeni® & um estudo retrospectivo, observacional transversal, que pretende verificar se
o polimorfismo r=2043556 do gene MIREDS pode exercer algum efeito modificador de fendtipo em pacientes
com SLF/LFL portadores da mutagio germinativa TP53 p.Arg337His, bem como em portadores de
mutagbes classicas (dominic de ligagho ac DMA) do gene TPS3. E um projete que utilizara amostras de
pacientes do HCPA (casos e controles) e de oufras instituicdes brasileiras, as co-participantes Hospital de
Cancer de Baretos/SP e Hospital A C. Camargo/SP (casos).

Objetivo da Pesquiza:

Objetivo geral

Determinar as frequéncias alélicas & genotipicas e o efeito sobre fendtipo da varante re2043556 (A=G) do
gene MIREDS em individuos brasileiros com fendtipo da SLF/LFL pertadores da mutagdo germinativa
p.Arg33THis e de mutagdes localizadas no dominio de ligago ao DMA de pS3, bem como estudar os
mecanismos funcicnais potencialmente envolvidos na modulagio fenotipica associada a essa variante.
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portadores tanto da mutagio germinativa p.Arg337His no gene TPS53 quanto da variante rs2043556 no gene
MIRE0S.

- O projeto inclui referencial tedrico, justificativa, cbjetivos, descrigBo das amostras e do calculo amostral,
descrigdo da metodologia, descrigdo dos riscos e beneficios no formulario da Plat Br, descrigio breve e
pontual de alguns testes estatisticos que serdo utilizados para avaliar os resultados de dois tipos de
experimentos, referéncias biblicgraficas e cronograma de atividades. Os autores também incluiram o
Formularic de Delegagdo de Fungdes, o Termo de Compromisso para Utilizago de Material Biologico e
Informagbes Associadas, o Termo de Compromisso para Utilizag@o de Dados, e a Declaracio de Ciéncia do
Estudo e de Corresponsabilidade da Pesqguisadora do Hospital de Céncer de Barretos/SP.

- Os autores apresentam apenas um orgamento simplificade do prejeto, pois este nao inclui todos os
materiais e reagentes necessarios para a execugdo do projeto. E, justificam que n&o incluiram TCLE para os
casos porgue todas estas amostras foram obtidas em estudos anteriores aprovados nos respectivos comités
de éfica institucionais com a finalidade de genotipar TP53 e genes modificadores de fendtipo da sindrome
de SLF/LFL, e que os pacientes congentiram com o ammazenamento e ugo posterior do seu material
genético. Da meama forma, ndo incluiram o TCLE dos casos porque 8s pacientes consentiram com o uso de
sUas amostras em estudos futuros de andlise de polimorfismos gendticos que porventura pudessem estar
aszociados a cdncer e a cdncer de mama.

Consideragoes sobre os Termos de apresentagio obrigatoria:

- Apresenta termo de compromisso para utilizacio de material bioldgico e informagdes associadas assinado
pelos pesquisadores.

- Apresanta termo de compromisso para ulilizaco de dados de prontuario assinado pelos pesguisadores.

Recomendagoes:
MWada a recomendar.

Conclusdes ou Pendéncias e Lista de Inadequagoes:
A5 pendéncias emitidas para o projeto no parecer 1.406.768 foram adeguadamente respondidas
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DADOS DO PROJETO DE PESQIUISA

Titulo da Pesquisa: Caracterizagio molecular da regifio 5" e 3' UTR do gens TPS3, perfil de franscriptoma e
potenciais modificadores de fendtipo na sindrome de Li-Fraumeni.

Pesquisador: PATRICIA ASHTON PROLLA

Area Tematica: Genética Humana:
(Trata-se de pesquisa envolvendo Genética Humana gue no necessita de analise
ética por parte da COMER;);

Versdo: 2
CAAE: 96211017 .7.1001.5327
Instituigao Proponente: Hospital de Clinicas de Porto Alegre

Patrocinador Principal: Financiamento Propria
Hospital de Clinicas de Porto Alegre

DADOS DO PARECER

Mamero do Parecer: 2.940.234

Apresentagdo do Projeto:

& Sindrome de Li-Fraumeni (SLF) e sua varante, a Sindrome de Li-Fraumenidike (LFL), 80 sindromes
autossdmicas dominantes de predisposicdo hereditaria a varios tipos de céncer diagnosticados em idade
jovem. Os tumores mais comuns em individuos com a doenga, também chamados tumores centrais da
sindrome 280 o8 sarcomas de partes moles e osteosarcomas, cincer de mama (CM), tumores cerebrais,
leucemias e carcinoma

adrenocortical. Mutagdes germinativas no gene supressor tumoral TPS3 estdo associadas com a sindrome,
sendo estas identificadas em aproximadaments 70% e 40% das familias gue preenchem critérios clinicos
para a SLF e LFL. respectivamente. Atualmente, o diagnastico molecular de pacientes que preenchem
critérios elinicos para sindrome de SLF/LFL se concentra principalmente no rastreamento de mutagdes em
regides codificantes (éxons 2-11) e jungdes éxon-intron no gene TP53. Poucos estudos incluem as regides
regulatorias 5 & ¥UTR no sequenciamento do gene, sugerindo que as mesmas podem ser negligenciadas
na rotina de diagnoéstico molecular da doenga. Recentemente, em um estudo publicado pelo nosso grupo de
pesquisa, a variante germinativa rara rs7T8378222 (A=C), que altera o sinal de poliadenilagdo constitutivo
localizado na regiao 3'UTR do gene TP53, apresentou evidéncias de associagio com o fendtipo da
sindrome de
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imediato para os pacientes SLF/LFL parficipantes da pesquiza, mas poderdo no futuro, face a estudos
adicionais, beneficiar outros pacientes que apresentarem a sindrome estudada. Caso sejam identificados
pacientes com variantes potencialmente patogénicas situadas na regido 5 e ¥UTR de TP53 e, futuramente,
03 pesquisadores

apresentarem recursos financeires para realizar ensaios de validagdo funcional, ou existirem evidéncias
mais robustas de patogenicidade, um noveo estudo sera submetido ao CEP/HCPA e o= pacientes portadores
das mesmas serdo convidados a participar e deverio fornecer um novo consentimento para utilizagdo dos
seus materiais biologicos, dessa vez levando em consideracio as implicagdes clinicas diretas na sua vida e
na de

seus familiares no caso da confirmacgdo de patogenicidade da variante; (c) as abordagens experimentais
previstas no presente projeto consistem em andlises moleculares envolvendo TPS3 e genes gue atuam
como potenciais reguladores da sua expressio (potenciais modificadores de fendtipo da sindrome), como o
gene MIR344. Portanto, esses objetivos sfo idénticos dqueles desenvolvidos nos projetos anteriommente
aprovados em que foram obtidas as amostras de DMA gendmico para as quais solicita-se nesse momento
dispensa de TCLE para manipulago e utilizagio. E importante destacar gque todos os pacientes a serem
incluidos ja foram consentidos para genofipagem do gene TPS53 e, no estudo aqui apresentado, o principal
objetivo & avaliar regides requlatdrias do mesmo gene.

Recomendagies:

Mos TCLEs, pagina 3, sugere-se substituir o trecho

"Meste caso, um novo projeto de pesquisa sera submetido para apreciagao do Comité de Efica em Pesquisa
e vocé serda chamado para reconsentir com o uso do material.”

Por:

"Meste caso, um novo projeto de pesquisa sera submetido para apreciagao do Comité de Efica em Pesqguisa
e vocé podera ser chamado para reconsentir com o uso do material, de acordo as resolugdes vigentes.”

Conclusdes ou Pendéncias e Lista de Inadequagdes:
As pendéncias emitidas para o projeto no parecer 2.891.399 foram adequadaments respondidas pelos
pesquisadores, conforme carta de respostas adicionada em 26/09/2018. M&o apresenta novas pendéncias.
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