UNIVERSIDADE FEDERAL DO RIO GRANDE DO SUL

PERFIL MOLECULAR DO CANCER DE PULMAO DE NAO PEQUENAS CELULAS
EM UM HOSPITAL TERCIARIO NO SUL DO BRASIL

Tiago Finger Andreis

Tese submetida ao Programa de Poés-
Graduagdo em Genética e Biologia
Molecular da UFRGS como requisito
parcial para a obtencéo do grau de Doutor

em Genética e Biologia Molecular

Orientadora: Prof.2 Dr.2 Patricia Ashton-Prolla

Coorientador: Dr. Gabriel de Souza Macedo

Porto Alegre, julho de 2022.



INSTITUICOES FINANCIADORAS: Este trabalho foi desenvolvido no Laboratério de
Medicina Gendmica (LMG), com apoio do Laboratério de Pesquisa em Resisténcia
Bacteriana (LABRESIS) e da Unidade de Pesquisa Laboratorial, todos localizados no
Centro de Pesquisa Experimental do Hospital de Clinicas de Porto Alegre (HCPA). Foi
financiado pelo Fundo de Incentivo a Pesquisa e Eventos do HCPA (projetos 2018-
0099 e 2018-0121), pelo Conselho Nacional de Desenvolvimento Cientifico e
Tecnoldégico (CNPg) com a concessdo de uma bolsa de doutorado (processo n
140361/2018-9) e com recursos da Chamada Universal N° 28/2018 — Faixa A
(processo n 436348/2018-7) e pelas empresas AstraZeneca, Astellas Pharma, MSD

Oncology, Novartis e Genentech.



Dedicatoria

Ao meu eterno amigo, Felipe Momberger Machado, que encarou a vida, na sadde e
na doenga, com muita garra, forca e determinacao.
Ao meu tio, José Inacio Andreis, que nos aguarda para mais um almoc¢o de domingo.

Aos pacientes, sem 0s guais este trabalho néo seria possivel.



Agradecimentos

Primeiramente agradeco a minha orientadora Dra. Patricia Ashton-Prolla, que
me acolheu e acreditou no meu trabalho, e ao meu coorientador e amigo Dr. Gabriel
de Souza Macedo, fonte de inspiracao e que sempre me motivou.

A todo grupo do Laboratorio de Medicina Genémica, principalmente Clévia,
Barbara e Igor que muito me ajudaram nos primeiros passos da pesquisa oncoldgica.

Ao Prof Afonso Luis Barth e equipe do LABRESIS do HCPA, por permitirem o
uso do sequenciador lllumina MiSeq, fundamental para desenvolver este trabalho.

Aos agora ex-ICs do laboratério, em especial Julia Tsao Schein, Guilherme
Danielski Viola, Bruno Correa e Débora Leite, sem 0s quais esse trabalho jamais seria
realizado.

Aos coautores dos diversos trabalhos que desenvolvemos ao longo desses
anos, 0s quais enrigueceram muito essa jornada, em especial ao ao Dr. Vinicius
Lorandi, que ajudou na idealizac&o deste projeto.

A equipe da Engenharia Biomédica do HCPA, que ajudou a viabilizar a extracdo
do cfDNA.

A todo corpo clinico do servico de oncologia do HCPA, em especial os Drs
Marco Azeredo, Gustavo De Agostin, Nicolas Peruzzo e Marcus Teixeira, que
participaram ativamente da coleta de dados e rastreamento dos pacientes.

Ao programa de Medicina Personalizada do HCPA e as empresas AstraZeneca,
Astellas Pharma, MSD Oncology, Novartis e Genentech que fomentaram a testagem
dos biomarcadores desta tese.

A equipe da Igenomix, em especial Gabriela Felix e Rodrigo Borges, que estao
auxiliando a validacao da técnica utilizada no projeto de bidpsia liquida.

A minha namorada e companheira Clévia, que tanto me ajudou e apoiou (e
aturou) nessa reta final de doutorado e aos meus pais, Madalena e Tarcisio, que séo
a base de tudo.

A todo corpo docente do PPGBM/UFRGS e também ao EImo e

Ao CNPg e HCPA, que fomentaram o desenvolvimento deste doutorado.



Sumario

1.  CAPITULO I - INTRODUGAO GERAL 16
1.1. Cancer de pulmao: epidemiologia e fatores de risco 17
1.2. Classificacéo histopatoldgica do cancer de pulméao 20
1.3. Diagnostico molecular 24
1.4. Tratamento do cancer de pulmdo com drogas de alvo molecular e

inibidores de checkpoint imunolégico 24
1.5. Mecanismos de resisténcia a drogas de alvo molecular 36
1.6. DNA livre circulante: a mais nova fronteira do diagnostico molecular? 39
1.7. Bidpsia liquida aplicada ao monitoramento do cancer de pulméao 47

2. CAPITULO Il — JUSTIFICATIVA 51

3. CAPITULO Il - OBJETIVOS 53
3.1. Objetivo geral 54
3.2. Objetivos especificos 54

4. CAPITULO IV — MANUSCRITO | 55

5. CAPITULO V — RESULTADOS PARCIAIS PARA O MANUSCRITO Il 65

6. CAPITULO VI — RESULTADOS PARCIAIS PARA O MANUSCRITO 11174

7.  CAPITULO VI - DISCUSSAO 86

8. CAPITULO VIl - PERSPECTIVAS 93

9. PRODUGCAO CIENTIFICA ADICIONAL DURANTE O PERIODO 95

10. REFERENCIAS BIBLIOGRAFICAS 157



Lista de abreviaturas
AACR - Associacdo Americana para a

Pesquisa do Cancer (American
Association for Cancer Research)
ACMG - Colégio Americano de
Genética Médica (American College of
Medical Genetics)

ALK - Gene ALK (Anaplastic
Lymphoma Kinase)

ALK - Proteina ALK (Anaplastic
Lymphoma Kinase)

AMP - Associagdo Americana de
Patologia Molecular (Association for
Molecular Pathology)

ANVISA - Agéncia Nacional de
Vigilancia Sanitaria

AR - Gene AR (androgen receptor)
AREG - Proteina Anfiregulina
(Amphiregulin)

ARMS - Amplificagcédo por Mutacao
Refrataria (Amplification-Refractory
Mutation System)

ASCO - Sociedade Americana de
Oncologia Clinica (American Society of
Clinical Oncology)

ATM - Gene ATM (Ataxia
Telangiectasia Mutated; ATM
Serine/Threonine Kinase)

B-Raf - Proteina B-Raf (B-Raf Proto-

Oncogene, Serine/Threonine Kinase)

MET - Gene MET (MET Proto-
Oncogene, Receptor Tyrosine Kinase)
BRAF - Gene BRAF (B-Raf Proto-
Oncogene, Serine/Threonine Kinase)
BRCAL1- Gene BRCAL (Breast Cancer
Type 1 Susceptibility Protein)

BRCAZ2 - Gene BRCA2 (Breast Cancer
Type 2 Susceptibility Protein)

BRIP1 - Gene BRIP1 (BRCAL1-
Associated C-Terminal Helicase 1)
CAAE - Certificado de Apresentacao
para Apreciacio Etica

CAP - Colégio Americano de Patologia
(College of American Pathology)
CCNE1- gene CCNEL1 (Cyclin E1)
CDKG6 - gene CDK6 (Cyclin
Dependent Kinase 6)

cfDNA - DNA livre circulante
(circulanting cell-free DNA)

CHIP - Hematopoiese clonal de
potencial indeterminado (Clonal
hematopoiesis of indeterminate
potential)

CLEA - Cromatografia Liquida
Desnaturante de Alta Performance
(Liquid Chromatography Clean-up
Method)

CNVs - Variagado no Numero de Copias
(Copy Number Variation)



CPCP - Cancer de pulméao de células
pequenas

CPNPC - Cancer de pulméao de néo-
pequenas células

CRKL - Gene CRKL (CRK Like Proto-
Oncogene, Adaptor Protein)

CTC - Células tumorais circulantes
ctDNA - DNA tumoral circulante
(circulating tumor DNA)

CTNNB1- Gene CTNNBL1 (Catenin
Beta 1)

ddPCR - PCR Digital em Gotas (Digital
Droplet PCR)

DNA - Acido desoxirribonucleico
(Deoxyribonucleic acid)

DRM - Doenga residual minima
EDTA - Acido etilenodiamino tetra-
acético (Ethylenediamine tetraacetic
acid)

EGF - Fator de crescimento epidermal
(Epidermal growth factor)

EGFR- Gene EGFR (Epidermal
Growth Factor Receptor)

EGFR - Proteina EGFR (Epidermal
Growth Factor Receptor)

EML4 - Gene EML4 (EMAP Like 4)
EML4-ALK- Fusado génica entre 0s
genes EML4 e ALK

EMQN - Rede europeia de qualidade
para genética molecular (European
Molecular Genetics Quality Network)
ERBB2 - Gene ERBB2 (Erb-B2
Receptor Tyrosine Kinase 2)

ERBB3 - Gene ERBB3 (Erb-B2
Receptor Tyrosine Kinase 3)

FDA - Food and Drug Administration
FGFR1- Gene FGFRL1 (Fibroblast
Growth Factor Receptor 1)

FGFR3 - Gene FGFR3 (Fibroblast
Growth Factor Receptor 3)

gDNA - DNA gendmico

GENIE - Projeto The AACR Project
Genomics Evidence Neoplasia
Information Exchange

GLTP - Proteina de transferéncia de
glicolipidios (Glycolipid transfer protein)
HCPA - Hospital de Clinicas de Porto
Alegre

HER?2 - receptor HER2 (Erb-B2
Receptor Tyrosine Kinase 2)

HER4 - receptor HER4 (Erb-B2
Receptor Tyrosine Kinase 4)

INCA - Instituto Nacional de Céncer
José Alencar Gomes da Silva

Indels Pequenas Inser¢des e Delecdes

ITQ - Inibidor de tirosina quinase



JAK/STAT - Janus Kinase/Signal
Transducer and Activator of
Transcription Protein Family

JAK2 - Gene JAK2 (Janus quinase 2)
KEAP1 - Gene KEAP1 (Kelch Like
ECH Associated Protein 1)

KIT - Gene KIT (KIT Proto-Oncogene,
Receptor Tyrosine Kinase)

KRAS - Gene KRAS (Kirsten Rat
Sarcoma Viral Oncogene Homolog)
KRAS - Proteinas KRAS (Kirsten Rat
Sarcoma Viral Oncogene Homolog)
KRT7 - Queratina 7 (Keratin 7)

MEK - Proteina quinase ativada por
mitégeno (mitogen-activated protein
kinase kinase)

MEK1 - Gene MEK1 (mitogen-
activated protein kinase kinase 1)
MYC - Gene MYC (MYC Proto-
Oncogene, BHLH Transcription Factor)
MYC - Gene MYC (MYC Proto-
Oncogene, BHLH Transcription Factor)
NCCN - National Comprehensive
Cancer Network

NGS - Sequenciamento de Nova
Geracgao (Next Generation
Sequencing)

NRAS - Gene NRAS (NRAS Proto-
Oncogene, GTPase)

NTRK1/2/3 - Genes NTRK1, NTRK2 e
NTRK3 (Neurotrophic Receptor
Tyrosine Kinase 1/2/3)

p63 - Proteina tumoral p63 (Tumor
protein p63)

PD-L1- Ligante de morte celular
programada 1 (Programmed death-
ligand 1)

Pi3K/AKT/mTOR - Phosphoinositide 3-
kinase/Protein Kinase B/Mechanistic
Target of Rapamycin

PIK3CA - gene PIK3CA
(Phosphoinositide 3-kinase)

RAS - virus do sarcoma de rato (Rat
Sarcoma virus)

RAS/MAPK - Rat Sarcoma/Mitogen-
activated Protein Kinases

RET - Gene RET (Ret Proto-
Oncogene)

ROS1- Gene ROS1 (ROS Proto-
Oncogene 1, Receptor Tyrosine
Kinase)

RT-PCR - Reacao em Cadeia de
Polimerase em Tempo Real (Real
Time Polymerase Chain Reaction)
RTQs - Receptores de Tirosina
Quinase

SEER - Programa de Vigilancia,
Epidemiologia e Resultados Finais



(The Surveillance, Epidemiology, and
End Results)

SFTPAL - Gene SFTPA1 Surfactant
Protein Al

SFTPA2 - Gene SFTPA2 Surfactant
Protein A2

SNVs - Variantes de Base Unica
(Single Nucleotide Variant)

SOX2 - fator de transcricdo Sox2
(SRY-Box Transcription Factor 2)
STK11 - Gene STK11
(Serine/Threonine Kinase 11)

SUS - Sistema Unico de Satde

TBP - Cancer de traqueia, brénquio e
pulméo

TCGA - Projeto Atlas Gendmico do
Cancer (The Cancer Genome Atlas

Project)

TCLE - Termo de consentimento livre e

esclarecido

TNM - Classificagdo de tumores
malignos TNM (TNM Classification of
Malignant Tumors)

TRK - receptores de tropomiosina
relacionados a quinase (Tropomyosin
receptor kinase)

TTF1 - Fator de transcrigao de tireoide
1 (Thyroid transcription factor 1)

UMI - Identificadores moleculares

anicos (Unique molecular identifiers)

VPN - Valor preditivo negativo

VPP - Valor preditivo positivo

WHO - Organizacao Mundial da Saude
(World Health Organization)



Lista de figuras

Figura 1. Incidéncia (A) e 6bitos (B) por cancer no Brasil..............cccceevvvvnnnnn. 18
Figura 2. Classificacdo histologica do cancer de pulmao e suas respectivas
LLEET0 S L] g To1 = L PP PP PPPPPPPPP 21
Figura 3. Representagdo das principais alteragdes moleculares envolvendo
RTQs e vias de sinalizacao celular associadas a jusante ............ccccevvvvvviiiiieeeeeennnnns 30
Figura 4. llustracdo das potenciais aplicacbes da bidpsia liquida para
investigagédo do DNA tumoral circulante (CtIDNA). ..........uuuiiiiiiiiiiiiiiiiiiiiiaeee 41
Figura 5. Possiveis cenarios onde a avaliacdo do ctDNA poderia apresentar

vantagens ao paciente coOm CPNPC ... 50

10



Lista de quadros

Quadro 1. Resumo da classificacdo de tumores malignos utilizada para
definicdo do estadiamento de neoplasias de pulmdo, com base nos critérios da
American Joint Committee on Cancer, 82 €diGA0. ...........cevvvriiiiiiiiiiiiiiiiiieeeeeeeeeeeeeee 23

Quadro 2. Niveis (tiers) de evidéncia para classificacdo de mutacdes somaticas,
segundo recomendacdes da AMP/ASCO/CAP. ...t 26

Quadro 3. Linha do tempo com as aprovacdes de drogas de alvo molecular para
o tratamento de CPNPC no mundo e no Brasil com seus respectivos biomarcadores
de resposta terapEutiCa (8IVOS). .....ccoeeeeieeeeeeeeeeeee e 28

Quadro 4. Resumo das principais técnicas atualmente disponiveis para a
analise de DNA tumoral circulante (ctDNA) a partir de biopsias liquidas, incluindo suas
principais vantagens, desvantagens, limite de deteccdo e tipos de alteracoes
(0 =7 (=T ox 7= T £ T P 43

11



Resumo

O Cancer de Pulméo € a neoplasia que mais causa 0bitos no mundo. O numero
de mortes relacionadas a doenca é trés vezes maior em homens se comparado ao
cancer de prostata e quase duas vezes maior em mulheres quando comparado ao
cancer de mama. Novas opc¢oes terapéuticas tém surgido nos ultimos anos, incluindo
drogas de alvo molecular indicadas quando ha alteracbes acionaveis nos genes
EGFR, KRAS, BRAF, ALK, ROS1, RET, ERBB2 e MET. Tumores que apresentam tais
alteracOes nesses genes podem responder a inibidores de tirosina quinase (ITQs).
Estes apresentam uma menor toxicidade e resultam em uma sobrevida livre de
progressdo e global superior & quimio e radioterapia convencionais, desde que 0s
pacientes sejam acuradamente selecionados por meio do diagnéstico molecular.
Diversos estudos ao redor do mundo ja demonstraram que as frequéncias dos
biomarcadores de resposta a ITQs variam grandemente entre as diferentes
populacdes, porém poucos trabalhos exploraram o tema no Brasil.

Este trabalho foi o primeiro a descrever a frequéncia de importantes
biomarcadores de resposta a tratamento em uma série de pacientes com cancer de
pulmdo de ndo pequenas células (CPNPC) da regido Sul do Brasil. Os dados
revelaram que o gene EGFR est4 alterado em 19,1% dos casos, a menor frequéncia
ja relatada no pais. Mutac6es em KRAS, por outro lado, estavam presentes em 30,2%
dos casos, a maior até entdo descrita no Brasil. Também foi observado que
aproximadamente 6% dos tumores investigados possuiam alteracdes raras de
significado clinico incerto, cuja resposta a ITQs € ainda desconhecida. Uma vez que
estudos investigando a resposta terapéutica de pacientes com tumores apresentando
tal perfil molecular s&o escassos, o presente trabalho também busca avaliar a escolha
dos profissionais médicos no tratamento deste grupo de pacientes na auséncia de
diretrizes especificas para conduta terapéutica e, para aqueles que optaram pelo uso
de ITQs, o perfil de resposta observado apds uso do medicamento.

O acesso ao diagnéstico molecular e diferencas no perfil molecular de
pacientes atendidos no sistema publico e particular/suplementar de saude também é

um tema importante. Estima-se que menos de 40% dos pacientes brasileiros com
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CPNPC tenham acesso ao teste do gene EGFR, situacao ainda mais precaria para os
demais biomarcadores e pacientes atendidos pelo sistema publico. Nesse sentido, 0
estudo esta avaliando os registros de dois hospitais terciarios na cidade de Porto
Alegre, a fim de coletar informacdes que possam fomentar futuras decisdes quanto a
politicas publicas de diagndstico e tratamento do CPNPC.

Por fim, uma vez que o CPNPC é diagnosticado em estado avancado em mais
de 70% dos casos, torna-se importante a implementacao de técnicas alternativas para
o diagnostico molecular da doenca. Em tais casos, é relativamente comum que o
tecido tumoral ndo esteja disponivel devido a invasividade da bidpsia convencional ou
inacessibilidade do tumor. Sendo assim, a biépsia liquida pode permitir a investigacao
do DNA tumoral circulante (ctDNA) e é uma ferramenta diagnéstica de grande valor,
auxiliando na exploracao da heterogeneidade tumoral e na busca de biomarcadores
preditivos e/ou prognosticos. Pelo nosso conhecimento, este foi o primeiro estudo a
analisar alteracdes moleculares no DNA livre circulante (cfDNA) isolado de uma série
de pacientes diagnosticados com CPNPC atendidos pelo sistema publico de saude.
Resultados preliminares demonstraram que foi possivel acompanhar a variacao alélica
de duas mutacGes somaticas em um dos pacientes, corroborando com a evolucao
clinica do mesmo. Espera-se que este trabalho, assim que concluido, torne a medicina
de precisdo mais proxima dos pacientes diagnosticados com CPNPC no sistema
publico do pais, auxiliando na tomada de decis6es em politicas publicas aplicadas ao

diagndstico molecular.
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Abstract

Lung cancer is the leading cause of cancer death in the world. The disease-
related deaths are three times higher than prostate cancer in men and almost twice as
high as breast cancer in women. New therapeutic options have emerged in recent
years, including molecular target drugs which are indicated when actionable alterations
in the genes EGFR, KRAS, BRAF, ALK, ROS1, RET, ERBB2, and MET are present.
Lung tumors carrying mutations in such genes could respond to tyrosine kinase
inhibitors (TKIs). These drugs show a lower toxicity and result in a superior progression-
free and overall survival comparing to conventional chemotherapy and radiotherapy
approaches when patients are properly selected through molecular diagnosis. Several
studies around the world have already demonstrated that the frequency of biomarkers
that indicate response to TKIs varies greatly among different populations, but few works
have explored this topic in Brazil.

This is the first work describing the frequency of important treatment response
biomarkers in a series of patients with non-small cell lung cancer (NSCLC) from
Southern Brazil. The results revealed that the EGFR gene is altered in 19.1% of cases,
the lowest frequency reported in the country. On the other hand, KRAS mutations were
present in 30.2% of the cases which the highest described in the country. It was also
observed that approximately 6% of the investigated patients carried rare alterations of
uncertain clinical significance, which confer an unknown response to TKIs. Studies
investigating the therapeutic response in patients with tumors presenting this molecular
profile are also scarce. Therefore, in the absence of specific guidelines for therapeutic
management, the present work is also evaluating the treatment choices recommended
by medical professionals for a group of patients with alterations of uncertain
significance.

The access to molecular diagnosis and differences in the molecular profile of
patients treated in the public and private/supplementary health system is another
important issue. It is estimated that less than 40% of Brazilian patients with NSCLC
have access to basic results like EGFR mutational status. The access to other

biomarker testing and for patients treated by the public system is even limited. In this
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sense, we are collecting data from two tertiary hospitals in the city of Porto Alegre, Rio
Grande do Sul, Brazil, in order to gather data that could guide future decisions
regarding public policies for NSCLC diagnosis and treatment.

Finally, since NSCLC in Brazil is diagnosed at an advanced stage in more than
70% of the cases, it is important to implement alternative techniques for molecular
diagnosis. In the advanced cases tumor tissue is frequently unavailable due to the
invasiveness of conventional biopsy and/or tumor inaccessibility. The liquid biopsy
allows the investigation of the circulating tumor DNA (ctDNA). It is an alternative tool of
great value which can also be used to explore tumor heterogeneity and aid in the
searching for predictive and/or prognostic biomarkers. To our knowledge, this was the
first study to access molecular alternations in the cell-free DNA (cfDNA) isolated from
a series of patients diagnosed with NSCLC treated in the public health system. Our
preliminary results showed that it was possible to evaluate the allelic variation of two
somatic mutations identified in the cfDNA from one patient, which corroborates with his
clinical evolution. Once completed, we hope that our work could bring precision
medicine closer to patients diagnosed with NSCLC in Brazil by aiding public policies in

decision making applied to molecular diagnosis.
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1.1.Céncer de pulméao: epidemiologia e fatores de risco

O cancer de pulméo apresenta a maior letalidade dentre todos os tumores,
sendo a sexta causa de Obitos no mundo, resultando em quase 2 milhGes de mortes
pela doenca a cada ano (Sung et al., 2021). E a neoplasia que mais afeta homens,
com quase 1,5 milh&o dos diagnaosticos, e a terceira em mulheres, com 695 mil a cada
ano. Estima-se um crescimento de 37% no numero de diagnosticos de cancer de
pulmdo em um periodo de apenas 10 anos (2007— 2017), tendéncia que deve se
manter nos proximos anos (Fitzmaurice et al., 2019). Mesmo com avancos nha
descoberta de alvos terapéuticos e novos tratamentos direcionados, nos ultimos anos
a taxa de sobrevida em 5 anos foi de apenas 22,9% para pacientes diagnosticados
com neoplasias de brénquios e pulméo (SEER, 2019). Atualmente, espera-se que um
a cada 17 homens e uma a cada 43 mulheres irdo desenvolver a doenca antes dos 79
anos. Por fim, atualmente o cancer de pulméao € a principal causa de morte em 110
paises (Fitzmaurice et al., 2019).

No Brasil, em 2020 foram estimados 30.200 novos casos de cancer de traqueia,
brénquio e pulméo (TBP), sendo 17.760 em homens (7,9% do total de casos de
cancer) e 12.440 em mulheres (5,6% do total de casos de cancer). Em relacéo a
mortalidade, ocupa o primeiro lugar em homens e o segundo em mulheres, ficando
atras somente do cancer de mama. No Rio Grande do Sul, em 2020 foram estimados
2.300 e 1.440 novos casos da doenca em homens e mulheres, respectivamente, o que
torna o cancer de pulméao o segundo tumor mais frequente em homens e o terceiro em

mulheres no Estado (Figura 1; (Brasil, 2019).
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Prostata 65.840 29,2% Homens Mulheres ~ Mama feminina 66.280 29,7%
Colon e reto 20.520 9,1% Colon e reto 20.470 9,2%
Traqueia, bronquio e pulmao 17.760 7,9% Colo do utero 16.590 7.4%
Estomago 13.360 5,9% Traqueia,bronquio e pulmao 12.440 5,6%
Cavidade oral 11.180 5,0% Glandula tireoide 11.950 5,4%
Esofago 8.690 3,9% Estomago 7.870 3,5%
Bexiga 7.590 3,4% Ovario 6.650 3,0%
Linfoma nao Hodgkin 6.580 2,9% Corpo do Gtero 6.540 2,9%
Laringe 6.470 2,9% Linfoma nao Hodgkin 5.450 2,4%
Leucemias 5.920 2,6% Sistema nervoso central 5.220 2,3%
B - Emhomens, Brasil, 2020 - Em mulheres, Brasil, 2020
Localizagdo Primaria Obitos % Localizagao Primaria Obitos %
Traqueia, Brénquios e Pulmdes 16.009 13,6 Mama 17.825 16,5
Prostata 15.841 13,5 Traqueia, Brénquios e Pulmdes 12.609 1.6
Colon e Reto 9.889 84 Cdlon e Reto 10.356 9.6
Estdmago 8.772 75 Colo do utero 6.627 6,1
Esoéfago 6.465 55 Pancreas 6.011 55
Figado e Vias biliares intrahepaticas 6.093 52 Estémago 5.078 47
Pancreas 5.882 50 Figado e Vias biliares intrahepaticas 4.670 43
Sistema Nervoso Central 4.787 41 Sistema Nervoso Central 4.567 42
Cavidade oral 4.767 41 Ovario 3.921 36
Laringe 3.896 3,3 Leucemias 3.035 28
Todas as neoplasias 117.512 100,0 Todas neoplasias 108.318 100,0

Figura 1. Incidéncia (A) e 6bitos (B) por cancer no Brasil. Apesar das neoplasias de
traqueia, brénquios e pulmdes nao liderarem em nimero de casos, sdo a principal causa de
morte por cancer no pais. Figura adaptada do Instituto Nacional de Cancer José Alencar

Gomes da Silva (INCA), estimativa de 2020 (https://www.inca.gov.br/).

Entre os fatores de risco ligados ao cancer de pulméo, o principal e mais bem
estabelecido é o héabito tabagista, associado com aproximadamente 90% dos casos
(Ozli and Bulbul, 2005). Acredita-se que tabagistas apresentam de 20 a 30 vezes mais
risco de desenvolver a neoplasia em comparag¢do com individuos que nunca fumaram
(Ridge, McErlean and Ginsberg, 2013). Diversas substancias presentes na fumaca do
cigarro, incluindo hidrocarbonetos policiclicos aromaticos (HPAs) e aldeidos,
produzem adutos no DNA, induzindo mutacdes. Quando tais alteracdes acometem
genes supressores de tumor, a exemplo do TP53, ou oncogenes, como KRAS, pode

iniciar-se entdo o processo de carcinogénese, culminando na formacéo de um tumor

18



(Hecht, 2012). O advento dos cigarros eletrbnicos traz novos desafios para a
epidemiologia do cancer de pulmdo. Apesar destes também apresentarem
substéncias potencialmente carcinogénicas, como nitrosaminas, e induzirem danos no
DNA em modelos in-vivo, seus efeitos a longo prazo ainda sao desconhecidos e
podem ditar novos rumos para a prevencao e tratamento da doenca (Bracken-Clarke
et al., 2021; Lee et al., 2018).

Outros fatores de risco incluem exposi¢cdo ao cromo, arsénico, cadmio, silica,
niquel, poluentes atmosféricos e até mesmo fatores ligados a dieta (Sun, Schiller and
Gazdar, 2007). Alguns estudos também demonstram uma maior incidéncia da doenca
em pacientes com repetidas infec¢cdes pulmonares, histérico de tuberculose, além de
deficiéncia e/ou excesso de vitamina A (Dela Cruz, Tanoue and Matthay, 2011).
Fatores hereditarios que aumentam o risco no desenvolvimento da doenga também
devem ser levados em conta, incluindo individuos acometidos pela sindrome de Li-
Fraumeni e aqueles com variantes germinativas no gene EGFR. Outros genes
candidatos ainda carecem de maiores investigacdes, incluindo pacientes com
alteracdes germinativas em ATM, BRCA2, SFTPAl1 e SFTPA2 (Benusiglio et al.,
2021).

O cancer de pulmédo tem um grande custo para os cofres publicos do Brasil,
onde 80% da populacdo depende do Sistema Unico de Saude (SUS), com gastos
anuais que chegam proximos dos R$30 milh6es quando levados em conta 0s custos
diretos no tratamento da doenca. Se levado em conta o sistema de saude suplementar,
as cifras ultrapassam os R$140 milhdes (Ferreira et al., 2016). Estimativas atribuem
mais de 70% desses gastos ao atendimento ambulatorial, principalmente aos regimes
de quimio e radioterapia (Knust et al., 2017). Tais gastos refletem o estagio tardio em
que a neoplasia € diagnosticada no Brasil, uma vez que 70,6% dos casos se
apresentam jA como doenca avancgada, quando intervencdes cirdrgicas sdo pouco
eficazes (Ismael et al., 2011). Farmacos de uso oral, como os inibidores de tirosina
quinase (ITQs) que serdo abordados adiante, poderiam reduzir esses gastos em ate
13% (Ferreira et al., 2016). Estudos mais atuais sdo necessarios, uma vez que 0O

cenario de atencdo oncolégica mudou drasticamente nos ultimos anos, seja com
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situacdes que aumentam a proporcdo de diagnosticos com estadio avancado
(pandemia da COVID-19), seja com situacdes que poderiam modificar custos do
tratamento sistémico (p.ex. o0 advento de novas drogas para o tratamento das
neoplasias de pulméo). O impacto econdmico da pandemia na pesquisa e
desenvolvimento para o tratamento da doenca foi significativo, atrasando ou até
mesmo impedindo a realizacdo de novos estudos, situacdo mais agravante em

economias emergentes como o Brasil (Mukherji et al., 2021).

1.2. Classificacao histopatolégica do cancer de pulmao

Atualmente o cancer de pulméo é classificado em dois grandes grupos: cancer
de pulmédo de células pequenas (CPCP), representando em torno de 15% dos
diagnésticos; e cancer de pulméo de ndo-pequenas células (CPNPC), presente em
aproximadamente 85% dos casos (Lortet-Tieulent et al., 2014; Pirker and Filipits, 2016;
Gridelli et al., 2015) (Figura 2). Nas ultimas décadas, a fim de auxiliar na deciséo
terapéutica, uma subclassificacao foi incorporada para CPNPC, incluindo os subtipos:
adenocarcinoma, cancer de pulméo de células escamosas e cancer de pulméo de
células grandes (Johnson et al., 2004; Scagliotti et al., 2008).

Os adenocarcinomas de pulméo representam pelo menos 70% dos tumores
nao-escamosos e em torno de 50% de todos os diagnosticos de cancer de pulméao
(Lortet-Tieulent et al., 2014; Gridelli et al., 2015). Estes tumores tém origem em células
glandulares, sdo mais frequentemente diagnosticados em mulheres (~45% versus
~35% em homens) e tendem a apresentar um comportamento mais indolente quando
comparado a outros subtipos. Expressam frequentemente biomarcadores consistentes
com sua origem pulmonar, incluindo o fator de transcricdo de tireoide 1 (TTF1, do
inglés Thyroid Transcription Factor 1) e queratina 7 (KRT7, do inglés Keratin 7). Além
disso, este € o tipo de cancer de pulmdo mais comum em nao tabagistas (Varughese
et al., 2012; Davidson, Gazdar and Clarke, 2013).

Ja o carcinoma de células escamosas, também conhecido como carcinoma
epiderméide, corresponde a aproximadamente 30% dos diagnosticos de

CPNPC(Lortet-Tieulent et al., 2014) (Figura 2). S&o mais frequentemente observados
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em fumantes do que qualquer outro subtipo de CPNPC (Heist, Sequist and Engelman,
2012). Outros fatores de risco importantes para este tipo de neoplasia incluem idade,
historia familiar e exposicdo a diferentes carcinégenos. Os carcinomas de células
escamosas distinguem-se dos adenocarcinomas pela expresséo de citoqueratina 5/6,
SOX2 e p63 (Lu et al., 2010).

Por fim, representando em torno de 10% dos casos de cancer de pulmao néo-
escamosos, esta o cancer de pulmao de células grandes (Lortet-Tieulent et al., 2014)
(Figura 2). A frequéncia deste subtipo tem caido significativamente, desde que muitos
casos estdo sendo reclassificados como adenocarcinomas ou carcinomas de células

escamosas (Davidson, Gazdar and Clarke, 2013).

[ Cancer de pulmao J

15%/\ 85%

Cancer de pulmao de Cancer de pulmao de
pequenas células nao pequenas células

30% 70%
Carcinoma de células .,
escamosas Nao-escamosas
10% 90%

[ Carcinomas de pulmao }

de células grandes [ Adenocarcinoma }

Figura 2. Classificacao histolégicado cancer de pulmao e suas respectivas frequéncias.
Figura adaptada de Gridelli et al. (2015).

No Brasil, o diagnostico do cancer de pulm&o normalmente se da por exames

de imagem simples, como a radiografia de térax. Esta, no entanto, possui sensibilidade
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de apenas 70% e especificidade de 89% a 99%. Técnicas alternativas, como
tomografia axial computadorizada de térax e broncoscopia possuem melhor
desempenho no diagnostico, possibilitando também uma melhor definicdo do
estadiamento do tumor (INCA, 2021 - https://www.inca.gov.br/tipos-de-cancer/cancer-
de-pulmao/profissional-de-saude).

Quanto ao estadiamento, que basicamente indica o grau de invasividade do
tumor, normalmente é definido pelo sistema TNM da American Joint Committee on
Cancer. A letra "T" diz respeito as caracteristicas morfolégicas do tumor, como seu
tamanho e a sua dispersdo nos tecidos adjacentes. J4 a letra "N" diz respeito a
presenca ou ndo de metastases nos linfonodos e, por fim, a "M" trata da distancia das
metastases em relagdo ao sitio primario do tumor. Com base nesses critérios, 0s
tumores sao classificados de | a IV. Tumores em estadiamento | séo localizados e
normalmente passiveis de cirurgia curativa. Ja tumores em estadiamento IV séo
avancados por apresentarem metastase a distancia em relacéo ao sitio primario de
diagndstico. Nesses casos, abordagens cirargicas sao pouco eficazes, e tratamentos
sistémicos com radio e quimioterapia, além de terapias com drogas de alvo-molecular,
sao frequentemente indicados (Goldstraw et al., 2016; Brierley, Gospodarowicz and
Wittekind, 2017) (Quadro 1)
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Quadro 1. Resumo da classificacdo de tumores malignos utilizada para definicdo do
estadiamento de neoplasias de pulmado, com base nos critérios da American Joint Committee

on Cancer, 82 edi¢céo.

NO 2 N1°® N2 ¢ N3 ¢

Tla-tumor <1 cm A1 1153 MA B
Tlb —tumor <1 cm, mas €2 cm IA2 A A 1B
Tlc —tumor > 2 cm, £ 3cm IA3 A A 1B
T2a—tumor >3 cm, mas £4 cm IB 1153 A 1B
T2b —tumor >4, mas £5cm A 11B A 1B
T3 —tumor > 5 cm, mas < 7 cm ou que invade determinada 1153 1A 1B 1nc

estrutura ©

T3 —tumor >7cm A A B lnc
T3 —invade o diafragma A A B lnc
T3 —tumor endobrénquico com atelectasia, B 1B B 1B

>3cm,mas <4 cm

T3 —tumor endobrénquico com atelectasia, A IIB A 112}
>4cm,mas <5

T4 —tumor > 7 cm ou associado a nédulo(s) tumoral(is) A A B nc
separado(s) no mesmo lobo ipsilateral do tumor primario,
ou que invade determinada estrutura

Miah IVA IVA IVA IVA
M1b f com uma leséo IVA IVA IVA IVA
Mlc ' com multiplas lesdes VB IVB VB IVB

a = Sem metastase em linfonodo regional

b = Metastase em linfonodo peribrénquico ipsilateral e/ou hilar ipsilateral e intrapulmonares, incluindo
envolvimento por extenséo direta.

¢ = Metastase em linfonodo mediastinal ipsilateral e/ou subcarinal

d = Metastase em linfonodo mediastinal contralateral; hilar contralateral; escalénico ipsilateral ou
contralateral; ou supraclavicular.

e = parede do peito, incluindo pleura parietal e tumores de sulco; nervo frénico; pericardio parietal.

f = parede torécica, diafragma, nervo frénico, pleural mediastinal, pericardio

h = Nédulo (s) tumoral (ais) em lobo contralateral; tumor com nodulo pleural ou derrame pleural ou
pericardico maligno.

i = metastase a distancia.
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1.3.Diagnéstico molecular

Nas ultimas décadas, avancos significativos foram alcancados no tratamento
das neoplasias de pulmao. A maioria deles se deve a maior compreensao do perfil
gendmico de muta¢cBes somaticas do tumor, ou seja, daquelas alteragbes adquiridas
ao longo do processo de oncogénese. Estas alteragdes, por sua vez, sao classificadas
em mutacdes direcionadoras/condutoras (drivers), as quais possuem papel
fundamental no processo de carcinogénese, e mutacfes passageiras (passengers),
as quais nao possuem papel relevante na manutencéo e progressao do tumor (Haber
and Settleman, 2007).

Os avangos mais recentes para compreensdo da gendomica tumoral foram
impulsionados pelo advento do sequenciamento massivo paralelo, também conhecido
como Sequenciamento de Nova Geracdo (NGS, do inglés Next Generation
Sequencing). A reducdo de custos e consequente maior acessibilidade a técnica
permitiu o surgimento de grandes consorcios internacionais, como, por exemplo, o The
Cancer Genome Atlas (TCGA) e o The AACR Project Genomics Evidence Neoplasia
Information Exchange (GENIE), os quais mapearam alteracdes no codigo genético das
neoplasias e permitiram que a classificacdo dos tumores fosse além de sua histologia,
agrupando-os de maneira ainda mais precisa conforme suas assinaturas moleculares
(Swami et al., 2021; Alexandrov and Stratton, 2014; Network, 2014; Consortium, 2017,
Weinstein et al., 2013). Essas assinaturas atuam como marcadores moleculares,
denominados biomarcadores, 0s quais podem auxiliar em um diagndstico, prognéstico
e tratamento da doenca mais personalizado e individualizado, conhecido como

oncologia de precisao (Ciardiello et al., 2014; Yang et al., 2020b).

1.4.Tratamento do cancer de pulmdo com drogas de alvo molecular e

inibidores de checkpoint imunologico

Como consequéncia do maior conhecimento do perfil genédmico dos tumores,
diversas drogas de alvo molecular vém sendo desenvolvidas em ritmo acelerado nos
altimos anos. Estas atuam de maneira mais especifica sobre determinados receptores,

ou ainda proteinas intracelulares, que estao alterados em decorréncia das mutacdes
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encontradas no tumor (Malone et al., 2020). Tais avan¢os ndo somente levaram a um
aumento da sobrevida dos pacientes, mas também em ganhos significativos na
qualidade de vida durante o tratamento, gracas a diminuicdo da toxicidade e eventos
adversos associados, comuns durante regimes terapéuticos convencionais a base de
quimioterapicos (Ai et al., 2018).

O sucesso no uso de drogas de alvo molecular depende diretamente da correta
selecdo dos pacientes que potencialmente podem se beneficiar das novas opcoes
terapéuticas. Diversos aspectos devem ser observados, incluindo a heterogeneidade
molecular dos tumores de pulmao, mesmo entre aqueles de mesmo padrao histologico
((CLCGP) and (NGM), 2013; Kandoth et al., 2013). Em outras palavras, tumores que
sdo fenotipicamente semelhantes podem apresentar mutagbes muito distintas.
Portanto, no contexto atual do manejo do CPNPC, o uso de técnicas de biologia
molecular para correta e precisa identificacdo de biomarcadores de predicao
terapéutica € imprescindivel na tomada de decisbes, de maneira que estas sejam
baseadas no perfil molecular do tumor, prevendo a provavel resposta ao tratamento
(Politi and Herbst, 2015).

Uma vez identificadas, as mutacdes, formalmente descritas como variantes
somaticas, devem ser corretamente classificadas. Da mesma forma que o American
College of Medical Genetics (ACMG) fornece diretrizes para a classificacdo das
variantes de origem germinativa em cinco categorias (Patogénica, Provavelmente
Patogénica, Variante de Significado Indeterminado, Benigna e Provavelmente
Benigna), o padrdo ouro para classificacdo de variantes somaticas segue as
recomendacdes da Association for Molecular Pathology, American Society of Clinical
Oncology e College of American Pathologists (AMP/ASCO/CAP). Atualmente seis
niveis (em inglés, tiers) de classificagéo s&o utilizados, indicando o grau de evidéncias
que suportam se determinada mutacéo tem significado terapéutico (sensibilidade ou
resisténcia a determinada droga), progndéstico e/ou diagndstico, conforme Quadro 2
abaixo (Li et al., 2017).
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Quadro 2. Niveis (tiers) de evidéncia para classificacdo de mutacdes somaticas, segundo
recomendacdes da AMP/ASCO/CAP.

Nivel de evidéncia | Descricao

MutagBes com significado clinico comprovado e/ou com protocolos

Tier IA P . n . g
clinicos e diretrizes terapéuticas aprovados por agéncias de saude.
Tier IB Mutacbes com nivel de evidéncias robusto, incluindo consenso de
especialistas na area.
Significado clinico comprovado para outros subtipos tumorais, ou
Tier IIC guando a mutacdo € citada em terapias investigacionais, ou quando
diversos estudos de menor impacto em consenso indicando o impacto
da mutacgéo.
Tier IID Estudos pré-clinicos e/ou relatos de caso indicando o significado

clinico da mutacao.

Mutacbes ausentes ou ocorrendo em baixa frequéncia em bancos de
Tier Il dados populacionais, porém sem evidéncias consistentes na literatura
guanto ao seu impacto funcional.

Variantes benignas ou provavelmente benignas, observadas em
frequéncia relativamente alta em bancos de dados populacionais
(>1%) e sem evidéncias de associagdo com O processo de
oncogénese.

Tier IV

Exemplos ja bem difundidos na rotina clinica sdo o rastreamento de mutacfes
no oncogene EGFR (do inglés Epidermal Growth Factor Receptor) e rearranjos em
ALK (do inglés Anaplastic Lymphoma Kinase), utilizados como biomarcadores de
resposta desde os anos de 2004 e 2007, respectivamente (Lynch et al., 2004; Soda et
al., 2007). Somam-se também a esses marcadores as mutacdes em KRAS (do inglés
Kirsten Rat Sarcoma Viral Oncogene Homolog) e BRAF (do inglés B-Raf Proto-
Oncogene, Serine/Threonine Kinase), alteracbes em MET (do inglés MET Proto-
Oncogene, Receptor Tyrosine Kinase), que incluem amplifica¢des, exclusao do éxon
14 e mutacdes no cédon D1010, além de fusbes génicas envolvendo ROS1 (do inglés
ROS Proto-Oncogene 1, Receptor Tyrosine Kinase), RET (do inglés Ret Proto-
Oncogene) e NTRK1/2/3 (do inglés Neurotrophic Receptor Tyrosine Kinase 1/2/3)
(Imyanitov, lyevleva and Levchenko, 2021). Um resumo dos farmacos utilizados nas
terapias de alvo molecular e seus respectivos marcadores sdo apresentados no

Quadro 3. Atualmente apenas dois estdo aprovados para seu uso no SUS no
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tratamento do CPNPC. Séo eles: o gefitinibe, aprovado pela Comissdo Nacional de
Incorporacdo de Tecnologias no Sistema Unico de Saide em 2013; e o erlotinibe,
aprovado em 2015, quase 10 anos ap0s sua aprovacado pela Agéncia Nacional de
Vigilancia Sanitaria (CONITEC, 2013; CONITEC, 2015).
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Quadro 3. Linha do tempo com as aprovacdes de drogas de alvo molecular para o tratamento

de CPNPC no mundo e no Brasil com seus respectivos biomarcadores de resposta terapéutica

(alvos).
Ano de aprovacéao
Alvo(s) Farmaco(s) -
Mundo Brasil
EGFR del19, L858R Gefitinibe 2003 2011
EGFR del19, L858R Erlotinibe 2004 2006
Fusodes ALK, MET ex14, D1010X Crizotinibe 2011 2016
EGFR del19, L858R, G719, S768I, L861Q Afatinibe 2013 2016
~ Alectinibe 2019
Fusoes ALK Ceritinibe 200141 s
EGFR del19, L858R, T790M Osimertinibe 2015 2017
Fusbes ROS1 Crizotinibe 2016 2018
BRAF V600E Dabrarenibe + 2017 | 2018
Trametinibe
Fusbes ALK Brigatinibe 2017 2019
Fusodes ALK, ALK G1202R Lorlatinibe 2018 2020
EGFR del19, L858R Dacomitinibe 2018 NA
Fusdes NTRK Larotrectinibe 2018 2019
Fusdes NTRK e ROS1 Entrectinibe 2019 NA
Capmatinibe 2021
MET ex14, D1010X — 2020
Tepotinibe 2021
Pralsetinibe NA
Fusbes RET — 2020
Selpercatinibe NA
_ Amivantamabe 2021
EGFR ins20 — 2021
Mobocertinibe NA
KRAS G12C Sotorasibe 2021 2022

* NA = Nao aprovado.
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Todos os farmacos citados acima envolvem direta ou indiretamente os
Receptores de Tirosina Quinase (RTQs), que compdem um dos principais elementos
reguladores da sobrevivéncia e proliferacdo celular. A estrutura basica dos RTQs
consiste em um sitio de ligagdo extracelular, uma a-hélice transmembrana e um
dominio tirosina quinase no citoplasma. Em humanos, atualmente séo classificados
em 20 familias. A ativacdo destes envolve ligantes que mediam a conexao entre 0s
receptores monomeéricos ou oligomeéricos, formando dimeros/oligbmeros, os quais
ativam, mediante fosforilagdo no meio intracelular, os fatores de transcricdo (Lemmon
and Schlessinger, 2010; Pottier et al., 2020). Uma vez que um respectivo ligante adere
a um RTQ, este sofre autofosforilacdo, desencadeando uma cascata de sinalizacéo
que envolve diversas vias intermediarias a jusante, incluindo: Pi3K/AKT/mTOR (do
inglés Phosphoinositide 3-kinase/Protein Kinase B/Mechanistic Target of Rapamycin),
a qual controla o crescimento celular, metabolismo, sobrevivéncia celular e
manutenc¢ao da pluripoténcia; RAS/MAPK (do inglés, Rat Sarcoma/Mitogen-activated
Protein Kinases), via reguladora do metabolismo, ciclo celular, proliferacéo,
diferenciacdo e migracao celular; e JAK/STAT (do inglés, Janus Kinase/Signal
Transducer and Activator of Transcription Protein Family), um fator de transcricdo
citoplasmatico que media citocinas e sinalizacao de fatores de crescimento (Liang and
Yang, 2019; Santoni-Rugiu et al., 2019; Pottier et al., 2020) (Figura 2).

Alteracdes moleculares em genes que codificam RTQs e outras proteinas de
nas vias associadas sdo um dos principais mecanismos de oncogénese em diversos
tipos de tumores, incluindo CPNPC (Porter and Vaillancourt, 1998; Du and Lovly, 2018)
(Figura 2). E na sequéncia que codifica o dominio tirosina quinase, presente no
citoplasma, que muitas das mutacdes oncogénicas sdo encontradas. Neste dominio
atuam a maioria das terapias de alvo molecular, utilizando farmacos conhecidos como
ITQs (Mok et al., 2017; Arora and Scholar, 2005).

Em condi¢bes normais, a fosforilagcdo dos RTQs é estritamente regulada por
fatores antagonistas e tirosina fosfatases. Alteracdes no dominio tirosina quinase
propiciam uma ativacdo constitutiva das vias associadas, mesmo na auséncia de

ligantes, levando a uma proliferacéo celular descontrolada (Margiotta, 2021). Dentre
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0S principais mecanismos que alteram os genes que codificam RTQs estdo: as
mutacfes de ganho de funcdo e as amplificacdes no dominio tirosina quinase; e 0s
rearranjos génicos que levam a codifica¢do de oncoproteinas nas quais a por¢éo auto-
inibitéria do dominio tirosina quinase esta ausente, ou cujo o parceiro da fusao
proporcione o recrutamento de proteinas que contribuem para a sinalizacdo da via,
estabilidade da proteina, localizacdo celular e oligomerizacdo (Lemmon and
Schlessinger, 2010; Medves and Demoulin, 2012; Kubo et al., 2009) (Figura 2).
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Progressao do ciclo celular e proliferagao

Figura 3. Representacdo das principais alteragdes moleculares envolvendo RTQs e vias
de sinalizacdo celular associadas a jusante. Em condi¢cbes normais, ligantes levam a
autofosforilacdo dos RTQs, desencadeando as vias a jusante que ativam fatores de
transcricdo e sinalizam a progressdo do ciclo celular. Esse processo é controlado em
condicbes de homeostasia, sendo ativado em situaces especificas, como no reparo de
tecidos. Quando ocorrem mutacdes em genes que codificam proteinas associadas a esta
cascata de sinalizagdo, as vias tornam-se constitutivamente ativas, com consequente

descontrole da proliferagao celular. Imagem original.
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Quanto as alteracbes no gene EGFR, as delecbes do éxon 19 e a substituicdo
de uma arginina por uma leucina no cédon 858 (L858R) do éxon 21 representam
aproximadamente 90% das alteracdes somaticas do gene e sdo responsaveis por
levar a uma atividade tirosina quinase constitutiva da proteina (Greulich et al., 2005;
Okabe et al., 2007). Mutacdes complexas envolvendo mais de uma mutacdo em EGFR
também ja foram reportadas em uma minoria de casos, de 1% a 8% (revisado por
(Santoni-Rugiu et al., 2019). Os primeiros ITQs desenvolvidos para atuar sobre a
proteina mutante do EGFR, chamados de primeira geracdo, ligam-se de maneira
reversivel ao dominio tirosina quinase, consequentemente bloqueando a cadeia de
sinalizacdo subsequente. Ja as drogas de segunda geracdo ligam-se ndo somente
irreversivelmente ao EGFR, como também bloqueiam outras proteinas associadas a
familia do fator de crescimento epidermal (EGF), incluindo HER2 (ou ErbB2, do inglés
Erb-B2 Receptor Tyrosine Kinase 2) e HER4 (ou ErbB4, do inglés Erb-B2 Receptor
Tyrosine Kinase 4) (Solca et al., 2012; Engelman et al., 2007). Ja os ITQs de terceira
geracao foram desenvolvidos em resposta a mutacao de resisténcia T790M do EGFR,
que sera abordada adiante. Nessa classe, o primeiro a ser aprovado € o farmaco
Tagrisso (Osimertinibe), o qual também se liga de maneira irreversivel a uma
variedade de residuos mutados da proteina, além de apresentar maior seletividade em
comparacao aos medicamentos das geracdes anteriores, com menor afinidade pela
proteina selvagem e, consequentemente, maior eficiéncia e menor toxicidade (Tan et
al., 2018).

As fusbes génicas, apesar de menos frequentes, possuem importante papel na
oncogénese do CPNPC, sendo que as mais relevantes envolvem os genes ALK, RET
e ROS1. Quando estes genes sao fusionados com seus respectivos parceiros,
traduzem uma proteina de fusdo com o dominio tirosina quinase ativado
constitutivamente, sobre o qual atuam também diferentes tipos de ITQs (Takeuchi et
al., 2012). A proteina de fusdo EML4-ALK esta presente de 2% a 5% dos pacientes
com adenocarcinoma de pulméo (Kwak et al., 2010). Ja as fusbes que incluem ROS1
e RET sdao identificadas em 1 a 2% dos casos (Takeuchi et al., 2012). Atualmente,

somam-se as fusfes acima aquelas envolvendo os genes NTRK1, NTRK2 e NTRK3,
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gue codificam os receptores de tirosina quinase neurotrofica 1, 2 e 3, respectivamente.
Em CPNPC, a frequéncia destas fusbes € rara, sendo presentes em menos do que
0,5% dos casos (Liu et al., 2022b). O ITQ Vitrakvi (Larotrectinibe), desenvolvido para
inibir a ativacdo dos receptores de tropomiosina relacionados a quinase (TRKs, do
inglés ) pelas neurotrofinas (NTs), foi a primeira droga desta classe de medicamentos
tumor-agnostica, ou seja, aprovada para ser utilizada em qualquer neoplasia solida,
desde que na presenca de fusbes NTRK1/2/3 (Mullard, 2018).

Ao contrario dos exemplos acima, mutacdes nos genes KRAS e NRAS indicam
baixa probabilidade de resposta a ITQs. Mutagcdes em KRAS sdo mais comuns em
individuos com histérico de tabagismo e indicam um pior progndstico, porém parecem
estar associadas a maior expressdo de PD-L1 e resposta a inibidores de checkpoint
imunoldgicos (Pao et al., 2005b; Dogan et al., 2012; Slebos et al., 1990; Herbst et al.,
2019). Estudos nos EUA, Europa e Asia demonstraram que substituicbes de
aminoacidos nos codons 12, 13 e 61 foram detectadas em 11%-29%, 12%-37% e 2%-
9% dos pacientes, respectivamente (Lee et al., 2010; Gao et al., 2010; Fassina et al.,
2009; Chiosea et al., 2010). J4 as mutacdes em NRAS sdo raras, ocorrendo em
aproximadamente 1% dos casos (Ohashi et al., 2013).

Dada a alta frequéncia e pior prognostico na presenca de mutacdes em KRAS,
nao € exagero afirmar que um dos maiores avancos recentes no tratamento do CPNCP
foi a aprovacé@o do uso do inibidor de GTPase da familia RAS Sotorasibe, indicado
especificamente para tumores com a mutacdo G12C no gene, presente em mais de
10% da totalidade dos casos (Blair, 2021). Ademais, recentemente foram aprovados
os farmacos Amivantamabe e Mobocertinibe, os quais atuam em tumores com
insercdes no éxon 20 de EGFR, presente em aproximadamente 5% dos pacientes e,
até recentemente, marcadores de resisténcia aos ITQs de primeira e segunda geracéo
(Yun et al., 2020; Gonzalvez et al., 2021). Com base no banco de dados do projeto
GENIE, consorcio internacional que reune dados gendmicos de mais de 19 mil
amostras de CPNPC, até 2021 estimava-se que aproximadamente 25% dos pacientes
com CPNPC potencialmente se beneficiariam com o uso de terapias-alvo. Atualmente,

com o advento de novos medicamentos direcionados para as insercées do éxon 20 no
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EGFR e a mutacdo G12C de KRAS, mais de 40% dos pacientes passam a se
beneficiar com os testes gendmicos para a deteccdo de mutacdes acionaveis
(Consortium, 2017).

Mutacbes em BRAF sdo comuns em melanoma e céancer de tiredide, mas
também estao presentes de 3,5% a 5% dos CPNPC, sendo a mais frequente a V600E,
presente em 1,5% - 2% dos casos (Marchetti et al., 2011; Consortium, 2017). Este
gene codifica a proteina B-Raf, a qual atua na ativacdo da via de sinalizacao
MAPK/ERK, uma via de proliferacao celular a jusante da de EGFR (Adjei, 2005)
(Figura 2). Tumores com mutacdes ativadoras no gene também indicam baixa
probabilidade de resposta no uso de ITQs direcionados a EGFR, porém os pacientes
podem se beneficiar com o uso combinado de inibidores de B-Raf e MEK, Dabrafenibe
e Trametinibe, respectivamente (Weart, Miller and Simone, 2018).

As amplificacBes génicas tém importante papel na oncogénese de diversos
tipos tumorais. Em CPNPC, a principal delas afeta o gene MET, sendo esta observada
em aproximadamente 5% dos pacientes e responsavel pela ativacado constitutiva da
via de sinaliza¢do do PIK3/AKT com consequente resisténcia aos inibidores do EGFR
(Liang and Wang, 2020; Sequist et al., 2011). Por outro lado, tumores com amplificado
de MET podem se beneficiar com o uso do ITQ Crizotinibe, utilizado também no
tratamento de tumores com fusdes em ALK e ROS1. Outras alteracdes em MET
incluem mutacfes que afetam o splicing do pré-mRNA, resultando na exclusdo do
éxon 14, além de mutacbes do codon D1010X. Para tais alteracdes, ja estdo
disponiveis os inibidores de c-Met Capmatinibe e Tepotinibe (Brazel, Zhang and
Nagasaka, 2022).

Outra amplificagdo mais rara em CPNPC, presente em aproximadamente 1%
dos casos, porém ndo menos importante, envolve o gene ERBB2, o qual codifica a
proteina transmembrana e também receptor tirosina quinase HER2 (Consortium,
2017; Greulich et al., 2012). AlteracGes neste gene sao preditivas de resposta ao
Trastuzumabe emtansina e Trastuzumabe deruxtecan, originalmente indicados para

cancer de mama (Huang et al., 2020).
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Apesar das alteracbes citadas acima serem essencialmente de origem
esporadica, suas prevaléncias diferem substancialmente entre diferentes populacoes.
Por exemplo, a ocorréncia de mutagbes em EGFR varia de 7% a 76% em pacientes
com adenocarcinoma de pulmao (Midha, Dearden and McCormack, 2015). Tais
alteracdes sdo mais frequentemente observadas em pacientes asiaticos e em
mulheres nao tabagistas (Lynch et al., 2004). Em paises com dimensdes continentais
e grande diversidade étnica como o Brasil, espera-se que diferencas expressivas entre
diferentes regibes também sejam observadas. Um estudo publicado pelo nosso grupo,
o qual consiste no segundo capitulo da presente tese, demonstrou que a prevaléncia
de mutacbes em EGFR é menor no sul do Brasil (19,1%) em comparacdo com as
demais regides. J& a prevaléncia de alteracdes envolvendo o gene KRAS é a maior ja
registrada no pais, presente em 30,2% dos casos analisados (Andreis et al., 2019).

No entanto, mesmo com tantos avangos, 0 acesso a hovas terapias ainda é um
limitante, principalmente em paises em desenvolvimento, como o Brasil. Estima-se que
menos de 40% dos pacientes elegiveis para testes moleculares em CPNPC recebam
o diagnéstico béasico para o tratamento da neoplasia no pais (Palacio et al., 2019).
Ademais, conforme demonstrado no Quadro 1, ndo € incomum gue o0 processo de
aprovacao para o uso de novos farmacos leve mais de dois anos no pais. Portanto, &
fundamental o entendimento da epidemiologia molecular do CPNPC em paises como
o Brasil, possibilitando a melhor alocacdo de recursos para politicas de prevencao,
diagnéstico e tratamento da neoplasia.

A frequéncia de marcadores moleculares em CPNPC também depende do
subtipo histolégico. Tumores escamosos possuem uma menor prevaléncia de
mutacdes acionaveis em comparacdo com adenocarcinomas. Dados do projeto
GENIE, que reune dados de 1.826 casos de tumores escamosos de pulméao, indicam
que menos de 2% apresentam a mutacdo G12C em KRAS ou mutagOes de
sensibilidade a ITQs em EGFR (Network, 2014; Consortium, 2017). Entretanto, frente
a falta de alternativas terapéuticas, a National Comprehensive Cancer Network
(NCCN) ainda recomenda o teste molecular de EGFR, ALK, KRAS, ROS1, BRAF,
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MET, RET e NTRK1/2/3 em doenca avancada ou metastatica para este subtipo
histolégico (NCCN, 2022).

Algumas associacg0es entre as alteragdes moleculares em CPNPC e aspectos
clinico-patologicos também j& foram observadas. Por exemplo, tumores com fusdes
génicas em ALK, ROS1 e RET sdo mais comumente encontradas em
adenocarcinomas predominantemente solidos e tendem a apresentar histologia
mucinosa, padréo cribriforme, células de anel de sinete e citologia hepatoide (Pan et
al., 2014). J& mutacbes em EGFR estdo frequentemente associadas com
adenocarcinomas lipidico e micropapilar, sendo raramente encontradas em
adenocarcinomas predominantemente solidos ou invasivos mucinosos e mais comuns
em pacientes asiaticas do sexo feminino ndo-tabagistas(Chapman et al., 2016; Zhang
et al., 2016; Shim et al., 2011). Mutagcbes em KRAS, por outro lado, sé&o
frequentemente encontradas em tumores provenientes de individuos tabagistas,
sendo em sua maioria adenocarcinomas invasivos mucinosos e raramente
apresentam padréo predominante lipidico ou acinar (Jiang et al., 2019; Suda,
Tomizawa and Mitsudomi, 2010).

Apesar das associacdes descritas acima, nenhuma delas € utilizada como
critério clinico para selecdo de pacientes elegiveis para teste molecular e/ou para o
uso de terapias de alvo molecular. Diferentes sociedades médicas recomendam teste
molecular do tumor para todo CPNPC avancado ou metastéatico. No entanto, o NCCN
ja recomenda a testagem de mutacbes em EGFR no caso de tumores em
estadiamento IB a IlIA. Naqueles positivos para mutacéo acionavel, é indicado o uso
de Osimertinibe para os ja receberam quimioterapia adjuvante ou que sejam
inelegiveis para receberem quimioterapia baseada em platina (NCCN, 2022).

Por fim, vale citar o tratamento por meio do bloqueio de checkpoints
imunologicos (do inglés, immune checkpoint inhibitors - ICIs), como os sinais das
proteinas PD-1 (do inglés, programmed cell death-1), PD-L1 (do inglés, programmed
cell death ligand-1) e CTLA4 (do inglés, cytotoxic T-lymphocyte antigen 4), os quais
possuem grande potencial para o tratamento de CPNPC para determinados grupos de

pacientes (Rizvi et al., 2015). PD-L1 é superexpresso em 23 - 27% dos casos de
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cancer de pulmédo de células grandes e adenocarcionoma, e de 19 a 56% dos
carcinomas de células escamosas. Estudos ja demonstraram que CPNPC que
expressam altos niveis de PD-L1 respondem bem a imunoterapias que utilizem
farmacos anti-PD-1/PD-L1 (Herbst et al., 2014). No entanto, uma resposta satisfatéria
com o uso de um unico agente anti-PD-1/PD-L1 tem variado de 10% - 45% em
pacientes positivos para este biomarcador, demonstrando seu limitado valor preditivo
de resposta (Garon et al., 2015; Jiang et al., 2017). Tais diferengas se devem em parte
ao perfil molecular de cada tumor, incluindo a chamada carga mutacional, a qual indica
0 numero de mutacdes por megabase do genoma tumoral. Conforme ja demonstrado
por diversos estudos, quanto maior o nimero de mutagdes no tumor, maior o potencial
deste apresentar neoantigenos, criando um microambiente mais imunogénico e

propicio a resposta a ICls (Blons et al., 2019).

1.5.Mecanismos de resisténcia a drogas de alvo molecular

Apesar do impacto clinico positivo das novas terapias de alvo molecular, a
resisténcia ao tratamento tem sido reportada como um dos principais desafios clinicos
dessa abordagem terapéutica (Morgillo et al., 2016). Em geral, pacientes tratados com
ITQs comegam a apresentar perda de resposta ao tratamento entre 10 e 14 meses
apos iniciarem o uso do medicamento (Wu and Shih, 2018). Tumores sdo compostos
em sua maioria por um grupo dominante de células neoplasicas (clones) que
compartilharam as mesmas alteracbes genéticas. No entanto, também podem
apresentar subpopulacbes clones menos frequentes e que s&o geneticamente
diferentes. Da mesma forma, o clone dominante original pode se diversificar em
subclones que carregam mutacées de novo. Tal diversidade, denominada
heterogeneidade intratumoral, permite a neoplasia evadir estratégicas terapéuticas e
apresentar resisténcia ao tratamento (Dagogo-Jack and Shaw, 2018; Kemper et al.,
2015; Zhang et al., 2014). Terapias direcionadas, como ITQs, desencadeiam uma
pressao seletiva sobre os clones presentes no tumor, selecionando negativamente
agueles que carregam as mutacdes que conferem sensibilidade ao medicamente e

positivamente aqueles nédo apresentam resposta (Lim and Ma, 2019).
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A resisténcia intrinseca (primaria) ocorre quando um clone que possui uma
determinada mutacdo de resisténcia ja esta presente desde antes do inicio do
tratamento e, frequentemente, em uma baixa frequéncia. Este pode se expandir a
medida que o clone dominante regride em virtude do tratamento. Por exemplo, estima-
se que de 20% a 30% dos pacientes com mutacoes do EGFR que conferem
sensibilidade ao uso de ITQs tenham auséncia de resposta ou resposta de curta
duracdo (menor que 3 meses) devido a presenca de mecanismos de resisténcia
intrinseca (Santoni-Rugiu et al., 2019). O segundo tipo de mecanismo de resisténcia &
denominado adquirido (secundario) e desenvolve-se a partir de mutacdes de novo no
decorrer da terapia. Estes subclones tendem a substituir os clones originais ao longo
do tratamento, levando a progressao da doencga (Lim et al., 2018).

Um exemplo bem difundido de resisténcia ao uso de ITQs direcionados ao
EGFR ocorre quando se identifica no tumor a mutacéo T790M do éxon 20. Inicialmente
foi descrito como um mecanismo de resisténcia adquirida, porém estudos
demonstraram que alguns casos de CPNPC virgens de tratamento podem apresentar
a alteracdo em uma baixa frequéncia alélica (Rosell et al., 2011; Ye et al., 2020). Esta
foi uma das razdes pelas quais o ITQ de terceira geracdo Osimertinibe, desenvolvido
inicialmente para reverter a resisténcia em decorréncia da T790M, passou a ser
utilizado na primeira linha de tratamento do CPNPC (Ramalingam et al., 2018).

Antes do uso de Osimetinib na primeira linha de tratamento, a mutagcado T790M
no gene EGFR explicava 50-60% dos casos de resisténcia secundaria em pacientes
submetidos a ITQs de primeira geracdo, chegando a mais de 70% naqueles tratados
com Afatinibe, um inibidor de segunda geracao (Pao et al., 2005a; Hochmair et al.,
2019). Outros mecanismos de resisténcia adquirida a ITQs de primeira e segunda
geracdo direcionadas a EGFR estdo associadas a mutacdes nos codons L747X,
D761X e T854X de EGFR (menos que 5% dos casos), mutagcdes em PIK3CA (5%) e
BRAF (1%), amplificacdes do EGFR (8%), MET (5-22%), ERBB2 (12%) e CRKL (9%),
além de alteracdes fenotipicas incluindo transformacéo para histologia de cancer de
pulmé&o de pequenas células (3-14%) (Gainor and Shaw, 2013). A transicéo Epitélio-
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Mesenquimal também parece ser um mecanismo importante de resisténcia nao
dependente de EGFR (Bronte et al., 2018).

Atualmente o mecanismo mais frequente de resisténcia adquirida a ITQ de
terceira geracdo é a mutacao C797S, também no gene EGFR, presente entre 22 a
40% dos casos tratados com Osimertinibe (Wang et al., 2016; Tan et al., 2018). Outros
mecanismos nao relacionados a T797S incluem aqueles semelhantes aos observados
apos uso de farmacos de primeira e segunda geracdo, incluindo amplificacdes de
outros genes associados a via (EGFR, ERBB2, MET, FGFR1 e KRAS), fusbes de
génicas (RET, ALK, FGFR3 e NTRK1) e transformacéo para histologia de cancer de
pulméo de pequenas células. Também séo observadas fusées de BRAF e mutacdes
em KRAS. Normalmente esses mecanismos estdo associados ao desaparecimento
dos clones T790M e o reaparecimento da mutacdo ativadora de EGFR original,
demonstrando a importancia de um monitoramento molecular constante e seriada da
evolucdo da neoplasia (Nakatani et al., 2019; Ramalingam et al., 2018; Minari, Bordi
and Tiseo, 2016; Lim et al., 2018; Oxnard et al., 2018; Yang et al., 2018; Piotrowska et
al., 2018; Schrock et al., 2018; Yu, Planchard and Lovly, 2018; Leonetti et al., 2021).

O uso de Osimertinibe na primeira linha de tratamento para pacientes EGFR
mutados ainda € relativamente recente, porém alguns estudos ja exploraram o0s
mecanismos de resisténcia associados. Ao contrario do que ocorre quando utilizado
na segunda linha de tratamento, Fuchs e colaboradores demonstraram que a mutacao
C797S néo foi encontrada em pacientes que receberam o medicamento na primeira
linha. Nestes casos, amplificacdes de MET foi o evento mais comum (Fuchs et al.,
2021). O numero de pacientes avaliados, no entanto, foi relativamente baixo, apenas
15 para cada grupo. O estudo AURA, uma das principais evidéncias favoraveis ao uso
de Osimertinibe na primeira linha de tratamento, identificou, dentre os 38 pacientes
que apresentaram progressao, amplificacdes de MET, EGFR e KRAS; mutacdes de
MEK1, KRAS, PIK3CA e JAK2; insercdo no éxon 20 de ERBB2; e dois pacientes com
C797S (Ramalingam et al., 2018).

Mecanismos emergentes de resisténcia a ITQs direcionados a EGFR incluem

micro-RNAs. Um exemplo € o miR-196a, para o qual niveis elevados de expressao
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foram associados a resisténcia a Gefitinibe mediante inibicdo da expressao de proteina
de transferéncia de glicolipidios (GLTP), que induz apoptose em CPNPC (Liu et al.,
2022a).

No que diz respeito a resisténcia secundaria em pacientes com fusées ALK
tratados com Crizotinibe, 0 mecanismo mais comum € a ativacdo de EGFR ndao
direcionada por mutacdes, mas sim por ligantes do EGF e anfiregulina (AREG),
presente em mais de 40% dos casos. Outros escapes comuns envolvem mutagdes de
ponto no proprio gene ALK, sendo a L1196M a principal delas, encontrada em até 36%
dos casos. Além disso, amplificacdes de ALK e KIT, presentes em até 18% e 15% dos
casos, respectivamente, ja foram descritas (Gainor and Shaw, 2013). Amplificactes
do gene MYC, encontradas 4% dos CPNPC, ja foi reportada como mecanismo de
resisténcia primaria a Crizotinibe.

Em relacdo a resisténcia adquirida a inibidores de MET, diversas alteracdes
moleculares jA foram descritas, sendo aquelas envolvendo os cédons H1094X,
G1163X, L1195X, D1228X e Y1230X e amplificagéo focal do éxon 14 as mais comuns.
Outros mecanismos que ndo envolvem o gene, presente em aproximadamente 45%
dos casos, incluem amplificacbes de ERBB3, EGFR, KRAS e BRAF, bem como
mutacBes em KRAS. Estima-se que 25% dos tumores tratados com inibidor de MET
ainda apresentem mecanismos de resisténcia adquirida indeterminada (Recondo et
al., 2020).

1.6.DNA livre circulante: a mais nova fronteira do diagnostico molecular?

Como discutido acima, a resisténcia ao tratamento ainda € um dos principais
desafios na terapéutica do CPNPC, seja ela intrinseca ou adquirida. A analise
molecular constante e continua, com um acompanhamento em tempo real da evolugéo
dos clones que carregam alteracfes em genes associados a oncogénese (drivers
oncogénicos), permite, em teoria, que o tratamento do paciente seja ainda mais
personalizado, antecipando-se a evolugéo clinica da doenca. Um exemplo do potencial
desta abordagem ja foi demonstrado por Fujita e colaboradores, os quais chegaram a

encontrar 79% de casos virgens de tratamento positivos para mutacdo T790M
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utilizando a técnica de hibridizacdo de colbnia, atingindo uma sensibilidade de 0.01%
(Fujita et al., 2012). No entanto, técnicas dessa natureza ainda demandam tempo e
custos relativamente altos, além de exigirem instala¢cfes altamente especializadas.
Ja para deteccdo de resisténcia adquirida, um caminho Obvio parece ser a
realizacdo de biopsias seriadas do tecido tumoral. No entanto, € comum encontrar em
tumores avancados uma alta taxa de heterogeneidade intratumoral (Dagogo-Jack and
Shaw, 2018; Kemper et al., 2015). Portanto, para que haja uma maior
representatividade do perfil molecular do tumor, seriam necessarias diversas biopsias
de variadas fracbes do tumor, além de espécimes provenientes dos diversos sitios
metastaticos, quando presentes. Novamente, a logistica e custo para tal abordagem a
tornam pouco viavel para prética clinica. Finalmente, um outro obstaculo para
diagndstico molecular de bidpsias teciduais € a alta invasividade da técnica, sendo que
por vezes o tecido a ser biopsiado é inacessivel, p.ex. quando ha metastases no
sistema nervoso central, principalmente em pacientes que apresentam complicacoes
clinicas importantes para realizacéo de procedimentos cirargicos (Heitzer et al., 2013).
Um dos grandes avancos na investigacdo de biomarcadores tumorais foi o
advento da analise em material tumoral circulante, conhecida como biopsia liquida.
Esta técnica se baseia no rastreamento de alteracdes da neoplasia que estejam
presentes no sangue ou outros fluidos corporeos do paciente (por exemplo liquido
pleural e cefalorraquidiano, urina, etc), tanto a nivel celular (CTC, do inglés circulating
tumor cells), quando a nivel molecular, utilizando o DNA tumoral circulante (ctDNA, do
inglés circulating tumor DNA). Esta Ultima se baseia no rastreamento dos fragmentos
do material genético tumoral naturalmente liberados no sistema circulatorio apos as
células neoplasicas sofrerem apoptose ou necrose, fendmeno observado ja ha muitas
décadas (Leon et al., 1977; Stroun et al., 1987; Sorenson et al., 1994). Dentre suas
principais vantagens estédo a baixa invasividade e a possibilidade de realizar multiplas
coletas ao longo do tratamento do paciente, bastando a coleta de aproximadamente
10 mL de sangue ou outros fluidos, conforme necessidade. Ha perspectiva no uso de
ctDNA no monitoramento de doenca residual minima (DRM) ap0s ressecc¢ao cirurgica

do tumor ou mesmo no rastreamento de tumores na populacdo clinicamente saudavel
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(Abbosh, Birkbak and Swanton, 2018; Aravanis, Lee and Klausner, 2017). No caso da
DRM, as alteracbes identificadas no tecido neoplasico ressecado podem ser
monitoradas no DNA livre circulante (cfDNA, do inglés circulanting cell-free DNA), e
caso sejam encontradas, mesmo que em baixa frequéncia, podem indicar um risco de
recidiva da doenca (Chin et al., 2019; Yang et al., 2020a). J& o0 monitoramento de
populacdes fenotipicamente saudaveis para deteccdo de neoplasias ainda € mais
desafiante, uma vez que tumores em estagios iniciais tendem a liberar baixissimas
quantidades de ctDNA, abaixo do limite de deteccdo da maioria das técnicas
(Bettegowda et al.,, 2014). Portanto, atualmente seu maior potencial reside no
monitoramento de doenca avancada, auxiliando inclusive na readequacdo do
tratamento conforme evolugéo clonal do tumor (Yanagita et al., 2016; Remon et al.,
2017; Wan et al., 2017) (Figura 3).
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Figura 4. llustracdo das potenciais aplicac6es da biépsia liquida para investigacdo do
DNA tumoral circulante (ctDNA). A identificacdo de mutacdes acionaveis pode auxiliar no
monitoramento de doenca residual minima (DRM) e na decisdao terapéutica, inclusive
indicando uma readequacdo do tratamento conforme a evolugcédo clonal do tumor. Figura

original.
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O cfDNA ocorre naturalmente em baixas concentracbes no plasma, sendo
derivado em sua grande maioria de células geneticamente normais (genétipo
selvagem). Apenas uma pequena fracdo desse material corresponde aos alelos
derivados do tumor (ctDNA), normalmente 0,01% a <1%, o que exige técnicas de alta
sensibilidade para sua deteccao (Volckmar et al., 2018). A quantidade de cfDNA em
pacientes oncologicos é maior do que em individuos saudaveis, principalmente devido
ao aumento da atividade apoptética e necrética sobre as células neoplasicas (El
Messaoudi et al., 2013; Schwarzenbach, Hoon and Pantel, 2011). Portanto, além da
busca de mutacdes no ctDNA, a quantificacdo total de cfDNA também pode ser, em
alguns cencérios, utilizada como marcador preditivo e/ou de prognéstico. Por exemplo,
altos niveis de DNA livre circulante no plasma de pacientes com céancer de reto e
hepatocelular foram considerados um marcador independente de pior prognostico
apos tratamento (Schou et al., 2018; Nakatsuka et al., 2021).

Diversas técnicas para avaliacdo molecular do ctDNA ja foram desenvolvidas,
porém ainda carecem de especificidade e sensibilidade em niveis aceitaveis para o
uso clinico (Quadro 3). A evolucdo das novas plataformas de sequenciamento de nova
geracdo (NGS, do inglés Next Generation Sequencing), foram fundamentais para a
evolucdo do campo da bidpsia liqguida. O NGS permite a detec¢do de mutacdes com
frequéncias inferiores a 1%, e tem sido uma das principais ferramentas para a
investigacdo de ctDNA, apresentando diversas vantagens frente a outras tecnologias
(Siravegna et al., 2017) (Quadro 3). Artefatos naturalmente gerados no processo de
preparo das bibliotecas genémicas utilizadas pelo NGS também tém sido uma
dificuldade importante para deteccao de alteracdes em baixa frequéncia alélica. Novas
tecnologias que incluem identificadores moleculares unicos (UMI, do inglés unique
molecular identifiers), reduziram significativamente o indice de falsos-positivos,
aumentando a sensibilidade e especificidade do teste, ao custo da necessidade de

maiores coberturas de sequenciamento (Deveson et al., 2021; Weber et al., 2020).
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Quadro 4. Resumo das principais técnicas atualmente disponiveis para a analise de DNA tumoral circulante (ctDNA) a partir de

biépsias liquidas, incluindo suas principais vantagens, desvantagens, limite de deteccéo e tipos de alteracdes detectadas.

estabelecidos

alteracdes complexas

Técnical/Teste Alizregees Sl Ele Sensibilidade | Especificidade Vantagens Desvantagens
detectadas deteccao
Baixa sensibilidade.
. X o " Restrito a alteracdes ja
Espectrometria SNVs pre- 1-10% 38.9% 84.6% Agilidade na obtencéo descritas. Limite de
de massa estabelecidos dos resultados. ~
deteccéo alto para
muitas aplicacdes.
Restrito a alteracdes ja
CLEA SNVs pre- 1-5% 81.8% 89.5% Agilidade na obtenc¢éo descrltais. Limite de
estabelecidos dos resultados. deteccéo alto para
muitas aplicacdes.
Baixa sensibilidade e
Cobas SNVs pré- Baixo custo. Agilidade espe; gﬁﬁ:ggés jeés e
-0, 0, 0, 3
(RT-PCR) estabelecidos 1-3% 61,4% 78,6% ha obtengao dos descritas. Limite de
resultados. ~
deteccéo alto para
muitas aplicacdes.
Sensibilidade pode ser
SNV pré- Alta especificidade. baixa. Restrito a
Scorpion/ARMS Pr 1-3% 61,8-85,7% 94,3-100% Agilidade na obtencéo | alteragOes ja descritas.
estabelecidos . ~
dos resultados. Limite de deteccdo alto
para muitas aplicacdes.
Alta especificidade. . s
ilidad b ~ Restrito a alterages ja
SNVs e indels Agilidade na obtengao descritas. Limite de
HRMA ré-estabelecidos 0,1-10% 91,67% 100% dos resultados. Limite deteccio pode ser alto
P de deteccéo baixo em &ao p T
! ~ em algumas aplicacdes.
algumas situacdes.
Baixo limite de Baixa sensibilidade e
ddPCR SNVs pre- >0.1% 77% 63% deteccéo. A~g|I|dade espeC|f|C|dad§. R_e’stnto
estabelecidos na obtencéo dos a alteracles ja
resultados. descritas.
SNVs, CNVs e >0 1- Baixo limite de egatlexcai‘fi?:ie;;ég“clj?aeds?rﬁo
BEAMing fusdes preé- ; 70% 69% deteccéo, detecta P o
0,01% a alteracdes ja

descritas.
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pré-estabelecidos

especificidade

Técnical/Teste g‘;zggggz :;Té;gg Sensibilidade | Especificidade Vantagens Desvantagens
Baixo limite de
: deteccdo. Alta Alto custo. Dependendo
CSI\II\I\YSS'eI?L?Se(N)lZS sensibilidade/especific | da plataforma, limite de
NGS NOVOS € Dré- 0,01-5% 93% 94% idade. Detecta novas deteccédo pode se
estabelec? dos alteracdes, incluindo tornar alto para
aquelas de alta algumas aplicagoes.
complexidade
. Baixo limite de Baixa sensibilidade.
PNA-PCR SNVS e indels 0,01% 78% 100% deteccéo e alta Restrito a alterages ja

descritas.

Adaptado de Wu & Shih, 2018. CLEA = Cromatografia Liquida Desnaturante de Alta Performance (do inglés, Liquid

Chromatography Clean-up Method); RT-PCR = Reacdo em Cadeia de Polimerase (PCR) em Tempo Real (do inglés, Real Time

Polymerase Chain Reaction); ARMS = Amplificagdo por Mutacdo Refrataria (do inglés, Amplification-Refractory Mutation

System); HRMA = Andlise de Fuséo de Alta Resolucdo de Fragmentos de DNA (do inglés, High-Resolution Melting Analysis);

ddPCR = PCR Digital em Gotas (do inglés, Digital Droplet PCR); BEAMing = Esferas, Emulsdo, Amplificacdo e Magnetismo (do

inglés, Beads, Emulsion, Amplification, Magnetics); NGS = Sequenciamento de Nova Geracédo (Next Generation Sequencing);
PNA-PCR = PCR Mediada por Acidos Nucleicos Peptidicos (do inglés, Peptide Nucleic Acid-Mediated PCR); SNVs = Variantes

de Base Unica (do inglés, Single Nucleotide Variant); indels = Pequenas Insercdes e Delecdes (<1 kb); CNVs = Variacdo no

Numero de Cobpias (do inglés, Copy Number Variation).
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Uma importante limitag&o no rastreamento de alteragdes no ctDNA é a ocorréncia
Hematopoiese Clonal de Potencial Indeterminado (CHIP). A CHIP consiste no acumulo
de mutacdes somaticas em células tronco hematopoiéticas, levando a expansao destas
no processo natural de envelhecimento do individuo ou apds regimes terapéuticos
intensivos, como quimio e radioterapia (Steensma, 2018). Estas células mutadas podem
se expandir de forma clonal, causando ruido na andlise do cfDNA, levando a
classificacdo equivocada de variantes que nao contribuem para o processo de
tumorigénese (Jaiswal et al., 2014; Razavi et al., 2019; Hu et al., 2018). Estima-se que a
presenca de CHIP seja responsavel por diminuir a especificidade da técnica, com indices
de falsos positivos que podem chegar a 50% (Razavi et al., 2019; Chan et al., 2020).
Uma forma de contornar o problema é a analise em paralelo do DNA germinativo do
paciente, normalmente extraido da fracdo leucoplaquetaria da amostra, de maneira a
filtrar aquelas variantes que sao de fato derivadas do tumor (Leal et al., 2020). Estudos
em CPNPC revelaram a presenga de CHIP em mais de 50% dos casos durante a
avaliacdo do cfDNA. Até 20% destes poderiam ter sido erroneamente reportados caso
nao houvesse uma analise pareada do DNA germinativo (Chabon et al., 2020; Zhang et
al.,, 2021; Razavi et al., 2019). Por outro lado, a grande maioria das alteracOes
encontradas na CHIP ndo tem implicacdes clinicas para o manejo e tratamento de muitos
tumores solidos, questionando a necessidade de sua inclusdo na pratica clinica (Hu et
al., 2018). Ademais, a inclusdo da anéalise em pareada com DNA germinativo agrega
custo ao teste, 0 que o tornaria ainda menos acessivel em paises como o Brasil (Liu et
al., 2019).

Apesar das dificuldades expostas acima, um dos grandes potenciais da biopsia
liquida € sua possibilidade de vislumbrar a heterogeneidade intratumoral (Chabon et al.,
2016). Utilizando técnicas de bidpsia tecidual convencionais, mesmo com a sele¢éo de
pacientes elegiveis para tratamentos com terapia-alvo, estudos ja demonstraram que a
resposta objetiva varia de 50% a 83%, sendo raros 0s casos onde ha resposta completa.
Parte dessa variacdo pode ser explicada pela coocorréncia de outros drivers
oncogénicos (heterogeneidade intradriver), cujos clones podem expandir-se frente a
selecdo negativa ocasionada pelo tratamento-alvo sobre aqueles que possuem

alteracbes acionaveis, de maneira semelhante ao que ocorre na resisténcia intrinseca
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(Skoulidis and Heymach, 2019). Muitas dessas altera¢cées podem ser sub-notificadas na
bidpsia tecidual, estando presentes em fragbes ndo avaliadas do tumor e/ou em
metastases distantes ndo-biopsiadas (Lim and Ma, 2019; Wu et al., 2021; Zhang et al.,
2019b). Nesse sentido, a avaliacdo do ctDNA poderia ser uma ferramenta valiosa para
validacéo de novos protocolos de probabilidade de resposta a terapias-alvo (Guibert et
al., 2020). Uma das aplicagbes seria o uso de tratamentos combinados. Alguns estudos
ja relataram tentativas desta natureza com algum grau de sucesso, porém a resposta foi
variada e a toxicidade parece ser um limitador importante nessa abordagem (Fuchs et
al., 2021).

Levando em consideracdo a baixa quantidade e estabilidade do cfDNA presente
no plasma, diversos fatores devem ser considerados na fase pré-analitica para um
diagndstico preciso. No caso de sangue total, este deve ser coletado em tubos com
anticoagulante EDTA (do inglés ethylenediamine tetraacetic acid), mantidos resfriados (2
C° a 8 C°) e processados até duas horas para evitar degradacao enzimatica. Atualmente
ja existem outras alternativas, com preservativos que garantem estabilidade da amostra
de até trés dias em temperatura ambiente. Uma vez coletado o sangue, o plasma deve
ser imediatamente separado por centrifugacdo em baixa rotacdo. Este entdo pode ser
armazenado em -20 C ou -80 C para preservacao por maiores periodos de tempo ou
imediatamente submetido a extragdo de acidos nucléicos. Antes da extracdo, o plasma
passa por uma segunda rodada de centrifugacdo em alta rotacdo, de maneira a separar
detritos celulares e aumentar a seletividade dos fragmentos de cfDNA. Também é
importante a escolha de kits de extracdo de acidos nucléicos seletivos para fragmentos
pequenos (<166 pb), de maneira a amenizar a contaminac¢ao por gDNA. Por fim, uma
vez extraido, o material deve ser armazenado em tubos com baixa retencdo de DNA,
uma vez que o rendimento por muitas vezes pode ser baixo (Meddeb, Pisareva and
Thierry, 2019; Greytak et al., 2020; Godsey et al., 2020; Heitzer et al., 2022).

J4& na etapa analitica, ferramentas para avaliacdo da sensibilidade e
especificidade da técnica sédo imprescindiveis. A sensibilidade é definida pelo limite
superior de deteccdo de determinadas alteracbes pela técnica, enquanto a
especificidade é definida pela capacidade do teste reportar de maneira precisa

determinadas alteracdes, indicando a acuracia do teste associada a sua sensibilidade.
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Tais indicadores utilizam valores preditivos positivo (VPP) e negativo (VPN), onde o VPP
indica a porcentagem de pacientes/amostras que de fato apresentam a
alteracdo/mutacdo detectada pelo teste, enquanto o VPN indica a porcentagem de
pacientes/amostras negativos no teste que de fato ndo carregam a alteracao/mutacao.
Um VPP elevado se traduz em baixas taxas de falso negativos, enquanto um VPN alto
se traduz em baixas taxas de falsos positivos (Poole et al., 2019; Trevethan, 2017).
Atualmente, controles comerciais com frequéncias alélicas conhecidas de determinadas
alteracdes sdo opcles acessiveis para determinar a especificidade e sensibilidade das
técnicas disponiveis para avaliacdo de ctDNA. Atualmente o College of American
Pathology (CAP) e o European Molecular Genetics Quality Network (EMQN) ja oferecem
programas de controle de qualidade externos para ctDNA e tem auxiliando na difusdo da
técnica na pratica clinica, porém ainda ndo existe um consenso de quais alvos devem
ser incluidos e em qual contexto (Heitzer et al., 2022).

Apesar de seu alto custo e falta de diretrizes clinicas bem estabelecidas para o
seu uso, no Brasil diversos laboratérios particulares ja oferecem solucfes baseadas na
investigacdo do ctDNA. No entanto, essa ainda é uma realidade distante no SUS e
atualmente o teste ndo € nem mesmo oferecido pelos planos de saude do pais. Nesse
sentido, é de extrema necessidade a inclusdo de mais estudos que avaliem sua
aplicabilidade na realidade clinica brasileira, auxiliando, em um futuro préximo, a tomada
de decisdes considerando seu custo-efetividade (IJzerman et al., 2021). Apesar do alto
investimento para implementacdo da técnica, seus potenciais beneficios devem ser
levados em conta, especialmente considerando a potencial reducdo da necessidade de
intervencdes clinicas de alta complexidade e, acima de tudo, nos ganhos na qualidade
de vida do paciente e eventualmente aumento da sobrevida (Cheng, Akalestos and
Scudder, 2020).

1.7.Bi6psialiquida aplicada ao monitoramento do céncer de pulmao

Em CPNPC, até 80% dos pacientes com doenca avancada terdo acesso apenas
a biépsias com pequenas quantidades de tecido, o que limita sua utilizagdo no
diagndstico molecular. Outros levantamentos demonstram também que até 31% dos

pacientes ndo possuem tecido acessivel para biépsia e daqueles biopsiados, até 20%
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poderédo ser inadequados para testagem devido a baixa quantidade de material (Chouaid
et al., 2014, Liam, Mallawathantri and Fong, 2020). Portanto, a avaliacdo do ctDNA em
CPNPC apresenta grande potencial de aplicacdo efetiva. Ja foi demonstrado que a
técnica é uma ferramenta de utilidade clinicas na selecdo de pacientes para o tratamento
com terapias de alvo molecular, incluindo a deteccdo de mutagfes acionaveis em um
terco dos casos onde o tecido ndo estava disponivel (Thompson et al., 2016; Remon et
al., 2020).

Assim como ocorre em outros subtipos tumorais, 0 uso da bidpsia liquida tem
maior potencial em CPNPC avancados, uma vez que a abundancia do ctDNA esta
correlacionada ao estadiamento da doenca (Bettegowda et al., 2014). Outros fatores que
influenciam a deteccéo de mutacdes driver em ctDNA na doenca incluem uma histologia
nao-adenocarcinoma, necrose tumoral, indices elevados de proliferacdo (marcacéo para
Ki67) e invasao linfovascular (Abbosh et al., 2017). O sitio metastatico também deve
ser levado em conta para correta escolha de amostragem. Por exemplo, metastases no
sistema nervoso central apresentam um desafio mesmo para deteccéo de ctDNA, uma
vez que a barreira hematoencefalica impede que o material seja liberado na circulacéo.
Nesses casos, recomenda-se a coleta de fluido cerebroespinhal (Ma et al., 2020).

A bidpsia liquida j& demonstrou ser uma alternativa viavel para monitorar a
resposta de pacientes durante o uso de ITQs (Yanagita et al., 2016; Remon et al., 2017).
A técnica ja tem sido utilizada na prética clinica nos casos onde ha progressao da doenca
em decorréncia de resisténcia adquirida via mutacdo T790M no gene EGFR (Wan et al.,
2017). No entanto, resultados negativos apara esta mutacdo devem ser interpretados
com cautela e sempre que possivel confirmados na avaliacéo tecidual. Estudos utilizando
esta abordagem também ja encontraram outros drivers coocorrendo com a T790M,
incluindo CDK6, CCNE1, CTNNB1, AR, MYC e BRCA1, o que poderia auxiliar na
predicdo de resposta ao tratamento (Blakely et al., 2017). Em estudo conduzido por
Weber e colaboradores foi observado que mudancas na dindmica do ctDNA durante o
tratamento com inibidores de checkpoint imunolégico apresentam valor preditivo,
incluindo a presenca de mutacdes nos genes STK11 e KEAPL, que indicaram um pior
prognodstico quando presentes apds o inicio do tratamento, além de encontrarem uma

associagao entre o decaimento de ctDNA e uma maior sobrevida (Weber et al., 2021).
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Apesar dos avancos e potenciais aplicagées, conforme ocorre em outros tumores,
inumeras limitagbes como a baixa carga tumoral, estadiamento inicial, tratamentos
utilizados previamente, e acuracia das metodologias de deteccdo tém sido descritos
como fatores que influenciam diretamente na sensibilidade identificacdo de alteracdes
no ctDNA. Atualmente ainda ndo existem diretrizes clinicas bem estabelecidas para
investigacdo de ctDNA em pacientes com CPNPC e a re-bidpsia do tecido tumoral
continua sendo a alternativa mais desejavel, uma vez que o indice de falsos-negativos
varia de 30% a 40% (Lindeman et al., 2018). Excecfes para as quais ha indicacdo no
uso da metodologia se aplicam a pacientes sem condi¢des clinicas para realizagcédo de
novas bidpsias ou para aqueles com resultado negativo para drivers oncogénicos cujo
tecido é insuficiente para re-andlise (NCCN, 2022).

Mesmo com as limitacdes citadas acima, ja existe algum grau de consenso do
gue deve ser testado no ctDNA e quando este deve ser analisado. No caso do
monitoramento da DRM, painéis focados sdo mais recomendados para acompanhar a
evolucdo de mutacBes previamente detectadas no tumor, uma vez que tendem a
apresentar maior sensibilidade e menor indice de falso-positivos. J& no monitoramento
de mecanismos emergentes de resisténcia, como por exemplo durante o tratamento com
ITQs, painéis mais abrangentes sdo recomendados para identificacdo de alteracbes de
novo (Heitzer et al., 2022). Em suma, a Figura 4 abaixo ilustra alguns dos possiveis
cenarios clinicos onde a bidpsia liquida para avaliacdo do ctDNA em CPNPC poderia ser

utilizada.
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Caso 1

Perfil do paciente

47 anos de idade
Metistase cersbral (muther)
CPNPCECNV Histdrico Bhagists:
—— nenhum

) Adenocarcinomsa, comuma

Metastase adrenal bidpsia teckiual de boa qualidade
Diagnostico malecular por painel
de NGS, semdnversdetectados

Recomendages: para uma segunda opinido, a biopsia
liquida poderia prover informagoes adicionais na procura por
potenciais drivers acionaveis.

Caso 3

Perfil do paciente

-}  60anos deidade
(homem)
Historico bagist:
| 15 macos/ano
Niveisde CEAslevados

CPNPCECIV

?:ﬁi?: 0 Issv ES)EB [ Bidpsia transtordcicaguiada por
Sskersinied s Al TC resultou em pneumodrax
|Adenocaranoma  confirmacdo por

| TTF1 i MO, mas sem tecdo
|moral pera dagndsticn maecular

Recomendagoes: biopsia liquida seria recomendada pela
indisponibilidade do tecido e alto risco de pneumotorax na
re-biopsia.

Caso 2
Perfil do paciente

42 anos de idade

{muther)

Histdrico Bbagists:
CPNPCEC IV nenhum
Metistase adrenal IHQ para FD-L1 negatvo
Lesdes esdetcas NGS inconclusivo dewido 3 baba

quantidadequaidade do Ecido

Recomendagoes: teste complementar por biopsia liquida
como opgao alternativa caso o tecido seja de dificil acesso
para uma re-biopsia.

Caso 4

Perfil do paciente

7 85anosdeidade
{homem)
Histdrico abagista:
15 magos/ano

Tumor primario no lobo
superior esquerdo

Paciente toma anticoagulantes,
risco de distese hemoragics

Impossibilidede re-bicpsia

Recomendagdes: teste complementar por bidpsia liquida
como opgao alternativa para paciente impossibilitado de
interromper o uso de medicamento que aumenta o risco de

Caso 5

do paciente

40 anos de idade
{homem)
Historico tbagist:

CPNPC EGFR: i

Broncoscopia & bidpsia
transbronquica

Progress3o apds uso de TQ
em primeiz Inha

Recomendagoes: ctDNA poderia revelar possiveis
biomarcadores de resisténcia ao tratamento que foram

subnotificados na biopsia tecidual, como a mutagio
T790M em EGFR

complicagoes na biopsia tecidual.

Caso 6

Perfil do paciente

45 anos de idade
(homem)
Historico shagists:
CPNPCEC IV nenhum

ALK+ por I[HQ em tecido

Adenocacroma TTF 1+
com metistase dsses

Progress3o apcs primeiz
linha de tratamenio

Recomendagoes: Teste molecular complementar em tecido
e plasma poderia informar um panorama mais completo do
tumor e revelar possiveis mecanismos de resisténcia ao
tratamento.

Figura 5. Possiveis cenarios onde a avaliacdo do ctDNA poderia apresentar vantagens ao
paciente com CPNPC. Adaptado de Heitzer et al. (2021).
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CAPITULO Il — JUSTIFICATIVA

51



7z

O céancer de pulmao € a principal causa de morte por cancer no mundo. A
sobrevida média cumulativa total em cinco anos varia entre 13 e 22% em paises
desenvolvidos e entre 7 e 10% nos paises em desenvolvimento. No Brasil, € a terceira e
guarta neoplasia mais comum em homens e mulheres, respectivamente, e a que mais
leva a Obitos se somados ambos 0s sexos.

Avancos significativos foram feitos na identificacdo e caracterizacdo de mutacdes
drivers e acionaveis no CPNPC. Em paralelo a estes avancos, novas drogas de alvo
molecular foram desenvolvidas para subtipos especificos da neoplasia. Em paises da
Asia, Europa e América do Norte, as frequéncias mutacionais em genes clinicamente
relevantes utilizados como preditores para o tratamento da doenca é relativamente bem
conhecida, mas esta informacdo ainda € escassa no Brasil. A avaliacdo do perfil
molecular de CPNPC na populacéo brasileira, a qual € altamente diversa e miscigenada,
aliada a uma correlagéo destes dados com os parametros clinicos dos pacientes, poderia
auxiliar na tomada de decisbes e guiar novas politicas publicas para o tratamento da
neoplasia.

A biopsia liquida tem representado uma nova alternativa para analise molecular
das neoplasias através do rastreamento de mutacdes presentes no ctDNA. Este é um
método minimamente invasivo e permite coletas seriadas para o acompanhamento da
evolucdo da doenca. No cancer de pulméao, em situacfes especificas, seu uso clinico ja
€ aprovado pelo FDA (do inglés, Food and Drug Administration) e estudos recentes tém
demonstrado seu potencial como uma ferramenta acessoria a analise em tecido. No
entanto, a técnica ainda foi pouco explorada no Brasil, principalmente em pacientes
atendidos pelo SUS. Além de auxiliar no diagndstico, a abordagem oportuniza uma
melhor compreensdo da heterogeneidade molecular dos tumores de pulmdo que

acometem a populacéo brasileira.
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CAPITULO Il — oBJETIVOS
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3.1.0bjetivo geral

Avaliar o perfil molecular do cancer de pulm&@o de ndo pequenas células em

pacientes do sul do Brasil e implementar a técnica de bidpsia liquida para investigacéo

da heterogeneidade tumoral pelo sequenciamento do DNA tumoral circulante (ctDNA).

3.2.0bjetivos especificos

Investigar a frequéncia das alteracGes somaticas nos genes EGFR, KRAS, NRAS e
BRAF, além da expressdo dos biomarcadores ALK e PD-L1, em uma série de
pacientes do sul do Brasil diagnosticados com cancer de pulmdo ndo pequenas
células (CPNPC);

Correlacionar o perfil molecular do CPNPC com os parametros clinicos dos
pacientes;

Investigar a escolha e resposta terapéutica em pacientes com CPNPC que tenham
mutac¢des compostas ou de significado clinico indeterminado em EGFR;

Utilizar a metodologia de biopsia liquida para investigacdo da heterogeneidade
tumoral através do ctDNA em pacientes diagnosticados com CPNPC em
estadiamento IlIC nao ressecaveis atendidos no Hospital de Clinicas de Porto Alegre
(HCPA).

Monitorar a frequéncia clonal das alteracdes genéticas de pacientes com diagnostico
de CPNPC no HCPA;

Produzir conhecimento que possa auxiliar na melhoria de politicas publicas e que em

Gltima analise garantam um melhor acesso ao tratamento do CPNPC.
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CAPITULO IV — MANUSCRITO |

“‘Analysis of Predictive Biomarkers in Patients with Lung Adenocarcinoma from
Southern Brazil Reveals a Distinct Profile from Other Regions of the Country”
Artigo publicado no perioddico Journal of Global Oncology (ISSN 2687-8941) - 2019

Sep;5:1-9. doi: 10.1200/JG0.19.00174.
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Analysis of Predictive Biomarkers in Patients
With Lung Adenocarcinoma From Southern Brazil
Reveals a Distinct Profile From Other Regions of
the Country

Tiago F. Andreis, MSC'?; Bruno S. Correa?; Fernanda S. Vianna, PhD'?; Fernanda De-Paris, PhD?; Marina Siebert, PhD?;
Sandra Leistner-Segal, PhD?; Eriza C. Hahn, MSc?; Jane M. Ulbrich, PhD, MD?; Luis F.R. Rivero, PhD, MD?; Francine H. De Oliveira, MD?;
Vinicius Lorandi, MD?; Patricia Ashton-Prolla, PhD, MD'?; and Gabriel S. Macedo, PhD?

PURPOSE Adenocarcinoma is the most common histologic subtype of non-small-cell lung cancer, representing
40% of all diagnoses. Several biomarkers are currently used to determine patient eligibility for targeted
treatments, including analysis of molecular alterations in EGFR and ALK, as well as programmed death-ligand 1
(PD-L1) protein expression. Epidemiologic data reporting the frequency of these biomarkers in Brazilian patients
with lung adenocarcinoma (LUAD) are limited, and existing studies predominantly included patients from the
southeast region of the country.

MATERIALS AND METHODS The goal of this study was to investigate the frequency of somatic mutations in the
EGFR, KRAS, NRAS, and BRAF genes, ALK, and PD-L1 expression in a series of Brazilian patients diagnosed
with LUAD predominantly recruited from centers in southern Brazil. Molecular analysis of the EGFR, KRAS,
NRAS, and BRAF genes was performed by next-generation sequencing using DNA extracted from tumor tissue.
Immunohistochemistry was used to detect ALK and PD-L1 expression.

RESULTS Analysis of 619 tumors identified KRAS mutations in 189 (30.2%), EGFR mutations in 120 (19.16%),
and BRAF mutations in 19 (3%). Immunohistochemistry demonstrated ALK and PD-L1 expression in 4% and
35.1% of patients, respectively.

CONCLUSION To our knowledge, this is the first study investigating the molecular epidemiology of patients with
LUAD from southern Brazil and the largest assessing the frequency of multiple predictive biomarkers for this
tumor in the country. The study also reveals a distinct mutation profile compared with data originating from other
regions of Brazil.

J Global Oncol. © 2019 by American Society of Clinical Oncology

Creative Commons Attribution Non-Commercial No Derivatives 4.0 License @@@@

INTRODUCTION

Lung cancer (LC) is the leading cause of cancer
mortality worldwide and responsible for 1.7 million
deaths every year.! In Brazil, the National Cancer
Institute estimated there would be 31,270 new pa-
tients with LC from 2018 to 2019, accounting for the
second most common tumor type in the country. It is
the leading cause of deaths among men, ahead of
prostate cancer, and the second leading cause among
women, only behind breast cancer. In southern Brazil
in 2018, 5,350 and 3,110 new cases were estimated
in men and women, respectively, which makes LC the
third most frequent cancer in the region.?

Non-small-cell LC (NSCLC) accounts for approxi-
mately 85% of pulmonary neoplasm diagnoses.>*
Effective treatments remain scarce, considering that

the 5-year survival rate does not reach 20%, even in
countries such as the United States.® In Brazil, this
number is even lower, estimated at 16%.°

The use of predictive biomarkers allows therapeutic
decisions to be based on tumor molecular profile.” For
instance, certain somatic changes in the £EGFR, ALK,
ERBB2, and BRAF genes are substantial targets for
tyrosine kinase inhibitors (TKIs).2 In addition, new
treatments for NSCLC using immune checkpoint in-
hibitors have recently been approved.® Its prescription
depends on the expression of certain biomarkers on
the tumor cell surface, such as the programmed
death-ligand 1 (PD-L1) protein, a molecule in which
the binding to its programmed death-1 receptor on
T cells allows immune escape and tumor cell pro-
liferation. The use of anti-programmed death-1/PD-L1

Journal of Global Oncology*
1
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drugs blocks such binding and reactivates the patient’s
immune response.*®

Although the molecular profile of predictive biomarkers in
LUAD is already well documented in Europe, the United
States, and some regions of Asia, there are few studies
exploring these data in Latin America. In Brazil, only a few
reports have been published since 2012, and all were
essentially restricted to the southeast region. Thus, these
data may not be representative of all regions in Brazil, given
the differences in ancestry according to regions.'*?

On the basis of this information, the main goal of this study
was to investigate the frequency of somatic alterations in
EGFR, KRAS, NRAS, and BRAF genes by next-generation
sequencing (NGS), as well as ALK and PD-L1 expression in
a series of Brazilian patients diagnosed with LUAD. To our
knowledge, this is the first study to include a large number
of patients who were tested by a biomarker panel in
southern Brazil. These results might be important for new
public policies in the treatment of LUAD.

MATERIAL AND METHODS
Study Population

This was a retrospective study conducted by the Precision
Medicine Program of the Hospital de Clinicas de Porto
Alegre (HCPA) in Brazil, which enrolled a case series of
patients with LUAD who underwent molecular testing from
September 2016 to January 2019.

Samples from 619 individuals were obtained from different
hospitals and clinics distributed in 22 centers located in
the three states of the southern region of Brazil: Rio
Grande do Sul (N = 516), Santa Catarina (N = 24), and
Parana (N = 74). The five remaining patients were obtained
from Rio de Janeiro. All included patients had confirmed
adenocarcinoma histology. The diagnostic slides and
formalin-fixed, paraffin-embedded tissue blocks were
retrieved and reviewed by pathologists with expertise in
LC. This project was approved by the HCPA Research
Ethics Committee (No. 18-0099) and registered under the
Certificate of Presentation for Ethical Appreciation (No.
83557418.5.0000.5327).

Tumor Selection and DNA Extraction

For all patients, 10-um thick sections representative of the
tumor tissue were cut, and regions with a higher percentage
of tumor cells were selected for DNA extraction. DNA from
the tissue samples was extracted using the ReliaPrep FFPE
gDNA Miniprep System (Promega, Madison, WI) according
to the manufacturer’s recommendations. After extraction,
the DNA samples were quantified using the fluorescence
method (Qubit 2.0 Fluorometer, Invitrogen, Carlsbad, CA),
which provides an accurate DNA quantification.

Of the 799 NSCLC samples that were received by the
Precision Medicine Program of the HCPA, 619 (77.4%)
were considered suitable for NGS analysis on the basis of
tumor cell content, DNA amount, and purity.

2 © 2019 by American Society of Clinical Oncology

Molecular Analysis by NGS

Molecular analysis of the EGFR, KRAS, NRAS, and BRAF
genes was performed with an NGS platform (lon Torrent
PGM, server version 5.0; ThermoFisher Scientific, Wal-
tham, MA). We used an AmpliSeqTM customized panel
(ThermoFisher Scientific) to identify mutations in the EGFR
gene (exons 1810 21), KRAS (exons 2 and 3), NRAS (exons
2and 3),and BRAF (exons 11 and 15). Data were analyzed
on the bioinformatics platform lon Torrent Suite and lon
Reporter version 5.0 with a minimum depth of 500x. Se-
quences NM_005228.3 (EGFR), NM_0033360.3 (KRAS),
MM_002524.3 (NRAS), and NM_004333.4 (BRAF) were
used as references. The test was performed using research-
use-only reagents with internal validation.

PD-L1 and ALK Analysis

For PD-L1 analysis, which included 202 patients, the im-
munohistochemistry (IHC) expression scores were based
on the Interpretation Guide for Window PD-L1 (SP263)
Assay Staining of NSCLC 2017 (Roche, Basel, Switzerland).
The analysis considers the overall percentage of positive
neoplastic cells in the sample of any intensity above the
eventual observed background staining in the negative
control slide showing a cytoplasmic membrane pattern
(circumferential, discontinuous, or basolateral). A negative
control slide with an antibody provided in the PD-L1 kit was
used for all patients. A tissue sample with PD-L1 positivity
was also used as a positive control. Positivity in immune
cells was not considered for determining scores in the
Window PD-L1 test.

Similarly, for the ALK assay, paraffin sections of the lesions
from 350 patients were submitted to the IHC technique.
Tissue sections were stained with the ALK antibody clone
D5F3 (Roche), which is able to recognize ALK fusion
proteins and EML4-ALK variant expression. The slides were
analyzed using the Ventana BenchMark XT Automated
System (Roche). All reactions had negative and positive
controls on the blade itself.

Statistical Analysis

To verify any possible association of the predictive bio-
markers with gender, age, and whether there was any
statistically significant difference between our study and
others performed in the Brazilian population, we performed
¥ tests. The results were considered statistically significant
when the P was < .05.

RESULTS
NGS Analysis of EGFR, KRAS, NRAS, and BRAF Genes

NGS results of 619 tumors revealed 189 patients (30.2%)
with mutations in KRAS, 120 (19.16%) with mutations in
EGFR, and 19 (3%) with mutations in BRAF. No NRAS
mutations were identified, and seven patients harbored
double mutations. In 298 patients (47.6%), we did not
detect any alteration using our NGS panel (Fig 1).
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FIG 1. Frequency of somatic mutations in EGFR, KRAS, and BRAF in lung adenocarcinoma tumors from
patients in southern Brazil. (A) Female and male patients, (B) only female patients, and (C) only male patients.
(*) Not detected using our next-generation sequencing panel. It does not exclude the presence of alterations in

other driver genes.

As expected, the frequency of EGFR mutations was 5.3%
higher in women compared with men; however, this dif-
ference was not statistically significant (P = .096). In
contrast, the frequency of patients with no mutations de-
tected by our panel was higher in men, with a statistically
significant difference (P = .044; Fig 1B and 1C; Data
Supplement).

Among patients with KRAS mutations, p.(Gly12Cys) was
the most frequent, accounting for 37% of the mutations
found in this gene. This alteration was followed by
p.(Glyl2Val) and p.(Glyl12Asp), found in 43 (22.75%) and
30 (15.9%) patients, respectively. Another 29 mutations
were registered in exon 2 (15.3%). KRAS mutations in
codon 61 of exon 3 were less frequently found in 17 pa-
tients (8.9%; Data Supplement).

Regarding the effect of EGFR mutations on TKI response,
the majority was classified as sensitive (n = 98; 81.67%).
Most of the mutations were located in exon 19 (n = 57;
47.50%), including the common deletion p.(Glu746_
Ala750del; n = 36; 30.00%), followed by the point mutation
p.(Leu858Arg; n = 35; 29.17%) in exon 21. Resistance
alterations were restricted to exon 20 (n = 15; 12.50%). We
also reported seven (5.83%) missense mutations of

Journal of Glohal Oncology

unknown clinical significance, including four in exon 19 and
two in exon 21, and one complex mutation p.(Glu709_
Thr710delinsAsp) in exon 18. In exon 20, there were 12 (10%)
in-frame insertions and two (1.7%) duplications. Interestingly,
one patient with no progression of disease was diagnosed with
the p.(Thr790Met) mutation at a low frequency (3.2% of 883
sequence reads), which might be a case of primary resistance
to first- and second-generation TKis (Table 1; Fig 2).

Finally, among the 19 BRAF mutations, 13 (68.42%) were
the well-known p.(Val600GIu) in exon 15. Another four
mutations were located in exon 15, and two were located in
exon 11, which also belongs to the kinase domain of the
BRAF protein.

Although positive results of all predictive biomarkers were
more commonly found in elderly patients (> 60 years of
age), only KRAS had a statistically significant difference
(P=.044; Data Supplement). The mean age at diagnosis of
patients with KRAS, EGFR, and BRAF alterations was 67.5,
66.6, and 61.0 years, respectively.

PD-L1 and ALK IHC Analysis

PD-L1 staining by IHC was positive in 71 of the 202 an-
alyzed tumors (35.1%). Approximately one fifth of tumors
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TABLE 1. EGFR Mutations Identified in This Series of Patients and Grouped According to Their Sensitivity to Tyrosine Kinase Inhibitors

Sensitivity and Exon Mutation No. of Patients Frequency. %

Sensitive

Exon 18 5 417
p.(Gly719Ala) 4 333
p.(Gly719Ser) 1 0.83

Exon 19 a7 47.50
p.(Glu746_Ala750del) 36 30.00
p-(Glu746_Arg748del) 3 2.50
p.(Glu746_Thr751del) 1 0.83
p.(Glu746_Thr751delinsAla) i 0383
p.(Glu746Valfs*11) 2 1.67
p.(Leu747_Pro753delinsSer) 2 1.67
p.(Leu747_Ser752del) 1 0.83
p.(Leu747_Thr751del) 6 5.00
p.(Leu747fs) 1 0.83
p.(Leu747GInfs*16) 1 0.83
p.(Thr751Lysfs*9) il 0.83
p.(Ser752_lle759del) Il 0.83
p.(Lys754fs) 1 0.83

Exon 20 1 0.83
p.(Ser768lle)* 1 0.83

Exon21 35 29.17
p.(Leu858Arg) 35 29.17

Total 98 81.67

Resistant

Exon 20 15 12.50
p.(Met766_Ala767insAlaSerVal) 3 2.50
p.(Ala767_Ser768insSerValAsp) 1 0.83
p.(Ser768_Asp770dup) 2 1.67
p.(Ser768_Val769insValAspAsn) 1 0.83
p.(Val769_Asp770insCysVal) 1 0.83
p.(Asp770_Asn771insGly) 1 0.83
p.(Asp770_Asn771insGlyPhe) 1 0.83
p.(Asp770_Asn771insPro) 1 0.83
p.(Asn771_Pro772insProHis) 1 0.83
p.(Asn771_Pro772insThr) 1 0.83
p.(His773_Val774insAsnProTyr) 1 0.83
p.(Thr790Met) 1 0.83

Total 15 12.50

Unknown

Exon 18 1 0.83
p.(GIu709_Thr710delinsAsp) 1 0.83

4 © 2019 by American Society of Clinical Oncology

(Continued on following page)
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TABLE 1. EGFR Mutations Identified in This Series of Patients and Grouped According to Their Sensitivity to Tyrosine Kinase Inhibitors

(Continued)

Sensitivity and Exon Mutation No. of Patients Frequency. %

Exon 19 4 333
p.(Ala750Pro) 1 0.83
p.(Ser752Phe) 3 2.50

Exon 21 2 1.67
p.(Leu861Arg) 1 0.83
p.(Leu861GIn) il 0.83

Total 7 5.83

“Limited clinical data demonstrating the efficacy of TKiIs.

(21.3%) had moderate expression, with positive staining
noted between 1% and fewer than 50% of the cells. High
expression of PD-L1, which is indicated by positive staining
in 50% or more of the cells, was observed in 28 tumors
(13.8%). ALK staining by IHC was positive in 14 of the 350
patients analyzed (4%), most of them identified in women
(78.6%).

DISCUSSION

Although the prevalence of predictive biomarkers for
molecular-targeted treatment in NSCLC has been estab-
lished in several continents, including Asia, Europe, and

North America, only a few studies have been conducted in
Latin America. Furthermore, most of the studies charac-
terizing samples from patients with LC in Brazil have
recruited patients from the southeast, which limits the true
understanding of the scenario in the entire country. In
accordance with this assumption, in our study, we iden-
tified a particular frequency pattern of predictive bio-
markers compared with that observed in other Brazilian
regions.

To our knowledge, the frequency of EGFR mutations
(19.16%) was the lowest ever reported when considering

FIG 2. EGFR mutation frequencies according
to their location in the gene. Del, deletions;
delins, insertions/deletions; dup, duplications;
fs, frameshifts; ins, insertions; mis, missense
mutations.

p.Gly719Ala, 3%

p.Gly719Ser, 1%
/ delins, 1%

EXON 20
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TABLE 2. Comparison of Our Data With Four Previous Studies Conducted in Brazil

First Author, No (%); P

Andreis

Alteration (this study) Bacchi'® de Melo'* Palacio'** Leal'®

EGFR variants (overall) 120 (19.1) 64 (30.9); 6.9 x 10* 27 (20.6); .704 857 (25.5%); 7.5 x 10* 108 (23.9); .058
EGFR - Exon 18 5(4.1) 5:(7:9); 298 1(3.:7); 912 NA 2 (1.8); .311

EGFR — Exon 19 delfins 57 (475) 38(59.3); .125 8 (29.6); .091 NA 52 (48.1); .922
EGFR - L858R 35(29.1) 17 (26.5); .708 3 (11.1); .052 NA 32 (29.6); .938
EGFR — Exon 20 del/ins 15 (12.5) 3 (4.6); .089 1(3.7); .184 NA 11 (10.2); .582

plus T790M

EGFR - unknown significance 8 (6.6) 1(1.5); .089 14 (51.8); 2.7 x 10° NA 11 (10.2); .337
KRAS variants (overall) 189 (30.2) 30 (14.5); 1 x 10° 33 (26.4); .396 NA 90 (20.2); 2.7 x 10*

NOTE. Bold font indicates values with P < .05 using the x” test.

Abbreviations: del/ins, insertions and deletions; T790M, the p.(Thr790Met) point mutationL858R, p.(Leu858Arg) point mutation; NA, not applicable.
*Data on specific EGFR variants and KRAS were not available in this study.

those observed in four previous studies performed in Brazil
(Table 2; Data Supplement).'**¢ In agreement with this
observation, it is expected that the proportion of EGFR-
mutated LUAD would decrease as the proportion of Eu-
ropean ancestry increases in a given population. Several
studies conducted in Europe showed a frequency of EGFR
mutation of approximately 10%.'7°

In line with these observations, the prevalence of European
ancestry in southern Brazil has been estimated at 80% to
90%, the highest among all Brazilian regions. African and
Amerindian populations have a lower but no less important
contribution.'*!? Studies comparing the human leukocyte
antigen allelic diversity in the region also confirmed a high
similarity to Europeans and a significant difference from
Asians or even Brazilian indigenous populations.?>?3 To-
gether, this information supports the reason why the fre-
quency of EGFR mutations in southern Brazil is lower than
other regions of the country, but still higher than in Europe.

Considering the work of Bacchi et al,*® which showed EGFR
mutation in 30.9% of patients, it is important to note that the
majority of the patients were from southeast and northeast
Brazil. A recent and larger study performed in southeast
Brazil also found a higher frequency of mutations in the
gene (23.9%), but this difference was not statistically
significant compared with our data (P = .058). Although
European ancestry was predominant in this series of pa-
tients, a relatively high proportion of them had Asian an-
cestry (7.3%),* a population in which the frequency of
EGFR mutations may reach 60%.2* Although de Melo
et al** found a percentage of patients with EGFR-mutated
disease similar to ours, more than half (51.8%) were
variants of unknown therapeutic impact compared with
only 6.6% in our study (P= 2.7 x 10-°). Finally, the largest
published study including data from EGFR molecular
testing in Brazil (N = 3,364) also identified a higher and
statistically significant mutation frequency (25.5%; P=7.5x
107 Table 2; Data Supplement).’® Interestingly, a study

6 © 2019 by American Society of Clinical Oncology

conducted in Uruguay, a country geographically close to
the southern region of Brazil, showed similar results re-
garding EGFR mutations (18.3%). The proportion of ac-
tionable alterations in exon 19 was similar (48.7% v
47.5%), but the missense substitution p.(Leu858Arg) in
exon 21 was lower (22% v29.17%; x2,1.025; P=.311).
Our proportion of resistance mutations in exon 20 was also
slightly higher (8.5% v 12.5%; y?; 0.646; P = .422).?

Previous reports showed a statistically significant asso-
ciation between female patients and a higher prevalence
of EGFR mutations,'*'%17?6 which was not observed in
our participants (Data Supplement). In addition, we reported
six rare EGFR mutations of unknown therapeutic impact:
p.(Glu709_Thr710delinsAsp), p.(Ala750Pro), p.(Ser752Phe),
p.(Leu861Arg), and p.(Leu861GIn), and p.(Ser768lle). The
efficacy of TKls on tumors harboring these mutations is not
well established, but some case reports suggest a benefit
from treatment with first-generation TKls.?’=2

We also found EGFR alterations co-occurring in the same
tumor in four patients. Two had the p.(Gly719Ala) coex-
isting with the p.(Ser768lle) and the p.(Leu861GIn). Two
other patients were carriers of two sensitive mutations in
exon 19—p.(Glu746Valfs*11) plus p.(Lys754fs) and
p.(Leu747GInfs*16) plus p.(Thr751Lysfs*9). Another three
patients with coexisting resistance mutations were also
reported. One had the EGFR alteration in exon 20
p.(Asp770_Asn771insGly) plus BRAF p.(Val600Glu),
another had a double mutation in KRAS (p.Gly13Cys
plus p.GIn61His), and one had the KRAS p.(Gly12Cys)
plus the BRAF p.(Asp594Asn). Only p.(Gly719Ala) plus
p.(Ser768lle) was already reported in a Brazilian patient.'
Our data are in accordance with other studies conducted in
Brazil, which revealed that all EGFR and KRAS alterations
were mutually exclusive,>1416:33

Regarding KRAS alterations, some studies reported mu-
tations in tumors diagnosed at more advanced ages,”®*
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which were confirmed in our participants (Data Supple-
ment). The general frequency of such alterations identified
in our study is notable (30.2%) and significantly higher than
that observed in two previous Brazilian cohorts (Table 2;
Data Supplement).>*¢ However, it is important to note that
these studies used Sanger sequencing for the molecular
analysis, a method that requires the presence of the mutant
allele in at least 15% to 20% of tumor DNA. For comparison
purposes, if we had excluded the positive patients with
a mutant allele frequency below 15% and 20%, our KRAS
mutation percentage would decrease from 30.2% to
18.21% and 15.49%, respectively. For EGFR mutations,
the frequencies in these two scenarios also decreased,
ranging from 14.85% to 13.57% when excluding samples
with mutant allele frequencies less than 15% and less than
20%, respectively. These numbers are closer to the pre-
vious studies cited earlier and could indicate that our NGS
panel is more sensitive in detecting these driver mutations
in LUAD. In addition, actionable mutations would have
been missed in our study if we used a cutoff of allele
frequency at 15%, including seven sensitive deletions in
exon 19, four p.(Leu858Arg) substitutions in exon 21 and
five resistance mutations, four insertions in exon 20, and
one p.(Thr790Met) point mutation.

We next focused on biomarkers with a lower mutation
prevalence. To our knowledge, our study is the first to report
BRAF mutations in Brazilian patients with LUAD, found in
3% of the participants. This prevalence is in agreement with
results in non-Latin populations.®33>3® The European
Medicines Agency and US Food and Drug Administration
recently approved the combined use of dabrafenib and
trametinib for the treatment of patients with NSCLC har-
boring the BRAF p.(Val600Glu) mutation.”

In Brazil, the only study to assess ALK expression was
performed in the northeast region.®® The authors found
a much higher prevalence of ALK-positive tumors (13.3%
compared with 4% in our study).*® A recent report that
included samples from nine countries in Latin America
found that the prevalence of ALK rearrangements ranged
from 4.1% (Colombia) to 10.8% (Peru). Argentina and
Uruguay, which are more geographically close to the
southern region of Brazil, had a frequency of 5.4% and
4.4%,%° respectively, which is similar to our findings.
Co-occurrence of ALK rearrangements with EGFR or
KRAS mutations is rare, with only a few reports in the
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literature.?®“%-4¢ We found two individuals with positive IHC
for ALK protein who also harbored the KRAS variants
p.(Glyl2Vval) and p.(Gly12Asp). Ulivi et al*’ reported that
patients with EML4-ALK translocations co-occurring with
KRAS point mutations had decreased responsiveness to
crizotinib.

Alves da Silva et al*® evaluated the PD-L1 expression in LC
patients from the northeast region of Brazil and observed
a similar proportion of positivity (40.5% v 35.1% in our
study). The prevalence of tumors scoring from 1% to 50%
or less and 50% or more was also similar between both
studies (24% v 21.2% and 16.5% v 13.8%, respectively).
These data reveal a much lower proportion of tumors with
a staining score of 50% or more, due to a larger case series
that had found high PD-L1 expression in 30.2% of the
patients.*®

Our study has some limitations. Because of its retrospective
approach and the use of data from different private and
public medical centers, we had to anonymize patients’
information, including clinical data on treatment response,
survival, and smoking status. However, we believe that this
fact does not compromise the relevance of our results since
the association between biomarkers and these clinical
aspects has been widely studied.

In summary, to our knowledge, this is the first and largest
study assessing the frequency of multiple predictive bio-
markers for LUAD in Brazil. In addition, it reveals a unique
pattern of mutation frequencies in different genes com-
pared with data originating from other regions of the
country. The frequency of EGFR mutations is the lowest
found in Brazilian patients, possibly reflecting a higher
proportion of individuals with European ancestry.»'? Our
results also underscore the need to expand LUAD mo-
lecular testing in the Brazilian public health system, given
that approximately 15% of patients with LUAD from the
southern region would benefit from the use of TKls. Araujo
et al*® estimated that fewer than half of the patients have
their tumors submitted for molecular testing in Brazil. This
number can be even lower in public health care
institutions.*® We expect that these data, together with
results from other studies, will help to change this scenario
and accelerate the implementation of new public policies
for the treatment of LC in the country, on the basis of cost-
effective analysis of our population.
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CAPITULO V = RESULTADOS PARCIAIS PARA O MANUSCRITO I

Short communication em preparacéo: “Mutacdes de significando clinico incerto em
pacientes com cancer de pulméo de ndo pequenas células: decisao terapéutica e

resposta a inibidores de tirosina-quinase.”
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INTRODUCAO

Aproximadamente 6% dos casos positivos para drivers oncogénicos em cancer
de pulmdo de nao-pequenas células possuem alteragcbes moleculares raras de
significado clinico incerto envolvendo os genes analisados, incluindo: mutacbes em
EGFR cuja a resposta a inibidores de tirosina quinases (ITQs) é desconhecida,
ocorréncia de mais de uma mutacdo em EFGR (duplo-mutados) e coocorréncia de
mutacdes em EGFR e KRAS (Andreis et al., 2019). Tais alterac6es sdo um desafio para
o tratamento do cancer de pulméo de ndo pequenas ceélulas (CPNPC), uma vez que
dados clinicos sao escassos devido a sua frequéncia relativamente baixa (Kohsaka et
al., 2017).

Apesar de estudos clinicos demonstrarem que tumores com mutacfes raras em
EGFR serem menos sensiveis ao tratamento ITQs de primeira geracao, existe certo nivel
de consenso entre os clinicos quanto ao uso do medicamento diante desses casos
(Harrison, Vyse and Huang, 2020). Um exemplo de avangos neste campo é a inclusao
das mutacdes G719X, S768l e L861Q, presentes em menos de 5% dos casos de
CPNPC, na lista de alterac6es que podem indicar beneficio no uso de Afatinibe, um ITQ
de segunda geracdo para o qual originalmente ndo havia tal indicagdo (Zhang et al.,
2019).

Mutac6es em KRAS normalmente indicam baixa probabilidade de resposta a ITQs
e podem sugerir um pior prognoéstico (NCCN, 2022). Porém, casos de coocorréncia de
mutacdes no gene com EGFR, apesar de raros, ja foram reportados e pouco se conhece
guanto a sua resposta terapéutica a ITQs (Swami, 2021; Skoulidis e Heymach, 2019;
Blakely et al., 2017).

Frente a auséncia de diretrizes clinicas bem estabelecidas para conducdo de
casos com alteracdes moleculares raras de significado clinico incerto em CPNPC, este
trabalho objetivou verificar qual foi a escolha dos profissionais médicos no tratamento
deste grupo de pacientes e, para aqueles que optaram pelo uso de ITQs, qual foi

resposta apos uso do medicamento.
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MATERIAL E METODOS

Este foi um estudo retrospectivo que analisou os dados de 990 tumores de
pacientes diagnosticados com CPNPC entre setembro de 2016 e maio de 2020,
provenientes do Programa de Medicina Personalizada do Hospital de Clinicas de Porto
Alegre. As amostras foram submetidas ao sequenciamento de nova geracdo (NGS) nos
equipamentos lon Torrent PGM e lon S5 (ThermoFisher Scientific) apds enriquecimento
e selecao de regides-alvo com painel AmpliSeq (ThermoFisher Scientific) customizado,
incluindo os genes EGFR (exons 18 a 21), KRAS (exons 2 e 3), NRAS (exons 2 e 3) e
BRAF (exons 11 e 15). Os dados gerados foram analisados com a plataforma lon Torrent
Suite e lon Reporter versdo 5.0 (ThermoFisher Scientific). Os testes foram fomentados
pelas empresas AstraZeneca, Astellas Pharma, MSD Oncology, Novartis e Genentech.

Foram selecionadas amostras com mutagdes raras de significado clinico incerto
em EGFR, com mutagbes compostas (mais de uma mutacdo em EGFR) e com
coocorréncia de mutacdes em EGFR e KRAS. Em seguida, um questionario foi aplicado
aos meédicos responsaveis pelos pacientes, incluindo dados dos esquemas de
tratamento utilizados e outras informacgdes clinicas (Anexo I). Os dados clinicos de cada
paciente foram entdo compilados a fim de avaliar a escolha terapéutica e, para aqueles
cuja a escolha foi o uso de ITQs, qual foi a resposta ao tratamento. O projeto encontra-
se aprovado no CAAE sob n°® 83557418.5.0000.5327 e HCPA 2018-0099..

RESULTADOS PARCIAIS E DISCUSSAO

Dados referentes ao tratamento de nove dos 25 pacientes selecionados foram
obtidos a partir de do questionario aplicado e busca ativo junto aos oncologistas. As
mutacOes e dados clinicos basicos dos participantes estdo resumidos na Tabela 1.
Destes, cinco possuem mutacdes em EGFR cuja resposta a ITQs é descrita como
desconhecida, dois apresentam mutacdo composta em EGFR e dois apresentaram
coocorréncia de mutacdo em EGFR com KRAS. Curiosamente, o paciente 3
diagnosticado com a mutacdo p.(Thr790Met) em EGFR n&o havia sido tratado

previamente, sugerindo que este seja um caso de resisténcia intrinseca (primaria).
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Tabela 1. Dados clinicos e moleculares dos pacientes incluidos no estudo.

dad Variantes Sianificad
Idade ao . , , Frequéncia no ignificado
ID diagnéstico Sexo | Tabagismo | Histologia G Alteracdo na protefna VAFL |TCGA (%)? clinico®
€Ne  (HGVs) (%)
p.(Gly719Ala) 20.7 |0.3 Tier 1A
1 |63 M S Adenocarcinoma |EGFR
p.(Ser768lle) SD* |SD* Tier IA
2 |64 M N Adenocarcinoma |EGFR p.(Glu709_T710insAsn) 329 |0 Tier IB
3 |56 - N Carcinoma EGER p.(Leu747_Thr753delinsSer) {60.5 |0 Tier 1A
el p.(Thr790Met) 29.6 |0.3 Tier 1A
EGFR p.(Glu746_Ala750del) 129 |24 Tier IA
4 (67 F N Adenocarcinoma
KRAS p.(Gly1l2Asp) 16.1 |1.7 Tier I
5 |54 F S Adenocarcinoma |EGFR p.(Ser752Phe) 9.7 0 Tier Il
79 M N Adenocarcinoma |EGFR p.(Met766Leu) 6.9 0 Tier Il
7 |52 F S Adenocarcinoma |EGFR p.(Ala750Pro) 6.4 0 Tier Il
EGFR p.(Lys806Arg) 8.2 0 Tier Il
8 |60 M N Adenocarcinoma
KRAS p.(Glyl2Val) 216 | 3.7 Tier I
9 |58 M S Adenocarcinoma |EGFR p.(Lys806Arg) 4.6 0 Tier 1l

1. Variant allele frequency (frequéncia do alelo variante).

2. Pan-Lung Cancer; Nature Genetics, 2016.

3. AMP/ASCO/CAP Consensus Recommendations, specific for Lung Cancer.

4. SD = Sem Dados.
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Dentre os que optaram por ITQs, quatro utilizaram o farmaco de primeira geracao
(gefitinibe) e um de terceira geracdo (osimertinibe). Os quatro casos tratados com
guimioterapia utilizaram carboplatina e pemetrexede. Na segunda linha, a escolha de
guimioterapia foi a mais frequente (N = 5), as quais utilizaram esquemas diversos. O
imunoterapico nivolumabe foi utilizado em um caso. J& ITQs ndo foram utilizados em
segunda linha em nenhum dos pacientes (Tabela 2). A média de sobrevida global dos
pacientes que receberam ITQs foi de 27,8 meses (11 meses a 42 meses), a maioria
deles com resposta parcial. JA no grupo que recebeu quimioterapia, a meédia de

sobrevida global foi de 10,7 meses (2 meses a 20 meses).
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Tabela 2. Esquemas de tratamento e resposta terapéutica para os nove pacientes com dados disponiveis.

1*linha de Sobrevida
. Sequenciament |tratamento para 22 linha de
ID Variante(s) " Resposta global
o do tumor doencga metastatica tratamento (dias)
(resposta em meses)
ApOs progressao Carboplatina +
1 PAElyTEY, para doenca Afatinibe (12.9) RP > RP Paclitaxel + 1.153
p.(Ser768lle) o :
metastatical Bevacizumabe
: No diagnostico | Carboplatina + ~
2 p.(Glu709_T710insAsn) da doenca Pemetrexede (0.8) ND N&o 155
p.(Leu747_Thr753delinsSer) | No diagndstico . - Carboplatina +
€ p.(Thr790Met) da doenca CElElIS (6.5) = Paclitaxel e
p.(Glu746_Ala750del) No diagnostico | Gefitinibe (32.2) RP > PD > L
4 0.(Gly12Asp) da doenca DE Gemcitabina 1.201
No diagnostico | Gefitinibe (45,1) ~
5 p.(Ser752Phe) da doenca RP > DE N&o 1.353
No diagnéstico | Carboplatina + .
6 p.(Met766Leu) da doenca Pemetrexede (6.0) PD Nivolumabe 489
7 0.(Ala750Pro) No diagnostico | Gefitinibe (3.7) PD > RP Carb_oplatlna 320
da doenca Paclitaxel
p.(Lys806Arg) No diagnostico | Carboplatina +
8 p.(Glyl2Vval) da doencga Pemetrexede (7.7) RP > DE Docetaxel 609
No diagnostico | Carboplatina + .
2 PYSEINTE) da doencga Pemetrexede (1.5) PD AL ar

RP =resposta parcial; DE = doenca estavel; PD = progressao da doenca; ND = n&o disponivel.

70



Dos nove pacientes, cinco receberam tratamento com ITQ e quatro quimioterapia
na primeira linha, demonstrando uma heterogeneidade na escolha do tratamento frente
a falta de diretrizes clinicas bem estabelecidas. Apesar dos dados indicarem um aparente
beneficio no uso de ITQs na maioria dos casos, nenhum dos dois com a mutacéo
p.(Lys806Arg) recebeu esta categoria de medicamento. Curiosamente, o paciente 3 que
carrega duas mutacdes que conferem sensibilidade ao ITQ osimertinibe, apresentou uma
sobrevida global modesta (332 dias). Por outro lado, o paciente 1 que também
apresentou duas mutacdes de sensibilidade teve uma resposta duradoura, com uma
sobrevida global de 1.153 dias.

Chama atencdo nesta andlise preliminar que mesmo na auséncia de diretrizes
clinicas e evidéncias mais robustas, a maioria dos clinicos (5 dos 9 incluidos) optou pelo
uso de ITQs para o tratamento dos pacientes com alteracdes moleculares de significado
indeterminado. Espera-se que, quando concluido, este trabalho incentive a discusséo e
conscientize a comunidade quanto ao manejo de casos de CPNPC com mutacdes raras,

compostas ou com mais de um driver alterado.
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ANEXO | = Questionério aplicado no estudo

Nome do paciente:

Esquema de 12 linha para tratamento, se aplicavel:

Data de inicio do esquema 12, se aplicavel(dd/mm/aa):
Data da progressao apoés 12 linha, se aplicavel (dd/mm/aa):

Data de inicio do esquema 22, se aplicavel (dd/mm/aa):
Data da progressao apés 22 linha, se aplicavel (dd/mm/aa):
O paciente é tabagista (incluindo passivos):

© © N o g s~ w DdPE

Histologia:

10.Melhor performance status durante o tratamento (ECOG):
11.Performance status atual (ECOG):

12.Doencga em estadiamento IV upfront:

13.Ja recebeu tratamento abaltivo em sitio metastatico:
14.RECIST 1.1:

15. Data de 0Obito, se aplicavel (dd/mm/aa):

16.Outras informacg0des relevantes:

Esquema de 22 linha para tratamento anti-neoplasico (NA caso néo-aplicavel):
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CAPITULO VI — RESULTADOS PARCIAIS PARA O MANUSCRITO III

Manuscrito em preparacao, em fase de andlise dos dados e complementacdes:
“Sequenciamento de nova geragéo para avaliacdo do DNA tumoral circulante em

cancer de pulmao néo pequenas células em estadiamento IlIC ndo ressecaveis.”
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INTRODUCAO

O céancer de traqueia, brénquios e pulmao (TBP) é a neoplasia que mais causa
mortes no mundo, sendo responsavel por quase dois milhdes de 6bitos a cada ano
(Fitzmourice et al., 2019). No Brasil, a taxa de sobrevida estimada em 5 anos é de apenas
18% (INCA, 2022). Frente a alta letalidade desta doenca, nos ultimos 20 anos diversas
drogas de alvo molecular foram desenvolvidas para o tratamento do cancer de pulméo
de ndo pequenas células (CPNPC), o qual representa aproximadamente 80% dos casos
diagnosticados de TBP (Kumarakulasinghe, 2015; Salgia et al., 2021; Singh et al., 2021).

Atualmente o 6rgdo norte-americano National Comprehensive Cancer Network
(NCCN), recomenda a andlise de pelo menos 11 biomarcadores no CPNPC, incluindo
mutacBes de pontos e/ou pequenas delecBes/insercdes nos genes EGFR e KRAS,
fusdes/rearranjos de ALK, RET, ROS1 e NTRK1/2/3, exclusédo do éxon 14 de MET, e a
mutacdo V60OE em BRAF. Marcadores emergentes incluem amplificacbes de MET e
mutacdes em ERBB2 (NCCN, 2022). As altera¢Bes citadas acima levam a ativacao
constitutiva das vias de Raf-MEK-ERK a jusante dos receptores de tirosina quinase
(RTQs) (Arora & Scholar, 2005; Mok et al., 2017). Por esta razdo, a maioria das drogas
de alvo de molecular atualmente disponiveis para CPNPC séo da classe de inibidores
de tirosina quinase (ITQs).

Vérios estudos demonstraram a superioridade das terapias de alvo molecular em
relacdo aos tratamentos convencionais com quimio e radioterapia, com aumentos
significativos na sobrevida livre de progressao e global, além de uma diminuicdo nos
indices de efeitos adversos devido a alta toxicidade (Ai et al., 2018). Mesmo com tais
avancos, a perda de resposta e consequentemente progressao da doenca € observada
de 10 a 14 meses apos inicio do tratamento com ITQs (Wu & Shih, 2018). Apesar de
serem compostos, em sua maioria, de uma populacdo clonal dominante com um ou
poucos drivers oncogénicos, tumores sao doencas heterogéneas (Dagogo-Jack & Shaw,
2018; Kemper et al., 2015). A resisténcia a terapia emerge a partir da expansao de clones
intrinsecos, pré-existentes em baixa frequéncia, que possuem alteracdes ndo-acionaveis
(resisténcia primaria) ou a partir de sub-clones com mutac¢des adquiridas ao longo do

tratamento (resisténcia secundaria) (Lim & Ma, 2019).
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O monitoramento da evolucao clonal da neoplasia a partir de bidpsias seriadas &
a estratégia ideal para prevenir e minimizar o efeito da resisténcia ao tratamento. A
bidpsia liquida, que avalia o DNA tumoral circulante (ctDNA), surge como uma alternativa
promissora, sendo uma técnica menos invasiva e muitas vezes a Unica possivel em
casos onde o tecido néo esté acessivel (Guibert et al., 2019). Em paises como o Brasil,
onde com frequéncia o diagnéstico do CPNPC é feito ja em estagio avancado, tal
abordagem torna-se ainda mais desejavel (Malta et al., 2007). O método permite uma
melhor representacdo da heterogeneidade intratumoral, levando a uma melhor
compreensao do perfil molecular da doenca. Até mesmo em tumores com baixa
frequéncia de mutacfes acionaveis, coOmo nos carcinomas escamosos, a técnica poderia
ser aplicada, principalmente em casos com baixa acessibilidade ao tecido e cuja a
bidpsia tecidual possa néo ser representativa para detec¢éo de porcdes ndo-escamosas
(tumores adenoescamosos) (Nicholson, et al., 2021).

No Brasil, onde menos da metade dos pacientes elegiveis para o teste ndo
recebem sequer diagndstico molecular no tecido para mutacdes em EGFR, a bidpsia
liquida ainda da seus primeiros passos (Palacio et al., 2018). A técnica esta acessivel
essencialmente para pacientes que podem custear o teste, sendo a grande maioria
restrita a metodologias baseadas em PCR em tempo real (RT-PCR) e suas derivagoes,
como PCR digital (ddPCR). Esta abordagem possui como principal limitacdo a
possibilidade de deteccdo de poucos alvos ja pré-estabelecidos (Wu & Shih, 2018).

No ambito do SUS, onde existem poucas opc¢des para o uso de terapia-alvo, o
uso de ctDNA pode compor um importante biomarcador para o0 monitoramento de doenca
residual minima, sendo capaz de indicar a resposta ao tratamento, mesmo para agueles
a base de radio e quiometerapia. Tal informacdo poderia orientar a tomada de decisao
terapéutica, auxiliando na estratificacdo de risco e priorizando o atendimento daqueles
pacientes com maior chance de progressao.

Este é um dos primeiros trabalhos no Brasil a avaliar, com a técnica de NGS, o
ctDNA de pacientes com CPNPC e, pelo nosso conhecimento, o primeiro a utilizar tal
abordagem para avaliar pacientes atendidos pelo sistema unico de saude (SUS). Além
de explorar potenciais biomarcadores de predicdo terapéutica e progndésticos, o estudo

pode estimular a utilizacdo da técnica para futuros projetos designados a elucidar a
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heterogeneidade tumoral em uma populacdo ainda pouco conhecida e cujo 0 acesso ao

diagnostico de precisdo é escasso.

MATERIAL E METODOS

Selecao dos pacientes

Durante o periodo de maio/2020 a dezembro/2021, foram rastreados pacientes
com cancer de pulméo atendidos pelo Servigco de Oncologia do Hospital de Clinicas de
Porto Alegre (HCPA), Rio Grande do Sul/Brasil. Para o estudo, foram selecionados
pacientes com diagnostico de CPNPC com estadio IlIC e irressecavel, visto que este
grupo apresenta menor acessibilidade a biopsias teciduais e que poderiam, em teoria,
beneficiar-se do monitoramento de doenca residual minima apdés o tratamento e da
descoberta de mutacdes que indiquem sensibilidade ao tratamento com drogas de alvo-
molecular apds a progressao para o estadiamento IV.

Inicialmente, apenas o subtipo adenocarcinoma seria incluido, porém devido ao
baixo numero de pacientes identificados amostral, optou-se por incluir também aqueles
com histologia escamosa. As coletas foram realizadas em trés momentos: logo apos o
diagnéstico (pré-tratamento), até 14 dias apds tratamento padrdo com quimio e
radioterapia (pOs-tratamento) e apOs progressdo da doenca (Figura 1). O termo de
consentimento livre e esclarecido (TCLE) foi aplicado e assinado por cada um dos
participantes antes da primeira coleta. O projeto foi aprovado pelo comité de ética do
HCPA e esté inscrito sob o CAAE 70045017.7.0000.5327 e HCPA 2018-0121.
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Figura 1. llustracdo do esquema de coleta elaborado para o estudo. No total nove pacientes
diagnosticados com CPNPC IlIC foram acompanhados e tiveram suas amostras coletadas ao

longo do estudo.

Coleta, processamento e extracdo do cfDNA

Foram realizadas 24 coletas de aproximadamente 8 mL de sangue periférico em
tubo de acido etilenodiamino tetra-acético (EDTA), os quais foram imediatamente
acondicionados em gelo. O material foi pré-processado em um intervalo inferir a 2 h com
centrifugacdo de 800 g a 4°C durante 10 min para separacdo do plasma e evitar a
degradacdo enzimética do DNA livre circulante (cfDNA) e a contaminacdo com gDNA
proveniente da lise de leucécitos. Apds esta etapa, as amostras foram armazenadas a -
20°C ou submetidas a uma segunda centrifugacédo de 7.900g a 4°C por 20 min para
remocao de detritos remanescentes e subsequente extracao.

A extracdo e isolamento do cfDNA foi realizada a partir de 4 mL de plasma
utilizando o kit QlAamp MinElute ccfDNA (© Qiagen), conforme orientacdes do
fabricante. A concentracdo do material extraido foi determinada no fluorémetro Qubit 3
(© Thermo Fisher Scientific) com kit Qubit dSDNA HS Assay (© Thermo Fisher Scientific)

e imediatamente armazenado em -20°C até processamento.
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Preparo das bibliotecas, enriquecimento dos alvos e sequenciamento

Dois protocolos foram utilizados para analise do ctDNA. O primeiro consiste em
um painel customizado SureSelect XT-HS (© Agilent), otimizado para o processamento
de amostras com baixa quantificacdo de DNA e que inclui barcodes moleculares para
deteccdo de variantes em baixa frequéncia. As etapas foram seguidas conforme
protocolo do fabricante, utilizando 17 uL de cfDNA como input inicial. Foram selecionados
70 genes, dentre aqueles associados a vias de reparo do DNA (supressores de tumor) e
oncogenes, 0s quais estao frequentemente alterados em CPNPC, conforme consulta no

The Cancer Genomas Atlas (Quadro 1).

Quadro 1. Lista de genes selecionados no painel utilizado neste estudo. Foram incluidas todas

regides codificantes (éxons) e 10 pb dos introns adjacentes a 3’'e 5'.

ABCB1 | ATR CUL3 MDC1 NOTCH4 | RAD50 SETD2
ABCB4 | BRAF DMC1 MDM2 NRAS RADS51 SMARCA4
ABCC1 | BRCA1l EGFR MET NTRK1 RAD51B | SPEN
ABCG2 | BRCA2 ERBB2 MLH1 NTRK2 RAD51C | STK11
AKT1 CCND1 ERBB4 MRE11A | NTRK3 RAD51D | TP53

ALK CCNE1 ERCC1 MSH?2 PDGFRA | RB1 TSC1
ARID1A | CDK4 KDR MVP PIK3CA RBM10 TSC2
ARID1B | CDKN2A | KEAP1 NBN PIK3R1 RET U2AF1
ARID2 CHEK1 KRAS NF1 POLQ RIT1 XRCC2
ATM CHEK2 MAP2K1 | NOTCH1 | PTEN ROS1 XRCC3

A qualidade da biblioteca resultante foi verificada com kit D1000 ScreenTape (©
Agilent) no equipamento TapeStation 4200 (© Agilent). Uma vez qualificadas, seguiram
para enriquecimento dos alvos incluidos do painel e nova verificagdo com kit D1000
HightSensitivity ScreenTape (© Agilent). Os produtos resultantes foram entdo
guantificados no fluordmetro Qubit 3 (© Thermo Fisher Scientific) com kit Qubit dsDNA
HS Assay (© Thermo Fisher Scientific). Finalmente, as amostras foram diluidas e
submetidas a sequenciamento utilizando o kit MiSeq Reagente V3 (© lllumina)
configurado em duas leituras de 151 pb no sistema lllumina MiSeq (© lllumina), conforme
orientacdes do fabricante.

A segunda abordagem para analise do ctDNA utilizou o sistema lon Torrent

Genexus (© Thermo Fisher Scientific), com o painel Oncomine Precision Assay (©
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Thermo Fisher Scientific). Este inclui 78 variantes em 50 genes, frequentemente
identificadas em tumores sélidos, incluindo CPNPC (Quadro 2). As amostras de cfDNA
ja extraidas foram carregadas na plataforma automatizada de preparo de bibliotecas,
sequenciamento e analise dos dados, conforme especificacdes do fabricante. Esta etapa
foi executada em parceria com a Igenomix Brasil Laboratdrio de Medicina Genética
LTDA.

Analise dos resultados

Uma vez gerados, os arquivos FAST(Q resultantes do sequenciamento foram
analisados no software Agilent SureCall 4.2.2.3 (© Agilent). Dois métodos de anélise
foram utilizados, um contendo barcodes moleculares (MBC) e outro ndo. A introducao de
MBCs permite a reducéo erros aleatoriamente gerados durante o sequenciamento de
amostras com baixas concentracdes de DNA, como no caso do cfDNA, reduzindo as
taxas de falso-positivos. Ambos arquivos (VCFs) gerados foram entdo analisados
manualmente para selecdo de variantes. Foram mantidas alteracbes que nao
apresentassem viés de fita, baixa frequéncia ou auséncia em bancos de dados
populacionais e que estivessem ausentes ou descritas como de significado clinico incerto
ou como patogénicas no banco de dados ClinVar. Variantes fora das regides dos alvos
selecionados ou que ndo contemplem sitios de processamento de RNA canénicos foram

desconsideradas.

RESULTADOS PARCIAIS

Dos nove pacientes que estavam sendo acompanhados, cinco apresentaram
progresséo da doenca antes da concluséo deste estudo. Um dos pacientes (paciente 6)
recebeu dois ciclos adicionais de quimioterapia e também foi incluido nas analises,
porém evoluiu a obito antes de realizar nova coleta. A quantificacdo média de cfDNA
extraido foi de 0,9 ng/uL (0,19 ng/uL — 2,81 ng/yL). Até o presente momento, 16
bibliotecas foram geradas a partir das amostras coletadas. O tamanho médio ap6s o
enriquecimento/captura das bibliotecas foi de 304 pb (256 pb — 356 pb), dentro dos
parametros esperados para o Kit.
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Os dados de sequenciamento foram analisados de maneira preliminar. Apesar
das estimativas do fabricante para uma profundidade de cobertura média de 2.000x por
amostra para o painel desenvolvido, sugere-se a utilizacdo de painéis mais focados,
incluindo menos alvos/regides para genes de interesse, principalmente para
sequenciadores de meédia capacidade como o lllumina MiSeq. Mesmo apresentando um
Q30 de 93,7%, a profundidade média de sequenciamento por paciente foi de 422x (254x
—570x) e 213x (162x — 270x) para a analise sem e com o uso de MBCs, respectivamente.
A profundidade obtida em ambas as analises foi abaixo da ideal para deteccédo de
alteracdes em baixa frequéncia presentes no ctDNA. Dentre as raz0es para a baixa
profundidade obtida esta a alta taxa de soft-clipping ap6s a andlise, provavelmente
devido ao tamanho reduzido dos fragmentos de cfDNA que acabam sendo descartados,
uma vez que ndo sao corretamente alinhados a sequéncia de referéncia.

Mesmo com a baixa profundidade, foi possivel ilustrar o potencial de aplicacdo da
técnica para um dos pacientes analisados. O paciente 2 apresentou duas mutacfes
possivelmente provenientes do tumor, uma de significado clinico incerto p.(Ser62Trp) em
ALK e outra provavelmente patogénica p.(Arg337Leu) em TP53, localizada no dominio
de oligomerizacao da proteina p53. Ambas foram detectadas em baixa frequéncia antes
do inicio do tratamento, ndo foram reportadas logo apos o tratamento e voltaram a ser

detectadas no momento da progressao da doenca com frequéncias relativamente altas.
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Figura 1. llustracdo da variacdo da frequéncia alélica de duas mutacdes de origem

somaética ao longo da evolucéo clinica do Paciente 2.

Como perspectivas para viabilizar a publicacdo do artigo, espera-se sequenciar o
as bibliotecas ja construidas em um sequenciador de maior capacidade (e.g. lllumina
NextSeq 550/1000/2000), a fim de aumentar o nimero de fragmentos sequenciados e,
consequentemente, a profundidade de leitura. Tal abordagem ira permitir diminuir o limite
de deteccédo do teste e aumentar sua sensibilidade.

Paralelamente, as amostras também estdo sendo analisadas com o painel
Oncomine Focus Assay (© Thermo Fisher Scientific) para validacdo dos resultados
utilizando outra metodologia. Até entdo, duas amostras do estudo foram processadas
nesta abordagem, referentes as coletas realizadas ap0s a progressao dos pacientes 4 e
5. Foram detectadas as mutagbes em TP53 R248Q (paciente 4) e S241F (paciente 5),
com frequéncias de 0,58% e 0,86%, respectivamente. A cobertura média nas regides

alvo deste painel foi de 46.177x para a amostra do Paciente 4 e 32.375x para a amostra
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do Paciente 5. Tais alteragbes ndo foram identificadas no painel originalmente
desenhado para este estudo, reforcando a necessidade de se atingir maior cobertura de
sequenciamento.

Ainda para validacdo da técnica, amostras de tecido tumoral fixadas em parafina,
até entdo disponiveis para quatro pacientes, serdo também sequenciadas, a fim de
excluir variantes provenientes da CHIP, uma vez que gDNA de origem germinativa ndo
foi isolado para o presente estudo. Por fim, os dados clinicos serdo reunidos e
confrontados com os dados moleculares, a fim de avaliar os possiveis beneficios da

aplicacdo da técnica no contexto de cada paciente.
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Apesar do tema ja ter sido relativamente bem explorado nos Estados Unidos, na
Europa e em alguns paises asiéticos, pouco se conhece sobre o perfil molecular do
CPNPC na América Latina e no Brasil, areas com altas taxas de miscigenacdo. A
exemplo das mutacbes em EGFR, cuja prevaléncia em pacientes diagnosticados com
adenocarcinoma de pulmé&o varia de 7% a 76%, conforme estudos realizados em
diversas partes do mundo, é de se esperar que haja diferencas regionais importantes na
composicdo genética do CPNPC em um pais de dimensdes continentais e com uma
populacdo etnicamente diversa como o Brasil (Midha, Dearden and McCormack, 2015).
Considerando que os poucos estudos realizados no Brasil estdo concentrados no
Sudeste, principalmente no estado de S&o Paulo, e que aproximadamente 40% das
alteracdes moleculares no CPNPC podem indicar o uso de terapias-alvo, evoluir no maior
conhecimento destes aspectos € de grande relevancia, principalmente em um pais onde
a grande maioria da populacdo depende do sistema publico de saude. Por exemplo,
estimativas j& demonstraram que farmacos de uso oral, como os inibidores de tirosina
guinase (ITQs), poderiam reduzir os gastos com a doenca no sistema de salude em até
13% (Ferreira et al., 2016). Portanto, conhecer o perfil molecular do CPNPC é a base
para guiar politicas publicas atuais no tratamento da neoplasia, de maneira a distribuir e
direcionar estrategicamente recursos, conforme as particularidades de cada regiao do
pais.

Nesse sentido, no primeiro manuscrito desta tese, demonstramos em uma seérie
de amostras provenientes do Sul do Brasil que a frequéncia de pacientes com mutagdes
no gene EGFR, um importante biomarcador para o CPNPC, foi a menor até entdo
descrita no pais (19%). Tal informacéo tem relevancia terapéutica, uma vez que muitas
das mutacfes acionaveis que conferem sensibilidade a diversos ITQs estdo localizadas
neste gene. Ja a frequéncia de mutac6es em KRAS foi a maior até entdo descrita no pais
(30%), 40% delas representando a mutacédo G12C (Bacchi et al., 2012; de Melo et al.,
2015; Palacio et al., 2019; Leal et al., 2019). Tal perfil € Unico e, apesar de assemelhar-
se ao que foi descrito em populagdes europeias, ha uma diferenga importante na
frequéncia de alteracdes em EGFR, a qual € de aproximadamente 10% (Gahr et al.,
2013; Kerr et al., 2021).
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Apesar de ndo aprovado ainda no momento da publicagdo do estudo, o farmaco
Sotorasibe ganha especial importancia na regido Sul do Brasil, uma vez que quase 40%
das alterac6es encontradas no gene correspondem a mutacdo G12C, sob a qual este
inibidor de GTPase da familia RAS atua (Blair, 2021). O presente estudo também foi o
primeiro a reportar, pelo nosso conhecimento, a frequéncia de mutagdes em BRAF no
pais, estimada em 3%, corroborando com achados de outros locais (Marchetti et al.,
2011; Consortium, 2017; Alvarez and Otterson, 2019). A expressdo de ALK, outro
importante biomarcador que infere a presenca de rearranjos envolvendo o gene, foi
reportada em 4% dos casos, inferior ao que ja havia sido reportado na regido nordeste,
mas semelhante ao que ja foi observado no Sudeste(Alves da Silva et al., 2019; Arrieta
etal., 2019; Gomes et al., 2015; Lopes and Bacchi, 2012) . Por fim, nosso estudo também
avaliou a expressao de PD-L1, um biomarcador de resposta aos inibidores de checkpoint
imunolégico. Verificamos que as amostras que expressam pontuagcdo proporcional do
tumor (PPT) 250% representaram 14% do total, indicando que talvez uma por¢cdo menor
da populacédo avaliada poderia se beneficiar da imunoterapia quando comparado aos
23% - 28% estimados no KEYNOTE-024, estudo que avaliou a eficacia do imunoterapico
Pembrolizumabe no CPNPC (Reck et al., 2016).

Outro dado revelado pelo estudo foi a presenca de mutagOes raras e de
significado clinico indeterminado em EGFR ou a presenca de mais de uma alteracao
envolvendo o mesmo driver ou outro gene (mutacdes compostas). Neste trabalho, até
entdo, 25 pacientes com este perfil foram identificados e os dados clinicos de sete deles
ja foram reunidos e pré-analisados. Tais estudos sdo de suma importancia, uma vez que
poucos dados estédo disponiveis na literatura ou mesmo em grandes estudos clinicos.
Exemplos recentes da inclusdo de mutacBes raras em EGFR na lista daquelas
associadas com sensibilidade aos ITQs estdo a G719X, a S768l e a L861Q, presentes
em menos de 5% dos casos de CPNPC e para as quais a agéncia reguladora norte-
americana FDA (do inglés, Food and Drug Administration) indicou, em 2018, o uso de
Afatinibe (Zhang et al., 2019a).

No Brasil, é inevitavel que fatores socioecondmicos também tenham um impacto
importante no diagnostico molecular do CPNPC. Apesar dos avangos tanto nas técnicas

utilizadas para deteccdo das mutacgdes, quanto no tratamento, o custo de ambos ainda
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é elevado e, consequentemente, restringem o acesso a maioria da populagdo. Por
exemplo, o custo do NGS em paises em desenvolvimento pode ser de quatro a cinco
vezes maior do que em paises desenvolvidos (Helmy, Awad and Mosa, 2016). Como
consequéncia, estimativas demonstram que menos de 40% dos pacientes elegiveis para
testes moleculares em CPNPC recebam o diagnéstico basico para o tratamento da
neoplasia no pais. A situacdo é ainda mais precéaria para pacientes atendidos pelo
sistema publico de saude, onde menos de 10% dos pacientes diagnosticados com
adenocarcinoma de pulmao realizam sequer o teste molecular de EGFR (Palacio et al.,
2019; Mathias et al., 2020). No entanto, estas estimativas foram levantadas com dados
retrospectivos de 2011 a 2016 e pode néo refletir o cenario atual do pais, uma vez que
nos ultimos anos programas da industria farmacéutica passaram financiar diversos testes
moleculares aplicados ao CPNPC. Ademais, as particularidades de cada regido devem
ser consideradas, reforgando a importancia de estudos mais recentes e especificos para
retratar o cendrio atual do diagnéstico molecular no Brasil.

A ancestralidade e exposicdo a fatores ambientais podem levar a diferencas
importantes no perfil molecular do CPNPC de pacientes com acesso ao tratamento
privado e/ou a saude suplementar, em comparacdo com aqueles cuja Unica opcdo é o
sistema publico. Nos EUA e no México, foram observadas diferencas no perfil molecular
e resposta ao tratamento com drogas de alvo molecular entre pacientes de origem
hispanica e nao-hispanica, inclusive entre hispanicos nascidos nos EUA e imigrantes
(Arrieta et al., 2015; Patel et al., 2013).

Outro ponto fundamental que deve ser levado em conta é a relativa demora para
aprovacao de novas drogas de alvo molecular no Brasil. Um exemplo foi a aprovacéo do
Crizotinibe, droga-alvo indicada para CPNPC com fusdes de ALK e mais recentemente
exclusdo do éxon 14 de MET. Entre o inicio de seu uso nos EUA em agosto de 2011 até
aprovacao no Brasil apenas em fevereiro de 2016, estima-se que 804 anos de vida foram
perdidos devido a essa demora (Ferreira, 2019). Por outro lado, o Sotorasibe teve sua
primeira aprovagédo em agosto de 2021 para tratamento de CPNPC localmente avancado
ou metastatico com a alteracdo KRAS G12C e em menos de 7 meses foi aprovado pela
Agéncia Nacional de Vigilancia Sanitaria (ANVISA) para o uso no Brasil (Brasil, 2022).

Outro grande agravante no cenario nacional € a acessibilidade a tais medicamentos, pois
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seu custo é elevado e atualmente somente dois ITQs estdo incorporados pelo SUS, o
Gefitinibe e o Erlotinibe (Brasil, 2013b; Brasil, 2013a). Portanto, € fundamental o
conhecimento do perfil molecular dos tumores de pulmé&o no Brasil e como este pode ser
influenciado por diferentes cenarios socioeconémicos. Dados complementares ao
manuscrito | desta tese, incluindo também informacées clinicas dos pacientes, poderao
servir como base para guiar novos estudos que visem a geréncia de politicas publicas
mais atuais no tratamento do CPNPC e acelerar 0 acesso de tais medicamentos para a
populacdo de menor poder aquisitivo, principalmente em uma era onde ocorrem rapidos
avancos em virtude da expansao do conhecimento da gendémica tumoral.

Ainda no contexto de acesso ao diagndstico molecular, ja foi demonstrado que
70,6% dos casos de CPNPC do Brasil se apresentam ja como doenca avancada, quando
intervencdes cirurgicas sdo pouco eficazes e quando frequentemente o tecido esta pouco
acessivel (Ismael et al., 2011). Por exemplo, em nosso estudo 16,5% (123/742) das
amostras de tecido foram inadequadas para o teste ou tiveram resultados inconclusivos
devido a auséncia/baixa quantidade de células tumorais, ou a baixa quantidade e/ou
gualidade do gDNA extraido, respectivamente, semelhante ao que ja foi observado em
outros trabalhos (Chouaid et al., 2014; Liam, Mallawathantri and Fong, 2020)(Chouaid et
al, 2014; llé & Hofman, 2016; Liam et al., 2020). Estudos ja demonstraram que foi
possivel a deteccdo de mutacdes acionaveis em um terco dos casos onde o tecido nao
estava disponivel (Thompson et al., 2016; Remon et al., 2020). Diante deste niamero
expressivo de resultados inadequados/inconclusivos, este trabalho também buscou
validar e implementar a técnica de bidpsia liquida para avaliacdo do ctDNA como
ferramenta diagndstica acesséria em pacientes com CPNPC estadiamento IlIC nao
ressecaveis atendidos em um hospital terciario no Sul do pais.

A avaliacé@o do ctDNA em CPNPC pode ir além do monitoramento de mecanismos
de resisténcia a ITQs, auxiliando no mapeamento da heterogeneidade intratumoral e
revelando possiveis novos marcadores progndésticos (Chabon et al., 2016;
Rohanizadegan, 2018; von Felden et al., 2021). Ademais, 0 acompanhamento continuo
e dindmico do paciente permite acessar em tempo real a evolucdo da doenca, permitindo
inclusive a readequacéo ou mesmo antecipacao do tratamento conforme evolucgéo clonal
do tumor (Yanagita et al., 2016; Remon et al., 2017; Wan et al., 2017). Os resultados
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preliminares obtidos no manuscrito IV sdo promissores, uma vez que foi possivel
acompanhar em um dos pacientes as varia¢des na frequéncia alélica de duas alteracfes
de origem somatica conforme evolucéo clinica do caso.

Algumas limitacdes importantes permanecem em aberto neste ultimo estudo.
Tendo em mente que apenas uma pequena fragdo do material genético circulante
corresponde ao ctDNA (0,01% a <1%), a baixa cobertura atingida na primeira rodada de
sequenciamento foi um fator limitante importante para uma melhor analise e
apresentacao dos resultados (Volckmar et al., 2018). Por outro lado, as etapas que
envolveram coleta, isolamento, amplificacéo e captura do cfDNA foram bem sucedidas,
demonstrando que, mesmo com recursos limitados, seria viavel a implementacdo da
técnica. Portanto, para atingir uma maior cobertura de sequenciamento e um limite de
deteccéo satisfatério, painéis amplos como este que foi utilizado no estudo talvez seriam
invidveis para a maioria das intuicdes, uma vez que demandariam equipamentos e
insumos de alto custo. Outro limitador importante € a presenca da hematopoiese clonal
de potencial indeterminado (CHIP), o que pode levar a classificacdo equivocada de
variantes que ndo contribuem para o processo de tumorigénese (Jaiswal et al., 2014;
Razavi et al., 2019; Hu et al., 2018; Chan et al., 2020). A necessidade de inclusao de
uma analise pareada, de DNA somatico e de DNA de origem germinativa, agregaria mais
custos ao teste, tornando a técnica ainda menos acessivel. Porém, a grande maioria das
alteracdes encontradas na CHIP ndo tem implicacBes clinicas para o0 manejo e
tratamento de tumores de pulméo, questionando a necessidade e a real relevancia de
sua inclusdo na pratica clinica (Hu et al., 2018; Liu et al., 2019).

Em suma, este trabalho revelou um panorama do perfil molecular dos principais
biomarcadores no CPNPC em uma série de pacientes da regido Sul do Brasil, algo ainda
nao realizado até entdo. Também demonstrou a importancia da medicina personalizada
em um hospital terciario que atende majoritariamente uma populacdo de baixa renda e
com pouco acesso a tratamentos de alvo molecular. Ndo o bastante, foi proposta a
implementacdo de uma tecnologia de alta complexidade, a biopsia liquida, para
avaliacao do perfil molecular de pacientes cujo tecido esta pouco acessivel ou € mesmo
inexistente para uma avaliagdo molecular adequada. Apesar das dificuldades impostas

pela pandemia, as quais atrasaram de maneira significativa o andamento do trabalho, os
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resultados preliminares do manuscrito Il demonstram que € possivel a implementacéo
da técnica, porém o custo de tal abordagem continua sendo uma barreira importante
para difusdo da técnica, a qual dificilmente ficara disponivel no SUS em um futuro
préximo sem a contrapartida do setor privado, a exemplo do que ja ocorre com a
avaliacdo molecular em tecido. Por outro laudo, técnicas que apesar de mais limitadas
guanto ao numero de alvos incluidos, mas que possuem custo expressivamente menor,
como o PCR digital, poderiam viabilizar a incorporacdo do monitoramento do ctDNA,
principalmente no contexto de estratificacdo de risco apds adjuvancia ou no diagndéstico
de pacientes cujo bidpsia tecidual esteja indisponivel, com foco em drivers mais
comumente mutados na neoplasia. Espera-se que este trabalho, o qual ainda esta sendo
concluido, auxilie na tomada de decisdes para o direcionamento estratégico de recursos,
de maneira a trazer a medicina de precisdo mais proxima daqueles que mais necessitam

dela.
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Este foi o primeiro trabalho a explorar o perfil molecular do cancer de pulméo de
ndo pequenas células na regido Sul do Brasil e também um dos poucos que explorou o
tema no pais. Além da concluséo das etapas que ainda estdo em aberto, este trabalho

cria novas perspectivas:

— Comparar o perfil molecular do CPNPC de pacientes atendidos em dois hospitais
terciarios no sul do Brasil, sendo um grupo atendido pelo Sistema Unico de Salde
(SUS) e outro pelo sistema particular e/ou de saude suplementar. Esta analise
podera ser desenvolvida por meio de um estudo retrospectivo;

— Avaliar a acessibilidade ao tratamento com terapias de alvo molecular em dois
hospitais terciarios no sul do Brasil, sendo um grupo atendido pelo SUS e outro pelo
sistema particular e/ou de salude suplementar. Esta andlise podera ser desenvolvida
por meio de um estudo retrospectivo;

— Estimular a criacdo de uma rede nacional de diagndstico molecular para aumentar o
acesso do diagnaostico de precisao aos pacientes com condi¢des financeira limitadas;

— Estimular a incorporacdo de um nimero maior de drogas de alvo molecular no SUS;

— Motivar a incorporacao da biopsia liquida para avaliagdo do ctDNA como ferramenta
diagndstico complementar em hospitais publicos, principalmente para pacientes cujo
tecido esteja inadequado ou inacessivel para o diagndstico molecular. Técnicas mais
custo-efetivas, como o PCR digital, seriam uma alterativa mais viavel para o SUS,

apesar de suas limitagcdes quanto ao numero de alvos incluidos por ensaio.
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Founder c.1010G> A (p.Arg337His) in
Lung Adenocarcinoma: Is
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 7P53, ¢.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 7TP53 ¢.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 (7/586, 1.2%) which were submitted to next generation sequencing analyses
for confirmation. Somatic EGFR mutations were more frequent in 7P53 ¢.1010G=A
carriers than in non-carriers (57.1 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 Brazilian 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 p lung
cell lung cancer, Li-Fraumeni syndrome

TP53 (p.Arg337His), R337H, non-small
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INTRODUCTION

In Southern and Southeastern Brazil, a germline founder
pathogenic variant with incomplete penetrance, ¢.1010G=>A
(rs121912664), also known as R337H or p.(Arg337His) has
been detected in 0.3% of the general population (Achatz et al,
2009; Custddio 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 LFS 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 ¢.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, 1P53 ¢.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 TARC TP53 database. Finally, Nogueira et al.
(2015) reported a mixed acinar/bronchiolo-alveolar carcinoma
in a known germline carrier of the TP53 ¢.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 Cancer 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 ¢.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 ¢.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 1P53 c.1010G>A
carriers and observed that LUAD tumors from 8/9 (89%) TP53
¢.1010G> A carriers harbored an activating EGFR variant. To our

TP53 (p.Arg337His) Variant in LUAD

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 ¢.1010G>A
Genotyping

Tumor DNA was extracted using the ReliaPrep™ FFPE
gDNA  Miniprep System (Promega), according to the
manufacturer’s recommendations. Next, TagMan® allelic
discrimination analyses of the pathogenic variant TP53
¢.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 Ton AmpliSeq™
Library Kit 2.0 (Thermo Fisher Scientific, CA, United States).
PCR products were then sequenced on the Ton GeneStudio S5
system (lon Torrent Systems Inc., Gilford, NH, United States).
NGS results were interpreted using the Ton 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

Mals 271 (46.2)

Female 315 (83.8)
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(1.28¢

“IR, interquartile range.

T The percentage was calculated over the total number of genotyped sampiles (586)
and over the number of cases for which the specified clinical data was avaiable.
TTested for somatic EGFR, KRAS, BRAF, and NRAS mutations. Specific regions
evaluated in each gene are detailed in the "Malerials and Methods.”

* Seven camers were identified using TaqMan® assays, but heterozygous genotype
was confirmed by NGS in only five positive cases due to limitations in sample
availabilily for the remaining two patients.

TP53 (p.Arg337His) Variant in LUAD

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

Specific TP53 c.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 ¢.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 Parand the variant
was identified in 461 individuals (~0.3%) (Custddio 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 EGFR P53 WT*/TP53 Percentage of
diagnosis subtype mutation c.1010G>A ¢.1010G>A tumor cells in
(vears) zygosity allele the sample
frequency
(coverage)
1 Male 57 NAt p.{LeuB58Arg) Heterozygous 0.52/0.48 40%
(2.400x)
2 Male 65 Lepidic P.(Ser768_Asp770cup) Heterozygous 0.37/0.63 308
(2,259x)
3 Female 55 NA p.{LeuB58Arg) Heterozygous 0.24/0.76 60%
{4,000x)
4 Female 60 Lepidic None Heterozygeus 0.42/0.58 40%
{1.802%)
5 Female 74 NA p.{Leu858Arg) Heterozygous 0.42/0.58 70%
(1,835%)
6 Female 54 Lepidic Inconclusive® Heterozygous NP? 5%
7 d Female 62 Agcinar Inconclusive Heterozygous NP 40%

* WT, wild-type aliele; 1 NA, not available; + NP not performed; ® Inconclusive status due to technical limitations, such as availability of a Jow concentration of DNA
extracted from the turmor tissue, and/or poor quality/purity of the tumor DNA, leading to inadequate results flow coverage} in the NGS analysis.

deleterious variants involved in tumorigenesis (i.e., those located
in the DNA-binding domain of p53 protein), ¢.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),
c.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 LFS 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
c.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 carrigrs and non-carriers.

Features Carriers, N =7 Non-carriers, N = 579
Median age at diagnosis, years (IR)* 60(10) 67 (16)
Histological subtype, N (%5) 4(57.1) 68(11.7)
Acinar 1(14.3) 46 (7.9)
Lepidic 342.8) 22({38)
Patients with other somatic 5(71.4) 497 (85.8)
alterations, N (%)

EGFR mutation 4(57.1) 102 (17.6)
KRAS mutation [} 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.
1A 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; Custddio 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 a larger 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,

P53 (p.Aga3T7His) Variartt in LUAD

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 LFS 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. Tn addition, when looking at 114
LUAD patients with EGFR mutations from a non-LFS cohort,

LUAD carcinogenesis,
TP53 WT/WT
(germline)

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

o

FIGURE 1 | Schematic representaticn 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 indivicual without germline 7P53

Normal p53 tetramerization

]\
! T |
'Mu:'n:am

pathogenic varants, i.e., a homozygous context of wikd-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
tumorigeness. (B) LUAD formation process in a cammier of the germline 7P53 p.R337H (TP53 p.R337TH/WT genotype). To explain the frequent co-occurrence of
gemline TP53 and somatic £GFR vanants 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 tumoer-suppressive p53 functions in lung
tissue, representing an initial factor (first hit) in NSCLG/ALUAD 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/miRR-193a/EGFR feedback loop reguiation, acting
as a mechanism driving the NSCLG/LUAD development.
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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
¢.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 (Gahr et al,, 2013).
The prevalence of European ancestry in the population studied
here, i.e., from Southern Brazil, has been estimated at 80-90%,
the highest among all 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

TP53 (p.Arg337His) Variant in LUAD

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
¢.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.

DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation.

ETHICS STATEMENT

The studies involving human participants were reviewed and
approved by Institutional Review Board from Hospital de
Clinicas de Porto Alegre (IRB-HCPA). Written informed consent
for participation was not required for this study in accordance
with the national legislation and the institutional requirements.

AUTHOR CONTRIBUTIONS

IV, TA, GM, and PA-P conceived the work and conception design
of the brief research report. IV, TA, and PA-P designed the draft of
the manuscript and carried out the statistical analyses. TA, GM,
and PA-P were involved in recruitment of tumor DNA samples
and retrospective search of clinical data. TA, BE IV, GM, MA,
and DS performed the genotyping and NGS analyses, as well
as the interpretation of results from these experiments. IV, TA,
MA, GM, DS, and PA-P helped to draft the manuscript. PA-P
supervised the work. All authors revised the manuscript critically,

Frontiers in Genetics | www.frontiersin.org

February 2021 | Volurme 12 | Article BO6537

103



Vieira et al.

contributed with interpretation of the findings and gave final
approval of the version to be published.

FUNDING

This study was supported in part by funds from Fundo
de Tncentivo & Pesquisa do Hospital de Clinicas de Porto
Alegre (FIPE-HCPA, grant number #18-0099 to GM)
and from the Canada-Israel Health Research Initiative,
jointly funded by the Canadian Institutes of Health
Research, the Tsrael Science Foundation, the International

REFERENCES

Achatz, M. 1, Hainaut, P, and Ashton-Prolla, P. (2009). Highly prevalent TP53
mutation predisposing to many cancers in the Brazilian population: a case for
newborn screening? Lancet Oncol. 10, 920-925. doi: 10.1016/S1470-2045(09)
70089-0

Achatz, M. L, Olivier, M., Le Calvez, F., Martel-Planche, G., Lopes, A., Rossi, B. M.,
et al, (2007). The TP53 mutation, R337H, is associated with Li-Fraumeni and
Li-Fraumeni-like syndromes in Brazilian families. Cancer Lett. 245, 96-102.
doi: 10.1016/).canlet.2005.12.039

Achatz, M. 1, and Zambetti, G. P. (2016). The Inherited p53 mutation in the
Brazilian population. Cold Spring Harb. Perspect. Med. 6:a026195. doi: 10.1101/
cshperspect.a026195

Andreis, T. F., Correa, B, S., Vianna, F. S,, De-Paris, F., Sicbert, M., Leistner-
Segal, S, et al. (2019). Analysis of predictive biomarkers in patients with lung
adenocarcinoma from southern brazil reveals a distinct profile from other
regions of the country. /. Glob. Oncol. 5, 1-9. doi: 10.1200/]GO.19.00174

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

Caron, ., Frebourg, T., Benusiglio, P. R,, Foulon, S., and Brugiéres, L. (2017). Lung
adenocarcinoma as part of the Li-Fraumeni syndrome spectrum. JAMA Oncol.
3, 1736-1737. doi: 10.1001/jamaoncol.2017.1358

Castro, M. §., Issler, H. C., Gelmini, G. F., de Miranda, B. L. M., Calonga-Solis, V.,
Schmidt, A. H,, etal. (2019). High-resolution characterization of 12 classical and
non-classical HLA loci in Southern Brazilians. HLA 93, 80-88. doi: 10.1111/tan.
13488

Catalogue of Somatic Mutations In Cancer (Cosmic)
(2020).  Graphical ~ View of Mulations Across  TP53  Gene.
https://cancer.sanger.ac.uk/cosmic/gene/analysis?in=TP53 (Accessed

September 15, 2020).

Couto, P. P., Bastos-Rodrigues, L., Schayck, H., Mclo, F. M., Lisboa, R. G. C.,
Miranda, D. M., et al. (2017). Spectrum of germline mutations in smokers
and non-smokers in Brazilian non-small-cell lung cancer (NSCLC) patients.
Carcinogenesis 38, 11121118, doi: 10.1093/carcin/bgx089

Custadio, G., Parise, G, A., Kiesel Filho, N,, Komechen, H., Sabbaga, C. C., Rosati,
R, et al. (2013). Impact of neonatal screening and surveillance for the TP53
R337H mutation on early detection of childhood adrenocortical tumors. J. Clin.
Oncol. 31, 2619-2626. doi: 10.1200/]CO.2012.46.3711

DiGiammarino, E. L., Lee, A. S., Cadwell, C., Zhang, W., Bothner, B., Ribeiro, R. C.,
et al, (2002). A novel mechanism of tumorigenesis involving pH-dependent
destabilization of a mutant p53 tetramer. Nat. Struct. Biol. 9, 12-16. doi: 10.
1038/nsb730

Ding, L., Getz, G., Wheeler, D. A., Mardis, E. R., McLellan, M. D., Cibulskis, K.,
et al. (2008). Somatic mutations affect key pathways in lung adenocarcinoma.
Nature 455, 1069-1075. doi: 10.1038/nature07423

Fitarelli-Kiehl, M., Macedo, G. S., Schlatter, R. P., Koehler-Santos, P., Matte, U. S.,
Ashton-Prolla, P., et al. (2016). Comparison of multiple genotyping methods
for the identification of the cancer predisposing founder mutation p.R337H in
TP53. Genet. Mol. Biol. 39, 203-209. doi: 10.1590/1678-4685-GMB-2014-0351

TP53 (p.Arg337His) Variant in LUAD

Development Research Centre, Canada and the Azrieli
Foundation (application #384428 2017-02-14/IDRC File
#108587-001 to DS). PA-P. receives a researcher grant
from Conselho Nacional de Desenvolvimento Cientifico e
Tecnolégico (CNPq).

ACKNOWLEDGMENTS

We would like to thank Bruno da Silveira Corréa, Fernanda de
Paris, Barbara Alemar, and Kendi Nishino Miyamoto for their
valuable contributions and technical support.

Gahr, S, Stoehr, R., Geissinger, E., Ficker, ]. H., Brueckl, W. M., Gschwendtner, A.,
et al. (2013). EGFR mutational status in a large series of Caucasian European
NSCLC patients: data from daily practice. Br. J. Cancer 109, 1821-1828. doi:
10.1038/bjc.2013.511

Garritano, S., Gemignani, F., Palmero, E. L, Olivier, M., Martel-Planche, G, Le
Calvez-Kelm, F,, et al. (2010). Detailed haplotype analysis at the TP53 locus in
p-R337H mutation carriers in the population of Southern Brazil: evidence for a
founder effect. Hum. Mutat. 31, 143-150. doi: 10.1002/humu.21151

Giacomazzi, J., Graudenz, M. 8., Osorio, C. A., Koehler-Santos, P., Palmero, E. 1,
Zagonel-Oliveira, M., et al. (2014). Prevalence of the TP53 p.R337H mutation in
breast cancer patients in Brazil. PLoS One 9:¢99893. doi: 10.1371/journal.pone.
0099893

Giacomazzi, ], Selistre, S. G., Rossi, C., Alemar, B., Santos-Silva, P., Pereira, F. S.,
et al. (2013). Li-F i and Li-F; i-like syndrome among children
diagnosed with pediatric cancer in Southern Brazil. Cancer 119, 4341-4349.
doi: 10.1002/cncr.28346

Greenman, C,, Stephens, P., Smith, R,, Dalgliesh, G. L., Hunter, C., Bignell, G., et al.
(2007). Patterns of somatic mutation in human cancer genomes. Nafure 446,
153-158. doi: 10.1038/nature05610

Hahn, E. C,, Bittar, C. M., Vianna, F. S. L, Netto, C. B. O., Biazis, J. V., Cericatto,
R, et al. (2018). TP53 p.Arg337His germline mutation prevalence in Southern
Brazil: further evidence for mutation testing in young breast cancer patients.
PLoS One 13:20209934. doi: 10.1371/journal. pone.0209934

Hammerman, P. S, Lawrence, M. §., Voet, D,, Jing, R., Cibulskis, K., Sivachenko,
A, et al. (2012). Comprehensive genomic characterization of squamous cell
lung cancers. Nature 489, 519-525. doi: 10.1038/nature 11404

Heymann, S., Delaloge, S., Rahal, A, Caron, O., Frebourg, T., Barreau, L,
et al. (2010). Radio-induced malignancies after breast cancer postoperative
radiotherapy in patients with Li-Fraumeni syndrome. Radiat. Oncol, 5:104.
doi: 10.1186/1748-717X-5-104

Imielinski, M., Berger, A. H., Hammerman, P. ., Hernandez, B., Pugh, T. J., Hodis,
E., etal. (2012). Mapping the hallmarks of lung ad with ly
parallel sequencing, Celf 150, 1107-1120. doi: 10.1016/j.cell.2012.08,029

Instituto Nacional de Cancer José Alencar Gomes da Silva (Inca) (2020). Estimativa
2020: Incidéncia de Cancer no Brasil. https://www.inca.gov.br (Accessed
September 15, 2020)

International Agency for Research on Cancer TP53 database (larc) (2020), Selected
Statistics on Somatic Mutations. http://p53.iarc.fr/TP53SomaticMutations.aspx
(Accessed September 15, 2020)

Jordan, E. |, Kim, H. R., Arcila, M. E, Barron, D., Chakravarty, D., Gao, ].,
et al. (2017). Prospective comprehensive molecular characterization of lung
adenocarcinomas for efficient patient matching to approved and emerging
therapies. Cancer Discov. 7, 596-609. doi: 10.1158/2159-8290.CD-16-1337

Kang, S. H., Cho, 8. L, Chae, J. H., Chung, K. N., Ra, E. K,, Kim, 8. Y., et al. (2009).
False homozygous deletions of SMN1 Exon 7 Using Dra I PCR-RFLP caused
by a novel mutation in spinal muscular atrophy. Genet. Test. Mol. Biomark. 13,
511-513. doi: 10.1089/gtmb.2008.0158

Mastellaro, M. ], Ribeiro, R. C,, Oliveira-Filho, A. G., Seidinger, A. L., Cardinalli,
1. A, Miranda, E. C. M., et al. (2018). Adrenocortical tumors associated with
the TP53 p.R337H germline mutation can be identified during child-care
consultations. J. Pediatr. 94, 432-439. doi: 10.1016/j.jped 2017.06.009

Frontiers in Genetics | www.frontiersin.org

February 2021 | Volume 12 | Article 606537

104



Vieira et al.

Mastellaro, M. J., Seidinger, A. 1., Kang, G., Abrahdo, R, Miranda, E. C. M.,
Pounds, S. B., et al, (2017). Contribution of the TP53 R337H mutation to the
cancer burden in southern Brazil: insights from the study of 55 families of
children with adrenocortical tumors. Cancer 123, 31503158, doi: 10.1002/cncr,
30703

Mezquita, L., Jové, M., Nadal, E., Kfoury, M., Moran, T., Ricordel, C., et al.
(2020). High prevalence of somatic ic driver al i inp
With NSCLC and Li-Fraumeni Syndrome. /. Thorac. Oncol. 15, 1231 1239,
doi: 10.1016/j.jtho.2020.03.005

Michalarea, V., Calcasola, M., Cane, P., Tobal, K., Izatt, L., and Spicer, J. (2014).
EGFR-mutated lung cancer in Li-Fraumeni syndrome. Lung Cancer 85, 485
487. doi: 10.1016/j.lungcan.2014.06.017

Nogueira, 8. T. S, Lima, E. N. P,, Nobrega, A. F,, Torres, 1. C. G, Cavicchioli, M.,
Hainaut, P,, et al. (2015). 18F-FDG PET-CT for surveillance of Brazilian Patients
with Li-Fraumeni syndrome. Front. Oncol. 5:38. doi: 10.3389/fonc.2015.00038

Palmero, E. I, Schiller-Faccini, L., Caleffi, M., Achatz, M. 1., Olivier, M., Martel-
Planche, G, et al. (2008). Detection of R337H, a germline TP53 mutation
predisposing to multiple cancers, in asymptomatic women participating in a
breast cancer screening program in Southern Brazil. Cancer Lett. 261, 21-25.
doi: 10.1016/j.canlet.2007.10.044

Park, |. H,, Li, |, Starost, M. F,, Liu, C., Zhuang, ], Chen, |, et al. (2018). Mouse
homolog of the human TP53 R337H mutation reveals its role in tumorigenesis.
Cancer Res. 78, 5375-5383. doi: 10.1158/0008-5472.CAN-18-0016

Park, J. H, Wang, P. Y., and Hwang, P. M, (2019). Modcling the prevalent
germline TP53 R337H mutation in mouse. Oncotarget 10, 631-632. doi: 10.
18632/oncotarget. 26603

Peifer, M., Fernindez-Cuesta, L., Sos, M. L., George, J., Seidel, D., Kasper, L. H.,
etal. (2012). Integrative genome analyses identify key somatic driver mutations
of small-cell lung cancer. Nat. Genet. 44, 1104-1110. doi: 10.1038/ng.2396

Ribeiro, R. C., Sandrini, F., Figueiredo, B., Zambetti, G. P., Michalkiewicz, E.,
Lafferty, A. R, et al. (2001). An inherited p53 mutation that contributes in a
tissue-specific manner to pediatric adrenal cortical carcinoma. Proc. Natl. Acad.
Sci.U.S.A. 98, 9330-9335. doi: 10.1073/pnas. 161479898

Ricordel, C., Labalette-Tiercin, M., Lespagnol, A., Kerjouan, M., Dugast, C,,
Mosser, ], et al. (2015), EFGR-mutant lung adenocarcinoma and Li-Fraumeni
syndrome: report of two cases and review of the literature. Lung Cancer 87,
80-84. doi: 10.1016/.lungcan.2014.11.005

Rizvi, N. A, Hellmann, M. D., Snyder, A., Kvistborg, P., Makarov. V., Havel, J. J.,
et al. (2015). Mutational landscape determines sensitivity to PD-1 blockade in
non-small cell lung cancer. Science 348, 124-128. doi: 10.1126/science.aaal 348

TP53 (p.Arg337His) Variant in LUAD

Ruiz-Linares, A., Adhikari, K., Acuna-Alonzo, V., Quinto-Sanchez, M., Jaramillo,
C., Arias, W, et al. (2014). Admixture in Latin America: geographic
structure, phenotypic diversity and self-perception of ancestry based on
7,342 individuals. PLoS Genet. 10:1004572. doi: 10.1371/journal.pgen.100
4572

Seidinger, A. L., Fortes, F. P., Mastellaro, M. |., Cardinalli, . A., Zambaldi, L. G,,
Aguiar, S. S, etal. (2015). Occurrence of Neuroblastoma among TP53 p.R337H
Carriers, PLoS One 10:0140356. doi: 10.1371/journal.pone.0140356

Seidinger, A. L., Mastellaro, M. |, Paschoal Fortes, F., Godoy Assumpgdo, ],
Aparecida Cardinalli, I, Aparecida Ganazza, M., et al. (2011). Association
of the highly prevalent TP53 R337H mutation with pediatric choroid plexus
carcinoma and osteosarcoma in Southeast Brazil. Cancer 117, 2228-2235. doi:
10.1002/cncr.25826

Tinat, J., Bougeard, G., Bacrt-Desurmont, S., Vasseur, S., Martin, C., Bouvignics,
E., et al. (2009). 2009 Version of the chompret criteria for Li Fraumeni
syndrome. . Clin. Oncol. 27, ¢l08-¢109. doi: 10.1200/JC0.2009.22.
7967

Uemura, T., Hibi, K., Kancko, T., Takeda, S., Inoue, S., Okochi, O., et al. (2004).
Detection of K-ras mutations in the plasma DNA of pancreatic cancer patients.
1. Gastroenterol. 39, 56-60. doi: 10.1007/500535-003-1245-1

Wang, W., Shen, X. B, Jia, W.,, Huang, D. B, Wang, Y., and Pan, Y. Y.
(2019). The p53/miR-193a/EGFR feedback loop function as a driving force
for non-small cell lung carcinoma tumorigenesis. Ther. Adv. Med. Oncol.
11:1758835919850665. doi: 10.1177/1758835919850665

Zerdoumi, Y., Lanos, R,, Raad, S., Flaman, . M., Bougeard, G., Frebourg, T., et al.
(2017). Germline TP53 mutations result into a constitutive defect of p53 DNA
binding and transcriptional response to DNA damage. Hum. Mol. Genet. 26,
2591-2602. doi: 10.1093/hmg/ddx106

Conflict of Interest: The authors declare that the research was conducted in the
absence of any ial or financial relationships that could be construed as a
potential conflict of interest.

Copyright ® 2021 Vieira, Andreis, Fernandes, Achatz, Macedo, Schramek and
Ashton-Prolla. This is an open-access article distributed under the terms of
the Creative Commons Attribution License (CC BY). The use, distribution or
reproduction in other forums is permitted, provided the original author(s) and the
copyright owner(s) are credited and that the original publication in this journal
is cited, in accordance with accepted academic practice. No use, distribution or
reproduction is permitted which does not comply with these terms.

Frontiers in Genetics | www.frontiersin.org

February 2021 | Volume 12 | Article 806537

105



05

Journal of Clinical Oncology®

An American Society of Clinical Oncology Journal

Journal of Clinical Oncology > list of Issues > Volume 37, Issue 15 suppl >

LUNG CANCER—NON-SMALL CELL METASTATIC

Molecular profiling as predictor of outcomes in a
Brazilian cohort of stage IV lung cancer.

Hospital de Clinicas de Porto Alegre, Porto Alegre, Brazil; Universidade Federal do Rio Grande
do Sul, Porto Alegre, Brazil; Hospital de Clinicas de Porto Alegre, Porto Alegre, RS, Brazil

Show Less
Abstract Disclosures (2

Abstract

20668

Background: Lung cancer is the leading cause of cancer deaths globally. In stage
IV non-small cell lung cancer (NSCLC), identification of a tumor driver mutation is
critical, since it tailors treatment. We aimed to analyze clinical outcomes according
to molecular profiling In patients (pts) with stage IV NSCLC. Methods: In this
retrospective cohort study, we enrolled 57 pts with stage IV NSCLC treated at a
public hospital in Southern Brazil between 2016 and 2018. Results: Median follow-
up was 20.3 months, 53% were men, mean age was 65 years, 86% had smoked,
84% had de novo metastatic NSCLC and 96% had non-squamous carcinoma.
Regarding molecular profiling, somatic mutations in KRAS, EGFR and BRAF were
identified in 33%, 16% and 4% of pts, respectively. None of the pts had ALK
mutations, and in 47% no identifiable driver mutation was found. In the EGFR-
mutated subgroup, 67% had a deletion of exon 19, 22% had the exon 21 L858R
mutation and 11% had exon 20 mutations. Palliative systemic therapy (PST) was
delivered to 60% of the pts. Two or more lines of PST were delivered to 23%. The
main reason for upfront best supportive care was ECOG PS 3-4 (poor). In the
subgroup of pts with sensitizing EGFR mutations (8 pts), 75% received Gefitinib, the
only anti-EGFR drug available in our public health system; the other pts died
before recognition of the mutation. Median Progression Free-Survival was 6.3
months overall, 10.3 months for EGFR-mutated pts, 7.6 months for KRAS-mutated,
7.5 months for BRAF-mutated, and 5.2 months for pts with no mutation identified.
Median Overall Survival (OS) was 7.7 months overall, 13.2 months for EGFR-
mutated pts, 7.4 months for KRAS-mutated, 12.9 months for BRAF-mutated, and
5.3 months for pts with no mutation identified. In the Cox regression multivariate
analysis, poor PS (HR 3.80, P = 0.0001) and second-line PST (HR 0.23, P = 0.002)
were independent predictors of OS. No driver mutations were predictors of OS,
although we did find a tendency towards better OS in pts with EGFR mutations and
worse OS in pts with KRAS mutations or no identifiable mutation. Conclusions: In
this cohort, genotyping results did not predict survival outcomes. This is probably
due to the small number of pts studied, and data should be reanalyzed in larger
cohorts.
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Abstract

Li-Fraumeni syndrome (LFS) is an autosomal dominant cancer predisposition syndrome
caused by pathogenic germline variants in the TP53 gene, characterized by a predisposition
to the development of a broad spectrum of tumors at an early age. The core tumors related to
LFS are bone and soft tissue sarcomas, premenopausal breast cancer, brain tumors, adre-
nocortical carcinomas (ACC), and leukemias. The revised Chompret criteria has been widely
used to establish clinical suspicion and support TP53 germline variant testing and LFS diag-
nosis. Information on TP53 germline pathogenic variant (PV) prevalence when using Chom-
pret criteria in South America and especially in Brazil is scarce. Therefore, the aim of this
study was to characterize patients that fulfilled these specific criteria in southern Brazil, a
region known for its high population frequency of a founder TP53 variant ¢.1010G>A (p.
Arg337His), as known as R337H. TP53 germline testing of 191 cancer-affected and indepen-
dent probands with LFS phenotype identified a heterozygous pathogenic/likely pathogenic
variant in 26 (13.6%) probands, both in the DNA binding domain (group A) and in the oligo-
merization domain (group B) of the gene. Of the 26 carriers, 18 (69.23%) were R337H het-
erozygotes. Median age at diagnosis of the first tumor in groups A and B differed significantly
in this cohort: 22 and 2 years, respectively (P = 0.009). The present study shows the clinical
heterogeneity of LFS, highlights particularities of the R337H variant and underscores the
need for larger collaborative studies to better define LFS prevalence, clinical spectrum and
penetrance of different germline TP53 pathogenic variants.

Introduction

Li-Fraumeni (LFS) syndrome is an autosomal dominant cancer predisposition disorder mainly
caused by pathogenic and likely pathogenic germline variants (PV) in the TP53 tumor
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suppressor gene encoding the p53 protein. Although any tumor can be identified in LFS carri-
ers, “core” tumors of the syndrome have been reported and include premenopausal breast can-
cer, bone and soft-tissue sarcoma, brain cancer, leukemia and adrenocortical carcinoma
(ACC). Carriers of germline TP53 PV have a variable lifetime risk of developing cancer, and
phenotype may vary from fully penetrant LFS to cancer-free over a lifetime. Nevertheless,
about 50% of carriers develop at least one malignancy by age 30, especially those with TP53
DNA-binding domain (DBD) variants, also called “classic” variants, which represent approxi-
mately 86% of the T'P53 pathogenic variants associated with the LFS phenotype in most coun-
tries [1-3].

Population prevalence studies have estimated that germline TP53 PV occur at a frequency of 1
in 5,000 to 1 in 20,000 individuals [4]. In more recent studies, prevalence of TP53 PV heterozy-
gotes was proposed to reach 0.2% in Europeans [5, 6. In addition, a germline TP53 founder PV,
c.1010G>A (p.Arg337His), widely referred as R337H, has been reported in Southern Brazil ata
frequency of 1 in approximately 300 newborns [7-9], but tumor penetrance appears to be lower
than that observed in carriers of DNA-binding domain (DBD) PV [10-13]. The arginine residue
at codon 337 is involved in the protein oligomerization and functional data have shown that its
replacement with histidine disrupts the tetramer form, making the domain unable to fully oligo-
merize in conditions of slightly elevated pH [14]. Although it was initially described as a “tissue-
specific sequence variant” related only to ACC, today it is considered to be a PV related to the
occurrence of multiple tumors, in a spectrum similar to that of LFS [15, 16]. Recent findings from
a mouse model provided in vivo evidence that the R337H PV decreased p53 transactivation
potential and renders mice susceptible to carcinogen-induced liver tumorigenesis [17].

Clinical criteria to define diagnosis of LFS were established based on the first study by Li and
Fraumeni [18]. Approximately 70% to 80% of patients who fulfill classical criteria will have a
germline PV in TP53 (16, 19] When a broader LFS tumor spectrum was considered, a number
of different sets of criteria started to be used to identify LFS patients, including the Chompret
criteria and other criteria for Li-Fraumeni Like Syndrome (LFL) [19-21]. Importantly, diagnos-
tic criteria defined by Chompret have increased the sensitivity of TP53 germline PV detection
by including patients with the core LFS tumors even without a family history. The revised
Chompret criteria [21-23] had a PV detection rate of 18% and, when incorporated as part of
TP53 testing criteria along with classic LFS criteria, have been shown to improve the diagnostic
sensitivity to 95% (Classic and Chompret criteria together) [2]. Therefore, the National Com-
prehensive Cancer Network (NCCN) and several other guidelines recommend using both the
Classic LFS and the revised Chompret criteria to indicate germline 17P53 genetic testing [24].

So far, only a few studies showed the prevalence of germline TP53 PV in individuals from
Southern Brazil, in which the prevalence of 28,8% and 11,4% were found in a case series of 45
and 70 probands fulfilling any LES criteria [25, 26]. In the present study, we aimed to charac-
terize the clinical and molecular profile in a series of LFS patients fulfilling the 2015 revised
Chompret criteria and recruited from cancer risk evaluation clinics in southern Brazil. These
results can help to better define the LFS prevalence in Southern Brazil and also points out to
differences in the clinical spectrum among carriers of distinct PV in TP53.

Materials and methods
Patients and ethical aspects

From July 2015 to January 2019, 211 independent cancer-affected patients from unique fami-
lies with a suggestive clinical phenotype of LFS were identified at a public hospital and private
cancer risk evaluation clinics in Southern Brazil. Of these, 191 were residents of the Southern
region of Brazil, met the 2015 revised Chompret criteria and were included in the present

PLOS ONE | https://doi.org/10.1371/journal.pone.0251639 September 16, 2021

2/12

108



PLOS ONE Chompret criteria and Li-Fraumeni syndrome in Brazil

study. The majority of patients, 148 patients were from a reference public hospital (Hospital de
Clinicas de Porto Alegre), seen at the institutional’s outpatient cancer genetics clinic (108) and
pediatric cancer ward (40). The additional 43 probands were identified in 4 private cancer
genetics clinics in the same city. S1 Fig is a Consort Diagram that depicts the recruitment and
testing process, while the S1 Table lists 2015 revised Chompret criteria. The study was
approved by the Institutional Review Board. All participants underwent pre- and post-test
genetic counseling, provided informed written or verbal consent for the study. When verbal
consent was obtained, it was registered on participant clinical chart. Parents signed the consent
for participants that were minors. Personal clinical history, self-reported family history and
previous testing results were collected from patient interviews or medical records.

Molecular analysis

Of the 191 patients participating in this study, 43 had previously undergone multi-gene panel
testing (MGPT) including TP53 sequence variant and rearrangement testing using Next-Gen-
eration Sequencing (NGS, retrospectively tested), 99 patients had undergone previous analysis
of the TP53 coding region by Sanger sequencing and Multiplex Ligation-Dependent Probe
Amplification (MLPA) (also retrospectively tested), and 49 patients were offered molecular
testing in the institutional research laboratory at recruitment (prospectively tested). TP53 gen-
otyping in the latter was performed employing two methodologies: (1) NGS in peripheral
blood samples using the lon AmpliSeq ” Panel TP53 kit (Thermo Fisher Scientific) and lon
GeneStudio S5 system (Ion Torrent Systems Inc, Gilford, NH); and (2) MLPA using the
SALSA MLPA P056 kit (MRC Holland, Amsterdam, Netherlands), followed by capillary gel
electrophoresis with the Applied Biosystem 3500 Genetic Analyzer (Applied Biosystems, Fos-
ter City, CA, USA) and analyses of the copy number variations conducted in the Coffalyser.
Net software (MRC-Holland @) [27].

Statistical analysis

Tumor spectrum and clinical characteristics of carriers of DBD variants (group A) and R337H
variant (group B) were compared. Data normality assumptions were verified on the age of
group A and B and Mann-Whitney-Wilcoxon test was performed. To measure the association
among the groups, gender, type of cancer and multiple tumors we used Pearson’s Chi-Squared
test or Fisher's exact test. Odds ratio with 95% confidence intervals were also calculated. To
compare the pathogenic variant detection rate in this study and the rate found in Bougeard
etalin 2015 [2], we used Pearson’s Chi-Squared test with Yates continuity correction. We also
divided our probands in three groups (hotspot DBD variant carriers; R337H carriers and DBD
non hotspot variant carriers) and Kruskal-Wallis test followed by Benjamini-Hochberg correc-
tion for multiple comparisons was performed. All data analyses were performed in R 3.4.2 sta-
tistical software.

Results

Germline PV TP53 were identified in twenty-six (13.6%) of the 191 probands included in the
study. One of the carriers was homozygote and the other 25 carriers of germline PV were het-
erozygotes. 18 (69.2%) harboured the Brazilian founder R337H variant and 8 probands
(30.8%) had a PV in the TP53 DBD. MLPA analysis identified no TP53 deletions and/or dupli-
cations in this series. Fig 1 shows the location of each pathogenic alteration detected in the
gene and Table 1 summarizes the clinical and molecular results of all PV-positive probands
(S2 Table exhibits the characterization of all probands analyzed). Fig 2 depicts the NGS results
encompassing the entire TP53 coding region from two probands.

PLOS ONE | https://doi.org/10.1371/journal.pone.0251639 September 16, 2021 3/12

109



PLOS ONE Chompret criteria and Li-Fraumeni syndrome in Brazil

S Sl A S
¢ G i £
. . .
|
¢ 3 I\ ]“’7"7’5’7’ - 30‘” i 9%
Fig 1. Location of the P53 pathogenic variants detected in the p53 protein functional domains. Green dots rep the
variants identified in the present study. P53_TAD, transactivation domain; P53_DBD, DNA binding domain; P53_olig

oligomerization domain.
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Important differences were observed when comparing the tumor spectrum and clinical
characteristics of carriers of DBD variants (group A) and R337H variant (group B) (Table 2).
The median age at first cancer diagnosis was 22 years in group A and 2 years in group B
(P = 0.009; Mann-Whitney-Wilcoxon test). Fifteen patients (83.3%) in group B and only 3
(37.5%) in group A developed a tumor before age 18 years. Most of the tumors (13, 72.22%)
observed in group B were ACC (all under 18 years), and only one ACC (12.5%) was observed
in group A (diagnosed at age 44 years). Finally, multiple primary tumors were observed only
among patients from group A, including 4 (50%) patients. Interestingly, one proband had
been diagnosed with 4 primary tumors: osteosarcoma, bilateral breast cancer and soft tissue
sarcoma; all before age 25 years. The tumor spectrum of the PV carriers is depicted in Fig 3
and shows evident differences between groups (DBD variant and R337H carriers), especially
regarding ACC.

As observed in Table 3, a significant association was found in the comparative analyses
including type of cancer and multiple tumors. A higher prevalence of ACC was observed in
group B when compared to group A patients (P = 0.043; Chi-squared test) and the presence of
multiple tumors was most frequent in group A (P = 0.005, Fisher exact test). Additionally, we
classified the DBD variants in two groups, namely: group A non-hotspot PV, which comprised
of p.(Pro151Ser), p.(Gly244Asp) and p.(Glu258Lis) variants; and group A hotspot PV (p.
(Gly245Ser), p.(Arg248Gln), p.(Arg273His), p.(Arg282Trp)). When comparing the median
age at first diagnosis of cancer in patients from group A non-hotspot PV, group A hotspot PV,
and group B (R337H variants) we observed a significative difference (P = 0.021), being 31.8,
12.1 and 2.35 years respectively. The post-hoc analysis pointed out that age at first diagnosis
was different between group B and A non-hotspot PV (data not shown).

Discussion

LFS is considered a rare cancer predisposition disorder worldwide. In Southern Brazil, due to
presence ol a germline founder pathogenic variant in the TP53 oligomerization domain
(R337H), it is estimated that 0,3% of the general population carries this variant [12]. Despite
significant heterozygote frequency at the population level, little information is available on the
prevalence of germline 7253 PV among individuals with a suggestive phenotype, i.e. fulfilling
revised Chompret criteria. This information is important to guide health care policies for can-
cer prevention and treatment in the region. Identifying LFS patients is important to determine
adequate clinical surveillance and follow up, not only in the proband but in his/her relatives,
since detection of a carrier provides the opportunity for cascade testing and, if additional carri-
ers are identified in the family, they can be referred to appropriate genetic counseling and spe-
cific high risk screening protocols [28]. Villani and colleagues (2016) demonstrated that
carriers of pathogenic 1'P53 variants benefit enormously from an enhanced surveillance proto-
col, including frequent physical examination plus targeted biochemical monitoring and
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Table 1. Clinical and molecular characterization of all LES probands harboring germline TP53 pathogenic variants (PV) identified in this study.

TP53 variant

TP53 variant

Proband  |Ageat1™ Proband’s  Ageat 2015 Version Recruitment | Genetic  ¢hrl7 position on
m/ cancer type of cancer diagnosis, other | Chompret Testing  Assembly GRCh37  HGVSc. HGVS p.
Gender diagnosis tumors (years) | Criterion(s) (dbSNP rs ID)
(years)
166/ F 32 Breast Breast (38) Familial PC Sanger rs28934874 c. 451C>T p. {Prol518er)
+MLPA
167/ F 30 Breast Thyroid (37) Familial, EOBC | PUB Sanger rs1057517983 c731G>A p. (Gly244Asp)
(bilateral) + MLPA
168/ F 11 CNS NA Familial PUB Sanger 1528934575 c733G=A p- (Gly2458er)
+ MLPA
169/ F 12 0§ Breast (21), MT, EOBC PC MGPT rs28934575 ¢.733G=A p- (Gly245Ser)
Breast (22), STS
(24)
170/ F 25 Breast | NA FOBC PC MGPT rsl 1540652 c.743G=A p. (Arg248Gin)
1714M | 44 ACC NA RT PUB NGS rs121912652 ¢772G=A p. (Glu258Lys)
+ MLPA
172/ F 19 0s Breast (29), STS | Familial, MT, | PUB Sanger rs28934576 c818G=A p. (Arg273His)
(38) EOBT + MLPA
173/ F 5 CNS (CPC) | NA RT PC MGPT rs28934574 c84C>T p. (Arg282Trp)
174/ F 0(6mo) ACC NA RT PED Sanger rs121912664 c1010G=A p- (Arg337His)
| + MLPA
175/F | 0{4mo) ACC NA Familial, RT PED Sanger 5121912664 c1010G=A | p. (Arg337His)
. : | +MLPA | | ! 3
176/ F 0(8mo) ACC NA RT PED Sanger rs121912664 c.1010G=A | p. (Arg337His)
o - + MLPA o | S
177/ F 1 ACC NA Familial, RT PUB Sanger rs121912664 c1010G=A | p. (Arg337His)
+MLPA
178/ M |1 ACC NA RT PED Sanger rs121912664 c1010G=A | p. (Arg337His)
+ MLPA
179/M |2 ACC NA RT PED Sanger rs121912664 c1010G>A | p. {(Arg337His)
+ MLPA
180/M |2 ACC NA RT PUB Sanger | rs121912664 c1010G=A | p. {Arg337His)
+ MLPA |
181/ F 3 ACC NA RT PUB Sanger rs121912664 c.1010G=>A | p. (Arg337His)
+ MLPA
182/ F 3 ACC INA RT PUB NGS rs121912664 c.1010G=A p. (Arg337His)
+ MLPA
183/ F 5 ACC NA RT PED Sanger rs121912664 c.1010G>A p- {Arg337His)
+ MLPA
184/ F 1 ACC NA RT PED Sanger rs121912664 c1010G=A p- {Arg337His)
+ MLPA
185/ M |17 ACC INA RT PED Sanger 5121912664 c1010G=A | p. (Arg337His)
+ MLPA
186/ F 23 Breast NA Familial, EOBC | PUB Sanger rs121912664 c1010G=A p. (Arg337His)
+ MLPA
187/F |57 Breast | NA Familial PUB Sanger rs121912664 c1010G=A | p. (Arg337His)
- - + MLPA . - - -
188/ F 49 Breast NA Familial PUB Sanger rs121912664 c.1010G>=A | p. (Arg337His)
- : (bilateral) | ! +MLPA | | -
189/M |1 CNS (CPC) | NA RT PED Sanger 5121912664 ¢ 1010G=A | p.(Arg337His)
+MLPA
190/ M 1 CNS (CPC) NA RT PED Sanger rs121912664 c1010G=A | p. (Arg337His)
+ MLPA
(Continued)
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Table 1. (Continued)

Proband  |Ageat 1™ Proband’s
D/ cancer type of cancer
Gender diagnosis
(years)
191/F 1 ACC

Ageat 2015 Version Recruitment |Genetic  chrl7 position on TP53 variant | TP53 variant
di is, other | Chomp Testing  Assembly GRCh37 HGVSc. HGVS p.
tumors (years) | Criterion(s) (dbSNP rs ID)
NA Familial, RT PED Sanger rs121912664 cl0l0G>A | p.

+ MLPA | | (Arg337His)"

ACC, Adrenocortical Carcinoma; CNS, Central Nervous System; CPC, Choroid Plexus Carcinoma; EOBC, Early Onset Breast Cancer; MGPT, Multigene Panel Testing:
MT, Multiple Tumors; MO, months old; OS, Osteosarcoma; RT, Rare Tumors, STS, Soft tissue sarcoma; NA, not applicable; PUB, high-risk public clinic; PC, high-risk
private clinic; PED, pediatric tumors database; NGS, Next-generation Sequencing; MLPA, Multiplex Ligation-Dependent Probe Amplification; WT, wild-type genotype

* homozygous for the R337H variant.

https://doi.org/10.1371/joumnal.pone.0251639.1001

periodic imaging screens (ultrasounds, brain magnetic resonance images, and rapid whole
body MRI scans) [28]. Collectively, this approach has a significant impact in overall survival,
compared to patients that do not undergo enhanced surveillance. In Brazil, although patients
with health insurance have access to genetic testing if they fulfill the revised Chompret criteria,
those that rely solely on the public health care system (about 70% of the population) must pay
out of pocket to have this information, since genetic testing for cancer predisposition is not yet
payed in the public setting.

In this cohort, tumoral spectrum in R337H carriers was similar to that already described in
literature, especially when compared to previous studies performed in other Brazilian Centers.
However, in the present study a strikingly higher prevalence of ACC was observed in R337H
carriers when compared to carriers of DBD variants (P = 0.043; chi-squared test). From this
observation we can conclude that in the series presented here, ACC was the most prevalent
tumor observed in association with R337H whereas the previous Brazilian study described
breast cancer as the most frequent tumor (30%) [25].

Regarding PV detection rate for the 2015 Chompret Criteria identified here (13,6%), this
rate is similar to the 18% described by Bougeard et al. in 2015 in France (P = 0.2482; chi-
squared test with Yates correction), but it is mainly due to the presence of the R337H variant
[2]. Of note, in the previous study by Andrade et al. (2017) of Brazilian patients from the
Southeastern region, PV detection rate in 17 probands with the 2015 Chompret Criteria was
much higher, 35% [26]. These differences between the studies from Southern and Southeastern
Brazil may reflect regional genetic modifiers of the phenotype (i.e. additional genetic risk fac-
tors), regional environmental factors or different recruitment strategies in each study.

Regarding genotype-phenotype correlations, it is well know that DBD hotspot variants with
reported dominant negative effects, such as p.(Gly245Ser), p.(Arg248Gln), p.(Arg273His) and
p.(Arg282Trp) are associated with earlier onset cancers and stronger family history of tumors
within the LIS spectrum [29]. On the other hand, several previous studies from Brazilian
cohorts have suggested that R337H is a PV with lower prevalence associated with cancer diag-
noses at older ages, although a bimodal distribution of age at cancer diagnosis has also been
suggested [30, 31]. Contrary to the expected phenotype, probands with the R337H variant in
this study had earlier age at first tumor diagnosis when compared with carriers of DBD vari-
ants. To analyze this data in more detail, we divided our probands in three groups according
to type of PV (non-hotspot DBD, hotspot DBD and R337H) and observed that median age at
first tumor diagnosis among groups with the lowest mean age identified among R337H
carriers.

The results of the present study are relevant for two main reasons. First, they underscore
the importance of considering that significant regional differences may occur and that criteria
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Fig 2. Rep ive next-ge i q ing results passing the TP53 entire coding region (minimum
coverage of 100X by amplicon) from two probands fulfilling the 2015 revised Chompret criteria for Li- Fraumeni
syndrome. (A) Carrier of a germline pathogenic variant (PV) located in the p53 DNA binding domain (DBD); and (B)
carrier of the Brazilian founder R3371 PV located in the p53 oligomerization domain. Description of TP53 sequence variants
is provided according to updated Human Genome Variation Society (HGVS) recommendations. Human TP33 sequence
corresponding to the NM_000546.5 was used as a wild-type reference. Right panels show wild-type and variant allele counts,
which were consistent with the expected germline occurrence of these genetic alterations (around 50% of reads for each
allele). Note that both alleles were analyzed from antisense strand due to the TP53 gene orientation. Chrl7, position or
genomic coordinate at chromosome 17 (GRCh37/hgl9 human genome assembly).

hitps://doi.org/10.1371/journal.pone.0251639.9002

established for one population may not have the same performance in another population.
Considering that the population of Southern Brazil is mostly of European ancestry, one would
expect to see a prevalence of germline TP53 PV variants similar to that observed in Europeans.
A high frequency of R337H among probands with a phenotype suggesting LFS had been previ-
ously reported by Achalz et al. (2007) (46,1% of those with coding region TP53 variants), but
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Table 2. Distribution of tumor types in all LFS PV -positive patients (n = 26).

Tumor types diagnosed in | Number of tumors per PV | OR (95% CI), p  Number of patients per | % PV carriers per Age at diagnosis (range when >1)
PV carriers group (A/B) value group (A/B) group (A/B) in each group (A/B)
Adrenocortical Carcinoma 1/13 16.0 (1.5 1/13 125/72.2 44/0t0 17
875.8), 0.009
Breast 8/4 0.18 (0.03-1.0), |5/3 62.5/16.6 21t038/23t057
0.03
CNS 2/2 0.39 (0.02- 2/2 25/111 5to11/1
6.53), 0.56
Osteosarcoma 3/NA - 2/NA 25/ NI 1210 38 / NA
Thyroid 1/NA 1/NA 125/ NI 37/ NA

DBD, pathogenic variants located in the DNA-binding domain; CNS, Central Nervous System tumors; NA, not applicable; N1, not identified.

https:/doi.org/10.1371/journal.pone.0251639.1002

these authors did not restrict their recruitment to patients fulfilling Chompret criteria [25].
Second, results from the present analysis, in which overall TP53 germline PV detection rate in
Chompret criteria fulfilling probands was lower than expected from previous studies, may sug-
gest that a different set of pathogenic variants, not yet mapped (i.e. located in intronic or regu-
latory regions of TP53) may be associated with the LFS phenotype in this particular region. It
is also possible that PV in other, yet unidentified genes are associated with the LFS phenotype,
accounting for the “missing heritability” of more than 85% observed here [32, 33]. An impor-
tant limitation of the present study, that must be accounted for when analyzing the results is
this study, is that a significant proportion of data on genetic testing were obtained retrospec-
tively and with different variant detection strategies. Thus, further analyses on a prospectively
recruited cohort of probands fulfilling Chompret criteria and then, clinical assessment of fami-
lies carrying either DBD PV or R337H will be important to confirm these findings. Expanding

Tumor Type

B DBD (Classic) [ R337H | R337H/R337H
ACC
Breast
CNS
CNS (CPC)
os
Thyroid

10 12

Fig 3.

Graphic showing the differences between the tumor spectrum observed in carriers of the DBD variants, R337H

variant and R337H homozygous proband. ACC, adrenocortical carcinoma; CNS, central nervous system; CPC, choroid

plexus carcinoma; DBD, DNA binding domain; OS,

0ma,

https:/doi.org/10.1371/joumal.pone.0251639.9003
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Table 3. Association of gender, age at first tumor diagnosis, tumor type and development of multiple tumors
among carriers of different groups of germline PV TP53 (groups A and B).

Group of pathogenic germline variants (PV)

A(n=8) ‘B(n=18) }Pvalue
Gender -
Female 7 |12 0.375
Male 1 6
Age at first cancer diagnosi dian (IQR) 22 (11.7-30.5) 2.0 (1.0-9.5) 0.009"*
Tumor types
ACC 1 13 0.0431
Breast 2 2
Breast bilateral 1 1
CNS 1 0
CNS (CPC) 1 24
0s 2 0
Multiple tumors _
Yes. 4 |o 0.005°
No 4 18

 Pearson Chi-squared test.
“ Fisher exact test.
“* Mann-Whitney-Wilcoxon test.

ACC, adrenocortical carcinoma; OS, osteosarcoma; CNS, central nervous system; CPC, choroid plexus carcinoma.

https:/fdoi.org/10.1371/journal.pone.0251639.1003

this study in the region will be essential to instrument policy makers in establishing cancer
screening protocols for these individuals.

Conclusions

The current study shows the impressive clinical heterogeneity of LFS, highlights particularities
of the founder TP53 pathogenic variant R337H and points to the need for larger and collabora-
tive studies to better define LFS prevalence, clinical spectrum and penetrance of different types
of PVs in the Brazilian population.
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Abstract

Li-Fraumeni syndrome (LFS) and Li-Fraumeni Like (LFL) are autosomal dominant cancer predisposition syndromes caused
by pathogenic germline variants in the 7P53 gene. Recent studies have shown that the incorporation of next-generation
sequencing by using multigene panels in clinical practice has resulted in the frequent identification of variants of uncertain
significance (VUS). Given that there is no established medical management for VUS carriers, the identification of these
variants may cause confusion and anxiety for both patients and practitioners. Herein, we aimed to verify VUS frequency and
review VUS classification and interpretation in 1844 patients submitted for comprehensive germline 7P53 testing independent
of clinical criteria. Variant characterization was done assessing clinical information whenever available, variant frequency
in population databases, pathogenicity predictions using in silico tools and previous functional studies. All variants were
classified based on the guidelines proposed by the American College of Medical Genetics and Genomics (2015) and by
the Sherloc framework (2017). Of the twelve VUS (0.65%) identified in TP53, two were classified as likely pathogenic and
two were classified as likely benign after re-evaluation, potentially resulting in significant management modification for the
proband and relatives. This report cases highlights the challenges and impact of 7P53 variant interpretation especially when
there is no clear LFS/LFL phenotype.

Keywords Li-Fraumeni syndrome - TP53 gene - Variants of uncertain significance - Genetic counseling

Introduction

Li-Fraumeni (LFS) and Li-Fraumeni Like (LFL) syn-
dromes are autosomal dominant cancer predisposition
disorders caused by pathogenic germline variants in the
TP53 tumor suppressor gene. LES core tumors are pre-
menopausal breast cancer, bone and soft-tissue sarcomas,
brain cancer, leukemia and adrenocortical carcinomas.
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Carriers of pathogenic TP53 germline variants have a vari-
able lifetime risk of developing cancer, and phenotype may
vary from fully penetrant LFS to cancer-free over a life-
time. Nevertheless, about 50% of carriers develop at least
one malignancy by age 30-40 years, especially those with
TP53 DNA-binding domain variants [1, 2].

Population prevalence studies have estimated that ger-
mline TP53 pathogenic variants occur | in 5000 to 1 in
20,000 individuals. However, a recent study by de Andrade
et al. [3] evaluated the prevalence of likely pathogenic
TP53 variants in the gnomAD database totaling 138,632
unrelated individuals, and identified 64 distinct pathogenic
or likely pathogenic TP53 variants in 399/138,632 indi-
viduals, suggesting that prevalence may reach one car-
rier in every 3555-5476 individuals. In 2 other studies,
prevalence of TP53 pathogenic variant carriers was pro-
posed to reach 0.2% in Europeans [4, 5]. In addition, a
germline 7P53 founder mutation with reduced penetrance,
¢.1010G > A p.(Arg337His), has been reported in South-
ern Brazil at a frequency of 1 in approximately 300 new-
borns [6].

Recent studies have shown that the incorporation of next-
generation sequencing (NGS) and multigene panels testing
(MGPT) in clinical practice has resulted in the frequent iden-
tification of variants of uncertain clinical significance (VUS)
[7]. O’Leary et al. [8] described the occurrence of VUS in
28% of patients submitted to MGPT and without an identifi-
able pathogenic variant. Interpreting these variants and using
the information for management have become challenges
for clinicians dealing with genetic counseling and cancer
surveillance in families with suspected hereditary cancer
predisposition syndromes, especially when the phenotype
is not typical of LES/LFL. Given that there is no established
medical management for VUS carriers, the identification of
these variants causes confusion and anxiety for both patients
and practitioners. Thus, establishing the correct variant clas-
sification in the clinical setting is of utmost importance. The
ACMG-AMP framework assigns a strength level to each
evidence criterion and requires various combinations of
strong, moderate, and supporting evidence for a confident
classification [7]. Population prevalence of the variant, com-
putational data, segregation analyses, cumulative knowledge
of clinical outcomes and functional assays in experimental
systems have become important information in the difficult
task of variant classification [7].

In the present study, we aimed to verify VUS frequency
and review VUS classification and interpretation in a large
case series submitted to 7P53 germline analysis without a
pre-test suspicion of LFS/LFL. We also provide a detailed
characterization of 12 probands with germline 7P53 VUS
and discuss the caveats of interpretation and genetic coun-
seling in these patients and families. These cases highlight
the challenges of germline genetic testing in the clinic and

@ Springer

the impact of TP53 variant interpretation especially when
there is no clear LES/LFL phenotype.

Materials and methods

Genetic germline testing results including analysis of the
TP53 gene of 1844 patients from cancer risk evaluation pro-
grams in Southern and Southeastern Brazil were analyzed.
All participants underwent pre- and post-test genetic coun-
seling, providing informed written or verbal consent for test-
ing. Testing was performed by Sanger sequencing or NGS
(MGPT) due to a diagnosis of cancer, independent of LFS/
LFL testing criteria. This study was approved by the Insti-
tutional Review Boards from the participating institutions.

Aiming to gather further evidence about pathogenicity, in
silico analyses were performed for all variants. For exonic
missense variants, we used optimized Align-GVGD, REVEL
and BayesDel [9] (further details in Supplementary Tables).
An intronic variant was evaluated using Human Splicing
Finder, which predicts the effect of the variant on splicing
motifs (including exonic enhancers and silencers), as well as
by the Berkeley Drosophila Genome Project (BDGP) splic-
ing site predictor and the Alamut Visual software. Minor
allele frequencies (MAF) for all variants were obtained from
the 1000 Genomes Project, The Exome Aggregation Con-
sortium (ExAC), Genome Aggregation Database (gnomAD,
non-cancer dataset), Online Archive of Brazilian Mutations
(ABraOM), and Fabulous Ladies Over Seventy (FLLOSSIES)
population databases. The evaluation of p53 transcriptional
activity in a yeast-based functional assay by Kato et al. [10]
(described in the IARC TP53 database, version R19, August
2018) and two recent mammalian functional studies were
considered as functional evidence (further details in Supple-
mentary Tables). Segregation analysis, although attempted,
was not possible in the families who responded to a specific
inquiry about continued testing in the family. Ultimately, the
variants were classified according to the guidelines proposed
by the American College of Medical Genetics and Genomics
(ACMG) [7] and by the Sherloc classification framework
[11]. Clinical information and pedigrees containing maternal
and paternal cancer histories in at least 3 generations were
obtained during pre-test counseling and all probands were
classified according to the clinical/genetic testing criteria
previously proposed by Bougeard et al. [1, 2].

Results

Twelve unrelated probands carrying germline VUS in TP53
were identified (seven by MGPT), resulting in a VUS preva-
lence of 0.65%. For the probands analyzed by NGS panels,
the read percentage of the variant alleles was between 47 and
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52%, consistent with what is expected for a heterozygous
germline variant (data not shown). None of the probands
with 7P53 VUS had pathogenic/likely pathogenic variants
identified in other genes. Three families fulfilled criteria for
hereditary breast and ovarian cancer (HBOC) syndrome and
two of them fulfilled the Chompret criteria for LFS. All 3
probands with HBOC criteria were also tested for germline
BRCAI and BRCA?2 pathogenic variants and were negative.
Five probands had two primary tumors, one proband had 3
primary tumors and 6 were diagnosed with breast cancer,
the most common tumor type reported in LFS families [1].
The clinical features and molecular characterization of each
proband carrying 7P53 VUS are described in Table 1.

To support decision making regarding surveillance, man-
agement, risk reduction approaches and genetic counseling,
we evaluated family history, as well as available results of
functional testing, predicted impact on p53 function, and
frequency in population databases for each of the VUS
identified and the results are summarized in Table 2. Loca-
tion of each VUS in the p53 functional domains is depicted
in Supplemental Fig. S1. Seven of the variants (58.3%)
were present in at least one population database. Of note,
2 variants (16.7%) were not described in ClinVar (Table 2,

Supplemental Table S1). Moreover, eleven of the twelve
VUS (91.7%) are missense, of which five (41.6%) were pre-
dicted to be “benign” according to Align-GVGD, REVEL
and BayesDel, while 2 (16.7%) variants were predicted to
be “pathogenic™ by combined results from these computa-
tional tools (Supplemental Table S2). Five VUS (41.7%)
were shown to affect p53 function in yeast-based functional
studies (non-functional and partially functional TP53 ger-
mline variants), while 3 (25%) were defined as “loss-of-
function” alterations when analyzing with two recent mam-
malian functional assays (Supplemental Table S3). Human
Splicing Finder, BDGP and ALAMUT analyses indicated
that the intronic variant ¢.559 +4A > G (proband number 7)
is predicted to affect splicing by altering a wild-type donor
site (Table 2, Supplemental Fig. S2). Although this vari-
ant was not reported in the population databases queried,
there are no other criteria indicating its pathogenicity and
thus there is not enough evidence to re-classify it. Taken
together and considering that the mammalian functional
studies performed were robust, two variants (¢.417G>T
and ¢.589G > A) would be classified as likely pathogenic
according to the guidelines from ACMG and Sherloc. Pedi-
grees of the two probands harboring these now classified

Table 1 Clinical and molecular characterization of probands carrying VUS in the 7P53 gene

Proband Proband’s Proband's Ageat TP53 mutation HBOC Molecu- chrl7 position on TPS53 variant  TP53 variant
D age at type of diag- testing criteria  NCCN  lar assembly GRCh37 HGVS c. HGVS p.
diagnosis  cancer nosis, testing  analysis  (dbSNP s ID)
(years), other criteria? (method)
1st cancer tumors (yes/
(years) no)
1 44 Gastric NA None No Sanger 7579882(rs201382018) ¢.31G>C p(Glul1Gln)
2 70 Bilateral  Thyroid None No Sanger 7579558(rs754332870) ¢.129G>C p-(Leu43Phe)
breast an
3 38 Breast NA None Yes NGS 7579367(rs587782447) ¢.320A>G p.(Tyr107Cys)
4 33 Breast Thyroid Breast can- Yes NGS 7578513 c417G>T p-(Lys139Asn)
(34) cer <36 years
5 40 Renal NA Birch (family)  No NGS T578470(rs137852789) ¢ 460G > A p-(Gly154Ser)
6 60 Sarcoma NA None No Sanger 7578408 c.522G>C p.(Arg174Ser)
7 3 LLA Breast  Chompret Yes NGS 7578367 ¢.559+4A>G  (Intronic)
25)
8 42 Renal Lung Chompret No NGS 7578260(rs786204041) ¢.589G> A p.(Val197Met)
(42)
9 51 Lung NA None No Sanger 7578207(rs587781386) c.642T>G p-(His214GIn)
10 33 Melanoma Thyroid None No NGS 7577151(1s72661119)  ¢.787A>C p.(Asn263His)
A7)
and
Breast
49)
11 36 Rectal Pan- None No Sanger 7574030(1s769934890) ¢.997C>T p.(Arg333Cys)
creas
(46)
12 46 Breast NA None No NGS 7572989(rs587781858) c¢.1120G>C p.(Gly374Arg)
LLA lymphoblastic acute leukemia, NA not applicable
@ Springer
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likely pathogenic germline variants are shown in Supple-
mental Fig. S3. Of note, several variants showed discordant
classifications when either ACMG or Sherloc were used.
For instance, three variants (¢.129G>C, ¢.1120G>C, and
¢.642T > G) were classified as likely benign by ACMG,
while the same alterations were defined as VUS according
to Sherloc (Table 2).

Discussion

Several studies have demonstrated evidence for signifi-
cantly improved outcomes in LFS patients submitted to an
enhanced surveillance protocol which includes frequent
physical examination plus periodic biochemical and imag-
ing monitoring [12]. In this context, identification of a vari-
ant classified as VUS in TP53, in addition to the potential
anxiety caused in carriers and health care providers, must
be reviewed by a more robust classification system to ensure
that management and counseling offered to the patient are
appropriate to molecular status. Misinterpretation of a likely
pathogenic variant as VUS or as likely benign has the poten-
tial to leave a patient and his/her family unassisted, resulting
in a missed opportunity of cancer risk reduction or early
detection. On the other hand, misinterpretation of a likely
benign variant or VUS as likely pathogenic, will have an
impact on the patient and relatives, potentially resulting in
frequent and unnecessary surveillance and risk-reducing
procedures, not to mention psychological consequences.

In this report, we aimed at defining frequency of 7P53
VUS in a large cohort of probands investigating hereditary
cancer predisposition and at reviewing VUS classification.
Although overall VUS frequency was low, extensive variant
reclassification efforts showed interesting results. Among
12 TP53 VUS identified, two (¢.417G>T and ¢.589G > A)
were reclassified as likely pathogenic, supporting the deci-
sion to recommend family testing and inclusion of all carri-
ers in specific, high risk surveillance protocols. Specially for
the proband carrying ¢.417G < T, an isolated case of breast
cancer diagnosed under age 36 years with no family history
of cancer, misclassification would have resulted in a lack of
surveillance for other tumors, family testing and inappropri-
ate genetic counseling. In addition, two variants (¢.787A>C
and ¢.31G > C) were classified as likely benign by Sherloc,
also contributing to optimize clinical management. Impor-
tantly, five variants were classified differently using either
the ACMG or Sherloc classification systems. This is likely
due to the fact that Sherloc, in addition to the strong frame-
work of the 33 rules established by the ACMG, introduced
108 detailed refinements, being recently described as a more
robust approach to variant classification [11]. Of the five
variants with discordant classifications, only 3 would result
in distinct management guidelines, in which by ACMG a

likely benign classification would result in no further investi-
gation, while the Sherloc VUS classification would result in
a recommendation of periodic reassessment to verify if the
VUS reclassifies to another category. These findings under-
score the need of carefully considering which pathogenicity
algorithm is used in variant classification.

Another important aspect of variant classification, is the
risk of overreacting when a VUS is identified. For instance,
proband carrier of TP53 ¢.559 +4A > G variant, a particu-
larly challenging case where the phenotype strongly suggests
the diagnosis (Chompret criteria for LFS), that could lead to
a misinterpretation of such variant as likely pathogenic by a
clinician not familiarized with in depth variant classification
systems. In this case, after gathering all available evidence
the variant still classifies as VUS and causality cannot be
attributed.

The cases reported here illustrate some of the complexi-
ties involved in variant classification and clinical manage-
ment of VUS carriers and underscore the importance of
reviewing the use of established clinical criteria for germline
TP53 testing. All probands whose variants were analyzed
had the opportunity to be informed about variant reanalysis
and its results during a genetic counseling session with a
medical geneticist. The review of variant classification is
often beyond the training of most practicing clinicians, and
referral to a trained genetics protfessional should be strongly
encouraged. Lastly, it is important to highlight that the VUS
status should be revised often, since the classification may
change once additional evidence becomes available.

Identification of a VUS in TP53 is a complex counseling
issue and highlights the need for more research aiming to
improve decision making in patient care. An important con-
tribution to these efforts is the sharing of sequencing results
in an open database. As a result of these collective attempts,
the incidence of VUS is expected to decline in the next
years. Despite the small overall frequency of VUS in 7P53,
it is essential that a periodic review of variant significance is
done, and that any new definitions are communicated to the
patient. Finally, we encourage further studies of penetrance
modifiers and of individuals with 7P53 VUS to enhance our
knowledge of variant curation for clinical purposes.
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Abstract: Neurofibromatosis type (NF1) is a syndrome characterized by varied symptoms, ranging
from mild to more aggressive phenotypes. The variation is not explained only by genetic and
epigenetic changes in the NF1 gene and the concept of phenotype-modifier genes in extensively
discussed in an attempt to explain this variability. Many datasets and tools are already available
to explore the relationship between genetic variation and disease, including systems biology and
expression data. To suggest potential NF1 modifier genes, we selected proteins related to NF1
phenotype and NF1 gene ontologies. Protein—protein interaction (PPI) networks were assembled,
and network statistics were obtained by using forward and reverse genetics strategies. We also
evaluated the heterogeneous networks comprising the phenotype ontologies selected, gene expression
data, and the PPl network. Finally, the hypothesized phenotype-modifier genes were verified by a
random-walk mathematical model. The network statistics analyses combined with the forward and
reverse genetics strategies, and the assembly of heterogeneous networks, resulted in ten potential
phenotype-modifier genes: AKT1, BRAF, EGFR, LIMKI, PAKI, PTEN, RAF1, SDC2, SMARCA4,
and VCP. Mathematical models using the random-walk approach suggested SDC2 and VCP as the
main candidate genes for phenotype-modifiers.

Keywords: neurofibromatosis type 1; phenotype-modifier genes; systems biology

1. Introduction

Neurofibromatosis type 1 (NF1) is a disease with a worldwide birth incidence of 1 in 2500 and
a prevalence of at least 1 in 4000 [1]. The main clinical features are café-au-lait spots, axillary and
inguinal freck]ing, cutaneous and subcutaneous neurofibromas, and Lisch nodules, occurring in almost
every NF1 patient. Other less -ommon characteristics are scoliosis, macrocephaly, learning disabilities,
plexiform neurofibromas, and multiple other benign and malignant tumors [2,3]. Inter-familial and
intra-familial variability in NF1 is extensive: cutaneous neurofibromas may vary in number from dozens
to thousands; about 30% to 50% of patients are affected by large plexiform neurofibromas; only about

Cancers 2020, 12, 2416; doi:10.3390/cancers12092416 www.mdpi.com/journal/cancers
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10% of them develop malignant peripheral nerve sheath tumors (MPNSTs), an aggressive sarcoma and
one of the most critical symptoms [2,4,5]. Other tumors outside the central nervous system occur in
different frequencies between NF1 patients: low grade pilocytic astrocytomas, pheochromocytoma,
gastrointestinal stromal tumor, thyroid tumors, ovary and lung tumors, breast cancer, juvenile
myelomonocytic leukemia, myelodysplastic syndrome, osteosarcoma, and rhabdomyosarcoma [3-5].

NF1 is caused by dominant loss-of-function mutations in the tumor suppressor gene NF1,
which encodes neurofibromin, an interactor of Ras GTPase proteins [6]. Although NF1 is a monogenic
disorder of dominant character, only a few associations between a specific NF1 variant and the disease
phenotype have been reported to date. Four genotype-phenotype correlations are well described
in the literature: NF1 patients harboring microdeletions have been reported to have an increased
risk of malignant peripheral nerve sheath tumors, lower average intelligence, connective tissue
dysplasia, skeletal malformations, and dysmorphic facial features [7-9]; the 3-bp in-frame deletion
€.2970_2972delAA was previously associated with absence of neurofibromas [10]; the missense variant
p-Arg1809Cys was associated with developmental delay and/or learning disabilities, pulmonic stenosis,
and Noonan-like features, but no external plexiform neurofibromas [11]; and missense mutations
affecting NF1 codons 844-848 were associated with a more severe clinical presentation [12].

Apart from the aforementioned correlations, NFlpatients with the same mutation may develop
severe symptoms or a mild clinical expression [13-15]. Modifier genes, environmental factors,
epigenetic factors, or a combination of them may be responsible for the remaining variability [16,17].
Modifier genes include any genes, protein-coding sequences, microRNA, and long noncoding RNA
that influence one or various features of the NF1 phenotype. Primarily, modifier genes were found to
be associated with phenotype variation in NF1 in large family studies, and posteriorly, NF1 animal
models and knock-in and knockdown strategies have reinforced these assumptions [18]. Several
strategies to discover and understand modifiers genes have been developed to help to explain the NF1
variability and were reviewed recently [19-25]. These strategies have identified important candidate
modifier genes, and some hypotheses and associations have been established so far [16,20,22]. However,
many NF1 characteristics and variability remain unexplained.

Systems biology is an integrative field that combines molecular biology experiments and
computational analysis. Its aim is to understand the simplest interactions in the complexity
of an organism by the evaluation of interaction networks [26,27]. By integrating genomics,
proteomics, and phenotype information, it is possible to evaluate how each of these elements acts as
disturber-mechanism in a specific network. This strategy consists of a very effective and economical
approach to explore the disease, and might even be applied if there is little information obtained
from differential gene expression studies. Hence, through systems biology tools it is possible to
perform genomics research by introducing a forward or reverse strategy. The former is a strategy
used by evaluating the candidate genes and how they could explain the phenotype, whilst the second
strategy starts from the outcome (here NF1), and evaluates which the genes and mechanisms could be
connected to it [28]. The use of a deep phenotype characterization is a good approach in conditions
with heterogeneous phenotypes, when combined with next-generation sequencing data [29]. For a
better comprehension of these molecular mechanisms, ontologies databases have been widely used for
a correct assortment of the gene function and in the phenome characterization [30].

In this context, by using this approach, the present study searches for novel candidate NF1
modifier genes. Considering that the modifier genes could play a role in the NF1 signaling pathway or
other related and unrelated pathways, in silico analyses were performed through systems biology tools
involving the NF1 gene, its protein—protein interaction network, and its related genes or phenotype
ontologies. Network statistics suggested ten candidate genes and mathematical models highlighted
the roles of two of them as NF1 phenotype modifiers.
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2. Results

A scheme presenting the main steps of the present study is available in Figure 1. To better
comprehend the parameters used in each analysis, please see the Methods section.

Stepl

Selection of gene ontologies and SR

Benatuaardlaaina Selection of possible candidate
2 tp phenotype modifiers genes by

Neurofibromatosis type 1 from GO' 5 3
3 ¢ secondary expression analysis from
and HPO? databases and creation of the GEO” assays and TCGA!

unique network statistics uniting

the selected genes

Step3
% i Step4
Creasg‘oex:;zc::;lgie;hﬁt:/wo;ke?og:?s the Construction of the final network with 10
differentially expressed in studies with > candidate phenotype modifiers genes,
knock out and knockdown of the NF1 gene salected ':; s‘f"::sul a"dri' and phe."°'vpe;
andintegrated GO' andHPO? network associated with Neurofibromatosis type

Step6
Step5 Obtain information of the 10
Random walk analysis with possible candidate genes in BioGrid, HuRi
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Figure 1. Main steps of the present study. The scheme shows the main steps in chronological order to
identity potential NF1 phenotype-modifier genes. Gene Ontology (GO)'; TTuman Phenotype Ontology
(HPO)?; Gene Expression Omnibus (GEO)*; The Cancer Genomic Atlas (TCGA)*.

2.1. Gene and Phenotype Ontologies Analyses

Gene Ontology (GO) describes a biological domain considering three aspects: molecular function,
cellular component, and biological process. The Human Phenotype Ontology (HPO) provides a
standardized vocabulary of phenotypic abnormalities encountered in human diseases. NF1 GO
biological processes and NF1 HPO were analyzed by two coworkers individually. The chosen
ontologies are listed in Table S1.

HPO selection provided 1697 genes related to NF1 phenotype (OMIM 162200), whilst GO
filter yielded 1449 genes included in the same ontologies previously selected for the NF1 gene.
When comparing both strategies, it was observed that HPO and GO analysis had 265 genes in common
(Figure 2a). To assemble a network of the ontologies” selected genes, we used the STRING tool,
observing protein-protein interactions (PPI) that were previously described by experimental assays.
The separate networks generated for GO and HPO analyses are represented in Figure S1 and Figure S2,
respectively. A combined network, comprising NF1 direct interactions (first neighbors) for both GO
and HPO strategies is available in Figure 2b.
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Figure 2. NF1 Gene Ontology (GO) and NF'1 Human Phenotype Ontology (HPO) results. (A) Venn
diagram showing in red genes related with neurofibromatosis type 1 exclusively found by the HPO
project in the selected ontologies for NF1; genes exclusively found by the GO consortium using the
ontologies selected for NF1 are shown in blue; and in purple genes shared by both GO and HPO
analysis. (B) A combined network using the STRING tool using the 1697 genes selected exclusively in
HPO (orange nodes); 1449 genes selected exclusively in GO (blue nodes); and 265 genes observed in
both TTPO and GO (green nodes). The network shows only direct protein-protein interactions with
NF1 (first neighbors).

2.2. Network Statistics

To verify the nodes with relevant roles in the information flow from the network assembled in the
previous section (Figure 2), systems biology network statistics were applied using Cytoscape v.3.7.2
software. Two main parameters were observed: (I) betweenness centrality, a measure based on the
communication paths, meaning the nodes with high betweenness centrality could be important in
the control of the information flow; and (1I) the closeness centrality measure, which is based on the
fastness of this information flow (from the central node to the others) [31]. The resulting network had
1561 nodes, making it difficult to visualize the main nodes. A simplified version, representing only the
first neighbors, can be assessed in Figure 3.

According to this strategy, AKT1 presents the highest levels of betweenness and closeness centrality.
However, despite NF1 being a highly connected protein in the network evaluated, it presented low
levels of betweenness and closeness centrality, as can be observed by the node size (small) and color
(light yellow, compared to the dark orange elements). Hence, we aimed to evaluate HPO and GO
networks separately using the same approach to minimize the possibility of overlooking potential
phenotype-modifier genes, as described in the following section.
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Figure 3. Betweenness centrality and closeness analysis of the STRING network previously generated
in Figure 2b using GO and HPO. Large nodes have a more central role in communication among
other nodes (hub/hub-like nodes), i.e., more connections. The darker orange the nodes are, the
faster information flows towards the central node; i.e., they have the potential to impact the whole
network even when having few connections (bottleneck nodes). Thus, nodes can be visualized in
four categories: (1) large/dark-orange nodes = hub/bottleneck nodes; (2) large/blue nodes = hub/non-
bottleneck nodes; (3) small/dark-orange nodes = non-hub/bottleneck nodes; and (4) small/blue nodes =
non-hub/non-bottleneck hubs. NF1 is represented by the yellow node on the right side of AKT1.

2.3. Forward and Reverse Genetics Strategies

As mentioned before, GO and HPO databases are related, respectively, to the gene function and
phenotype association. Hence, the observations of their independent networks, previously represented
in Figures S1 and S2, were based on the forward and reverse genetics concepts.

When evaluating betweenness and closeness centrality by the forward genetics strategy (GO
network), six genes were selected: AKT1, RAF1, LIMK1, BRAF, EGFR, and PTEN. In the other analysis,
the reverse genetics approach (evaluating the HPO network) provided six genes as well: PAKI,
VCP, AKT1, SMARCA4, RAF1, and PTEN. Together, the strategies provided nine candidate genes for
neurofibromatosis phenotype modifiers. Besides, the network communities were evaluated, and AKT1
was identified as the network main hub, whilst the RAFT gene had the highest score for authority.
The authority score estimates the importance of the node itself, and the hub score measures this
importance based on the other nodes which are linked to the main hub. Despite the network statistics
having provided these candidates, we wanted to observe whether or not their expression was altered
in the absence of NF1. Therefore, the next step was designed to conduct gene expression analyses to
evaluate this hypothesis.

2.4. Differential Gene Expression Networks

To comprehend the differential gene expressions (DGEs) of the candidate phenotype-modifier
genes, we performed secondary expression analysis on the data available in two public repositories:
The Cancer Genome Atlas (TCGA) and the Gene Expression Omnibus (GEO).

Using the GEO database, NF1 knockdown and knockout assays were selected: GSE14038 and
GSE115406. The log fold-change (logFC) and false discovery rate (FDR) values for the ten potential
modifier genes in each dataset are presented in Table S2.

In TCGA, we selected seven different types of tumors for which samples with nonsense mutations
in NFI were available. We evaluated tumors that presented NF1 nonsense mutations against tumors
with wildtype NF1. The logFC and adjusted p-values, after the FDR correction, for the seven tumors
evaluated and ten candidate genes are available in Table 3. Despite the somatic origins of these tumors,
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we believe this information is valuable in order to check how NF1-loss could affect the global gene
expression in a tissue/site-specific way, and check for signatures more related to a certain phenotype.

For both TCGA and GEO assays, few genes were evidenced to be significantly differentially
expressed, demonstrating that the expression of all the candidates, and for the NF1I gene, is strictly
regulated. We did notidentify a variable expression profile between the tumors evaluated, and knockout
assays. Therefore, we performed other systems biology analysis with the PhenomeScape application
v.1.0.4 from Cytoscape software, assembling a complex network (Figure 1, step 3). For that, we used as
input (I) the ontologies selected from HPO database (Figure 1, step 1); (II) the network generated in
STRING tool, as also mentioned in step 1 (Figure 1); and (I1I) expression data from studies selected from
GEO database (Figure 1, step 2). The resulting upregulated genes (overexpressed) were presented in

red and the downregulated (lower expression) in green. These networks are available in Figures S3-57.

NF1 is downregulated (lower expression) in the knockdown and knockout studies, and upregulated
(overexpressed) in the evaluation of malignant tumors when compared to benign neurofibromas. NF1
is absent from the network when its expression is not significantly altered in the expression dataset.

Besides the genes previously selected in the forward and reverse genetics analysis, when evaluating
the complex networks, we observed that the SDC2 gene also had its expression altered when NF1
was affected. Furthermore, SDC2 is the first neighbor of NF1, which means both genes share a direct
protein-protein interaction.

2.5. Systems Biology Approaches Reveal 10 NF1 Phenotype-Modifier Candidate Genes

Table 1 shows the final list of the 10 genes selected as potential phenotype-modifiers in this study
and summarizes the strategies by which they were found. We then generated a complex network
comprising all the candidate phenotype-modifier genes selected so far, and the NF1 phenotypes they
are related to (Figure 4); the phenotypes were provided by the PhenomeScape tool, according to the
data available in HPO database. Finally, we used a mathematical model to evaluate whether one of
those genes could be a stronger candidate as a phenotype-modifier than the others, which is described
in the following section.
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Figure 4. A complex network evaluation comprising the 10 candidate phenotype-modifier genes and
the NF1 phenotypes they are related to. The ten candidate NF1 phenotype-modifier genes suggested
by our analysis are represented with the NF1 phenotypes they are related. Yellow nodes: genes
selected with the forward genetics strategy; red nodes: genes selected with the reverse genetics strategy;
purple nodes: genes selected by forward and reverse genetics strategies; green node: gene selected by
evaluating the differential gene expression in the complex network. Blue squares: phenotypes provided
by the PhenomeScape tool, according to the associations presented in the HPO database.
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Table 1. Potential phenotype-modifier genes selected in this study. Characterization of the 10 potential phenotype-modifier genes and the approaches used for

their selection.
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2.6. Random Walk Analysis

A random walk is a mathematical model known as a random process. It is based on the idea
that a gene (node) is an imaginary particle that performs a succession of random steps (interactions)
in a network [32]. Our aim was to evaluate whether these random steps could lead the gene to the
phenotype, which was set as neurofibromatosis type 1 (OMIM 162200). For this goal, we performed
the random walk analysis with the RandomWalkRestartMH package in R v.3.6.2.

According to this mathematical model, the NF1 gene only had to take “one step” (one interaction)
to reach the phenotype OMIM 162200. The genes SDC2 and VCP had to take only two steps (two
interactions) (Figure 5), whilst the other eight candidates needed more interactions to cause the
syndrome (Figure S8). Genes LIMK1 and PAKT also needed a higher number of potential interactions,
and hence more steps, than the others.
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Figure 5. Random walk analysis. The minimum steps (interactions) between the selected genes (nodes)
and the neurofibromatosis 1 phenotype were calculated. Two analyses are shown: (A) one for SDC2;
and (B) one for VCP.

With this analysis, we confirmed all the candidates as potential phenotype-modifier genes.
However, the results using this model pointed to SDC2 and VCP as being more directly connected to
the NF1 phenotype.

2.7. Literature Review and Genomic Databases Evaluation

To check for genetic variants already described in our 10 candidate genes, we looked at two
databases: The Genome Aggregation Database (gnomAD v. 2.1.1), which spans 125,748 exomes and
15,708 genomes from unrelated individuals; and ClinVar, which aggregates information about genomic
variation and its relationship to human health. For gnomAD, we found a total of 11,211 variants
(Table 2). SMARCA4 and EGFR have the highest numbers of variants (2575 and 2000, respectively);
SDC2 and PTEN the lower (335 and 456, respectively).

In ClinVar, germline variants were reported for all genes (N = 5216), with the exception of SDC2.
Almost half (46.4%) of them were submitted as variants of uncertain significance (VUS). EGFR has
the highest rate of VUS (67.3%), while all the 36 LIMK1 variants are classified as benign/likely benign
(B/LB). On the opposite way, PTEN and BRAF have the highest number of pathogenic/likely pathogenic
(P/LP) variants, corresponding to 32.5% and 23.9% of all reported variants, respectively (Table 3).
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Table 2. Variants reported in gnomAD for the 10 candidate genes. The total bers and p ges of variants are p ding to their

GENE All Missense  Synonymous Splice Site Frameshift  Inframe Del/Ins Intronic  Nonsense  Stop Lost  Start Lost 5'UTR 3'UTR
AKT1 932 “71.‘;?%) (Iﬁl.zi‘?-‘b) 80 (§.58%) 3(0.32%) 41(0.23%) (4:2;%) 1(0.11%) a 0 36 (3.86%) 52(5.58%)
BRAF W73 (212;’:?% y @ J ;‘(}M‘) 56 (5.224%) {0094 B(1L75%) (5,526;,!‘,‘) 2{09%)  1(09%) 0 IB(121%)  31(289%)

gern a0 SR BT WG 15075%) 2(0.10%) (g 600N 10053 0 90458 i
LIMKT 1133 i 3:;10 58(5.12%) 5{0.4%) 1(0.09%) (4142‘3"-“ 3(0.26%) 1(0.09%) 0 44(3.88%)  16(141%)
PAKI T o 5' :;ﬁ) SREZAYE)  4(052%) 6 (0.78%) & :‘S%} S{065%  1(013%) 0 BN 42(5.43%)
PTIEN 456 (16.7;;9"‘3;] 17(3.73%) 5{L.10%) (V] (48:33‘&.) 5(L10%) 0 0 28(6.14%)  18(3.93%)
RAEY 1006 @t .Jllﬁ‘ﬁ,_) 65 (6.47%) 4{0.40%) 2(0.20%) (4;.:3:%) 7 (0.70%) 0 210.20%) BOB0%) I8 (1.79%)
sDC2 35 (15?52.*-; , 186G 50 30.90%) . 341‘);%} 0 0 549N R(E5TY 14E18%)
SMARCAd 2575 (2::;,&‘] 164 (637%)  4(016%] 22 {0.85%) (3;31‘;&1) 0 1 (014%) 0 GASH) 33 (128%)
vee a8 (2‘;;’;,?L) 72076% 1{011%) 1(0.11%) (_;zf:;x_) 0 0 0 20(216%)  202.16%)
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Table 3. Germline variants itted to ClinVar database for each candidate gene. The number of variants is p d ding to its classification. Related
syndromes and other relevant conditions for NF1 phenotype are also summarized.

Classification *
GENE — Related Syndromes *** Other Relevant Reported Conditions
All* B/LB riLr Cl vUs
AKT 152 94 8 4 76 Cowden, Proteus El7syanant wasasociated with 22
conditions, including breast cancer
Cardiofacocutancous, Dandy-Walker
RRAT 334 125 80 12 nz malformation, TFOPARD, Astrocytoma, gliama
PHACE, Noanan
FOFR 199 54 4 7 134 Cowden, not othenwise speafied (NOS) Cercbral arterivvenous malformation,
¥ > hereditary cancer inflammatory skin and bowel discase
LIMK] 36 36 0 QO Q0 - 5
PAKT 6 2 3 . 1 = intellectual de\'el_npmenlal disarder with
macrocephaly, seizures, and speech delay
Bannavan-Riley-Ruvalcaba, Cowden,
5 S ! 3 Y Hereditary breast and ovarian cancer, NOS  Macracephaly/autism, Phophatase and lensin
5 5 ¥
RIEN A0 Sl 510 2 a6 Ilereditary cancer-predisposing, (PTEN) [ lomolog hamartoma tumor
Proteus-like
RAR 412 155 43 17 197 LEOPARD, Noonan Chardama, retinablastama, and
leri pleonasteosis are reported in patients
SDC2 - - - - - - carrying the copy number gain of 8221,
which mcludes SDC2
Coffin-Siris, NOS Hereditary Craniopharyngioma, intellectual deficiency,
SMARCAS 2310 980 95 81 1154 cancer-predisposing, Rhabdoid tumor dullobl neurodevelop 1
predisposition disorder, neuroblastoma
. Amyatrophic lateral sclerosis, paget discase,
wee 1 6% 18 1 78 Charcot-Marie-Thoth disease
* LB = Likely benugn; B = berugn; LP = Likely p Iy Cl = conflicting VUS = variant of uncerlain sig * Unprovided ndd drug
response varianls were not idered. *** Synd; ions reported for b likely benign variants, drug response variants, and nol-interpreted variants were not considered.
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Finally, we also explored TCGA and Genomics Evidence Neoplasia Information Exchange (GENIE)
datasets to check for tumor samples harboring both genetic alterations in one of our candidate genes
and NF1. Due to lack of samples or to the higher mutational and clinical heterogeneity, we managed
to make reasonable assumptions only for AKT1, VCP, and SDC2. More details are presented in the
discussion section.

3. Discussion

It is evident that genetic variants in NF1 do not act alone to determinate disease phenotype.
Many factors may contribute to disease variability, including environmental factors, the occurrence of
epigenetic alterations, and somatic second hits in NFl-associated tumors. The accumulation of somatic
NF1 mutations is much more difficult to evaluate since each tumor needs to be sequenced individually,
but it may be responsible for some level of NF1 variability. Other symptoms, like delayed mental
development, are less influenced by second hit mutations. Genetic modifiers in a single locus or the
interaction between several genes may suppress or enhance disease severity, including genes involved
in the pathways other than the NF1-Ras-mTOR pathway. There is evidence that genetic modifiers
explain a major fraction of phenotypic variation in NF1 [16]. A few genes and their variants have
already been described as phenotype modifiers in literature and were reviewed and summarized in
Table 4, but they are still insufficient to explain all the variability found in NF1 patients.

Recently, a review pointed out the main methods with which to discover novel phenotype-modifier
genes in Mendelian diseases and formulate hypotheses about other pathways than Ras-NF1 that
could be phenotype modifiers [44]. The most used methods to select candidate modifier genes are
whole-genome sequencing, genome-wide association studies, and experimental approaches using
animal models. Other studies also select candidate modifier genes using differential gene expression
analysis [20]. These strategies have proved their value in identifying a few phenotype-modifier genes to
date; however, they have some disadvantages, such as the high costs involved, being time-consuming,
the use and maintenance of animal models, and the confounding factors in studies with selected NF1
patients [18].

One of these limitations was observed in our expression analysis, for which a few candidate genes
were actually differentially expressed. Furthermore, differential expression analysis using TCGA tumor
samples (Table S2) generated distinct results when compared to GEO controlled knockdown/knockout
experiments (Table S3). Expression may depend on the tumor heterogeneity, i.e., the number of cells
that are actually not expressing functional NF1, and its location, since the expression profiles of NF1
and related genes are tissue-dependent. Gene expression is by far the most common analysis among
multi-omics studies. Despite that, in many studies it is not possible to obtain a clear scenario of the
biological mechanisms disrupted in a disease by evaluating only the mRNA levels. Known disease
genes are often not differentially expressed in affected individuals, once the mutations may only
alter the protein function or post-translational mechanisms. As a consequence, much information
contained in transcriptomics datasets are ignored, demanding an alternate strategy to evaluate these
multi-omics assays [45]. On the other hand, the differential gene expression networks also allowed
the selection of the SDC2 gene as a new candidate, once its expression was altered when NF1 was
affected. This example highlighted the need to evaluate the multi-omics data in a more integrated and
multidisciplinary perspective [46].
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Table 4. List of genes and proteins previously described as NF1 phenotyp difiers in the li
Genes/Proleins Consequence Methodology Aspects Reference
- Genolyping of NF1 patients using Affvmelsix
Genetic polymorphisms in ADCYS are whole-genome human SNP array
s correlated with glioma risk in NFlina = Primary astrocyte cultures from NFLCKO mice and PR
Aoere sex-specific manner, clevating risk in females treatment with dideoxyadenosine to induce Vasinganietal 2015 (53]
while reducing risk in males ADCY inhibition
- cAMP negulator expression with gPCR and CLISA
ANRIL Higher number ut plexi : - High-resulition arrey vomy senontic Pasmiant st al. 2011 2]
allele T of SNP 2151280 152151280 sedluced ANRIL tanscript levels hybridization (aCGH) of PNFs fxom NF1 patients i v
ATPAVIR is associated with - Ilymphablastoid cell lines with
Janosome biolog NFl-associated phenotypes
ATPSVOB SNP 17161 e _ Y 3 L PCnotypy
b i T o I oL T S R
MSHE SNP 31800934 iy S % B

CRLF3, ADAP2, RNF135, UTD6, SUZ12,
OMG, LRRC3?8, EVI2A, EVIZB,
RABVIFIPS, RABLIFIPI, TEFM, ATADS,
CORPS, NFI large 17q11 deletions
encompassing the ensine NF1 lacus and
reighboring genes

518934 associated with development an
NF-like phenatype
Dvsmorphic features, learning disabilities,

1 1 ildh

d

overgrow Ih, a higher tumor burden and
earlier onset of benign neurofibromas, and
probably, a higher incidence of malignant
peripheral nerve sheath tumors (MPSTs)

patienss with high count CATM
~Meta-analysis

-MLP4, breakpoint-spanning PCR and FISH in NFI
deletion patients

Mautner et al 2010[13]

CXCRS and its ligand, CXCL12

CDNF RIW germiline variant and
matemnlly inherited NI mutation

Highly expressed in mouse models of
NT1-deficient MPNSTs, but not in normal

Suppression of CXCR activity d
MPNST cell growth in culture and inhibits
tumarigenesis in llografts and in s

- NFl-deficient skin-derived precursor models (SKPs)
and gene expressuton microarray (normal SKPs;
prelumonigenic SKPs with either NI1 deletion or Nf1
and p53 deletion)

- qPCR, weslerblol and THC of CXCR4 and CXCLI12
< CXCR4 shRNA for krockdown in SKPMPNST cells

genetic mouse models of MPNS|
Demonstrated conservation of these activated
molecular pathways in human MPNSTs

Congenital megacolon development

- Tissue v from p n
NF1 patients harboring MPNSTs and MPNSTs
samples from NT'1 and sporadic paticnts
- CXCRA eDNA< saquencing
- Lvestigation of 4 family careying variants i GONF
and NETN genes with cutaneous matufestations of
NF and megacolon
- Haploinsufficient animal models for N and Trps3
that developed MPNSTs

Maetal. 2013 [31]

Bahuau et al. 2001 [35]
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Table 4. Cont.
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Network analysis makes it possible to combine different multi-omics studies, a strategy that
has been applied in several personalized medicine studies evaluating genetic syndromes with
phenotypic variability [47-49]. Recently, many projects and consortiums were created, gathering
a huge amount of public results with germline and somatic mutation databases, transcriptomics,
proteomics, and metabolomics data that can now be evaluated with a systems biology tools [44].
The analysis proposed here can be seen as an optimization in the search for candidate genes acting as
phenotype modifiers in NF1, which can later be confirmed by the more robust molecular and functional
assays. A brief description of the potential phenotype modifiers found in this study and their variants
is provided below to show mechanistic insights and facilitate experimental studies. They are also
summarized in Tables 1-3, respectively.

The ontologies selection was an important step in our analysis, especially because NF1 is important
in several molecular mechanisms. If not filtered, our analysis could be later compromised by evidencing
genes that are not so deeply associated to neurofibromatosis type 1, but which are more frequently
studied in cancer (i.e., TP53 and developmental genes). This strategy has alsobeen applied in studies that
do not identify (or do not have access to) differentially expressed genes [50,51]. For Human Phenotype
Ontology (HPO), our workflow was based on a deep phenotyping strategy (computational analysis of
detailed, individual clinical abnormalities) [29], according to the heterogeneity of neurofibromatosis type
1 visualized in our patients. We also aimed to avoid ontologies related to congenital anomalies outside
the NF1 spectrum of phenotypes, especially the ones that could have led to embryo lethality or severe
impairments (major malformations) that would have been diagnosed before NF1. Embryo development
is a critical, stepwise controlled process that can be disrupted by genetic or environmental factors, such
as maternal infections or exposures [52]. Since the data on NF1 expression in the embryonic period are
scarce, and we do not have information about the maternal genome or environment, we focused on the
functional anomalies (more related to the fetal period) that are better characterized in neurofibromatosis
type 1.

In our forward strategy, we found the epidermal growth factor receptor (EGFR) that acts upstream
of NF1 in the Ras signaling pathway. EGFR belongs to a family of receptor tyrosine kinases that are
anchored to the cytoplasmic membrane. EGFR is frequently over-activated in cancer and studies have
shown that it is not expressed by normal Schwann cells but it is overexpressed in subpopulations
of NF1 mutant Schwann cells [53]. The great involvement of this gene in different cancers and its
differential expression patterns in NF1-enriched tissues may indicate that the occurrence of minor
variants in this gene could act as phenotype modifiers in NF1. There are 2000 EGFR variants registered
in the gnomAD database, 34.1% of them missense mutations. In ClinVar, most of the 199 catalogued
germline variants are VUS (N = 134). Among the four P/LP variants, one (C326F) was related to
Cowden syndrome. Variants in promoter and UTR regions might also have a potential as phenotype
modifiers, since animal models have already shown that high levels of EGFR expression modify the
initiation of neurofibromas, increasing their numbers [54].

AKT1, BRAF, LIMK1, PTEN, and RAF1 genes were also suggested by the forward strategy.
They encode proteins that act downstream of NF1 in the Ras signaling pathway. Phosphoinositide
3-kinase PI3K/AKT is one of the most frequently activated pathways in cancer. This activation
may occur through mutation of multiple genes, including PTEN, PIK3R1, and mTORCI [55]. AKT1
presented the highest levels of betweenness and closeness centrality in systems biology network
analysis, demonstrating itself to be the most relevant gene in the information flux among our selected
genes (Figure 3).

AKT1 germline mutations are mainly associated with Cowden syndrome, characterized by the
appearance of hamartomas, and an increased risk of developing multiple cancers, especially breast
cancer [56]. One particular pathogenic variant, E17K, is reported to be linked to 22 different conditions
in ClinVar. This variant was also found in gnomAD in a European individual. To explore how
this alteration could modify the phenotype when co-occurring with NF1 mutations, we looked at
mutational and clinical data deposited in the GENIE database (v7.0). When excluding AKTI-mutated
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patients and considering only NFI mutations with more deleterious effects (nonsense, frameshift, and
splicing variants), the most frequent cancer types are non-small cell lung cancer (12%), glioma (10%),
and melanoma (9%). However, when grouping samples with both AKT1-E17K and NF1 mutations,
breast cancer becomes the most prevalent, corresponding to 73% of all tumors. The link between breast
cancer susceptibility and NF1 alterations was already established [18]. However, the mechanism that
leads to this specific phenotype remains to be elucidated and AKT1 emerges as a strong candidate.

PI3K-Akt pathway activity is negatively regulated by phosphatase and tensin homolog protein
(PTEN) [57]. PTEN is a tumor suppressor and its inactivation has a role in plexiform neurofibroma
tumorigenesis and progression to high-grade peripheral nerve sheath tumors in the context of NF1 loss
in Schwann cells, which is a very variable symptom in NF1, and may also participate in the mechanism
of tumorigenesis of other tumors related to NF1 [58,59]. There are not many variants catalogued for
PTEN in gnomAD (N = 456), but 1546 were already reported in ClinVar, with 35% still being classified
as VUS. The phenotypes related to PTEN variants are, as expected, similar to AKT1, including Cowden
syndrome and hereditary breast and ovarian cancer syndrome. Considering the importance of both
AKTT and PTEN in tumorigenesis, variants in the corresponding genes, not necessarily pathogenic,
could act as a modifier of NF1 disease and need to be further investigated.

In contrast, BRAF studies in NF1 patients were already conducted. BRAF gene encodes a protein
belonging to the RAF family of serine/threonine protein kinases. This protein plays a role in regulating
the MAPK/ERK signaling pathway, which affects cell division, differentiation, and secretion. Germline
mutations in BRAF were previously associated with cardiofaciocutaneous, Noonan, and Costello
syndromes [60]. In ClinVar, 334 germline variants were already submitted, 80 being classified as P/LP
and 117 of the remainder as VUS. A recent study analyzed a cohort of 100 patients clinically suspected
of NF1 and identified 73 NF1 mutations and two BRAF novel variants. The clinical features of NF1
patients with co-occurrence of NF1-BRAF mutations were severe, and BRAF variants may have a
synergistic role in determining NF1 phenotype [61].

Another member of the same family, the RAF1 gene, was suggested by the forward strategy.
The RAF1 gene encodes a serine/threonine kinase protein that functions downstream of RAS and
activates MEK1 and MEK2. In GENIE, RAFT mutations are observed in various cancers. LEOPARD
and Noonan syndromes were already associated in ClinVar with 6 and 28 pathogenic RAF1 variants,
respectively. The other 197 variants were still classified as VUS and included conditions such as other
rasopathies, chordoma, and retinoblastoma.

Finally, by the forward strategy, LIMKI was suggested as a phenotype modifier. The N-terminal
domain of LIM kinase 1 (LIMKT) regulates actin dynamics, affects cell adhesion and migration by
phosphorylating cofilin, and negatively regulates the Racl/Pak1/LIMKI1/cofilin pathway [62]. NF1 isan
upstream regulator of LIMK1 by acting on cofilin phosphorylation. When NF1 is mutated, this pathway
is affected, possibly influencing neuronal development and cognitive deficits associated with the
disease [62,63]. We found 1133 LIMK1 variants in gnomAD, but only 36 reported as germline in ClinVar,
all of them classified as benign/likely benign. That may indicate that mutated LIMKI alone is not
pathogenic, but it does not exclude a combined effect of NF1 variants acting as a phenotype modifier.

By the reverse strategy, AKT1, PTEN, and RAF1 were also suggested, reinforcing the possible roles
of these genes in NF1 phenotypes. Additionally, PAKT, SMARCA4, and VCP were found. The kinase
PAK1 is a Rac/CDC42-dependent serine/threonine kinase that acts by activating several kinases such as
RAF, ERK, and LIMKI, and other related pathways by activating TGFx and VEGF. PAK1 is required
for the malignant growth of RAS transformants in NF1 neurofibrosarcoma cell lines [64,65]. There are
not many PAK1 variants registered in gnomAD (N = 774) and only six in ClinVar. However, two LP
variants (Y131C and Y429C) reported in ClinVar were associated with an intellectual developmental
disorder with macrocephaly, seizures, and speech delay, phenotypes that are reported in NF1 patients.

SMARCA4 is a central component of the switch/sucrose-non-fermentable (SWI/SNF) chromatin
remodeling complex. Inactivating mutations and loss of expression in several components of this
complex have been implicated in carcinogenesis [66—68]. Thus, variants in one of these genes might
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influence the NF1 phenotype. SMARCA4 has the highest number of variants in both gnomAD and
ClinVar among our candidate genes: 2575 and 2310, respectively. Peripheral nerve sheath tumors
were already reported in patients with the syndrome carrying SMARCB1 mutations, which belongs
to the same family of SMARCA4 [14]. Loss of SMARCB1 was also related to Schwannoma, another
phenotype found in NF1 despite being more frequent in NF2 [69].

The valosin-containing protein (VCP) appeared as a strong candidate for being an NF1
phenotype modifier by our random-walk analysis. VCP gene is associated with the multisystem
degenerative autosomal dominant disorder of inclusion body myopathy with Paget disease of bone
and frontotemporal dementia (IBMPFD) and mutations were related to 1-2% of amyotrophic lateral
sclerosis cases [70]. However, missense mutations in VCP, and low-effect and low-penetrant mutations
in this gene, have controversial roles in causing disease. Neurofibromin interacts with VCP through its
Leucine- Rich Domain (LRD)-domain [71]. Patients with NF1 who have mutations in the LRD coding
region were described to be more prone to developing cognitive deficits than those with mutations
elsewhere in the NF1 gene [72]. In the same study, it was observed that point mutations in the LRD
coding region in the NF1 gene abolished the ability of NF1 to interact with VCP, while VCP mutants
were shown to have reduced affinity for NF1. Interestingly, non-disease-associated polymorphisms in
the LRD region of the NF1 gene may increase the risk of an IBMPFD patient developing dementia.
In the same way, polymorphisms in the VCP gene that code for domains that interact with NF1 might
influence the NF1 phenotype. These data obtained from literature research reinforce the accuracy of
our systems biology analysis and random-walk mathematical model, which pointed VCP as a strong
NF1 phenotype modifier candidate.

It would not be a surprise if VCP variants were found co-occurring with NF1 alterations, especially
the ones in ATPAse domains 1 and 2 (D1 and D2), responsible for interacting with neurofibromin’s
LRD-domain. For example, in ClinVar only two variants are reported as pathogenic D1/D2, one in
each domain. On the other hand, 34 remain as VUS, 23 in D1, and 11 in D2. In gnomAD, more than
half of the (N = 491) cataloged VCP variants are located in D1 and D2 domains. Looking at TCGA,
there are few samples (N = 28) with NF1 mutations co-occurring with variants in VCP D1/D2 domains,
most of them (47.2%) from uterine corpus endometrial carcinomas.

The last gene that was suggested by our analysis is SDC2, which was found by differential gene
expression networks and pointed to as a strong candidate by our mathematical model. The heparan
sulfate part of SDC2 interacts with extracellular matrix proteins and growth factors to act as an adhesion
molecule and as a coreceptor [73]. Variants in this gene might be associated with autism spectrum
disorder [74]. Interestingly, some studies showed a higher frequency of autism spectrum disorder in
NF1 children, and this is a variable condition in NF1 that might be influenced by variants in other
genes [75]. Despite SDC2 emerging as a strong candidate in our study, only 335 variants were found in
the gnomAD database and none in ClinVar, suggesting a highly conserved gene. However, the lack of
SDC2 in ClinVar may merely reflect its absence from gene panels used for diagnostic purposes. On the
other hand, TCGA somatic samples carrying both NFI and SDC2 mutations are scarce (N = 14/10,437),
most of them (57.1%) also related to uterine corpus endometrial carcinomas. This finding does not
exclude the gene as a phenotype modifier, but variants co-occurring with NF1 alterations might be a
rare event.

The literature search for variants and functions of the candidate modifier genes identified by our
strategy shows that this is an economical and accurate way to filter and select genes that would be
further validated by experimental assays. As a perspective, variants in the ten genes selected by our
strategy will be searched in NF1 patients with different symptoms. Many strategies could be used to
subsequently evaluate and validate the selected genes. One of them is to identify variants in these
genes or other nearby genes and genotype those variants in NF1 patients with different symptoms
and control populations, followed by statistical methods to identify correlations with the phenotype.
Moreover, in-vitro and in-vivo studies are also useful for validating previously selected genes, focusing
on CRISPR/Cas9 assays to induce partially and complete loss of the proteins. Our candidate genes
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could be also included in commercial gene panels with a low impact on their coast, which would help
to feed public databases such as ClinVar.

One obvious limitation of the present study is the lack of proper validation for the candidate
phenotype-modifier genes using benchwork. Hence, the results obtained must be evaluated with
caution. Experimental validation is necessary and strongly recommended before clinical extrapolation.
However, our purpose was to provide a new look in the strategies for evaluation of neurofibromatosis
using the huge amount of data already available in shared public-curated datasets. For example,
the protein—protein interactions identified by us were previously validated by several in vitro assays
and here combined in a network. Together with our network analysis, we also performed random
walk, a robust mathematical model that has been applied in the analysis of biological multiplex
heterogeneous networks [76,77]. We hope this complex and robust systems biology approach will help
to better understand the neurofibromatosis type 1 and its phenotypic variation.

4. Materials and Methods

4.1. Selection of NF1 Ontologies

The complete list of NF1 gene ontologies (GO) and phenotype ontologies were obtained in
the AmiGO and Human Phenotype Ontology (HPO) databases, respectively. ITn modifier studies,
the selection of which phenotypes to study is a key step, and in NF1, several phenotypic features are
time-dependent [19]. Then, we selected from both lists (GO and HPO) the ontologies related to the less
frequent and variable characteristics and not necessarily time-dependent, presented by NF1 patients,
as reported in the literature and in our clinical experience in the Oncogenetics clinics of Hospital de
Clinicas de Porto Alegre [16,78,79]. For example, cutaneous neurofibromas are common and may
occur in up to 99% of NF1 patients in a cohort; this is a variable characteristic, mainly in the number of
neurofibromas, but it is less variable when considering their presence in NF1 patients. Thus, we focused
on ontologies related to characteristics that occur in a smaller number of patients to try to explain the
variability of less common but more aggressive NF1 symptoms, such as breast cancer, delayed mental
development, plexiform neurofibromas, and facial dysmorphism. The processes and phenotypes
selected for the analysis involved NF1 and NF1-related signaling pathways, such as the MAPK cascade
and regulation of the Ras pathway, considering the upper ontology in the hierarchy of each database.
Hence, some ontologies were not selected because there was an upper term in the hierarchy that
encompassed these ontologies. It is worth mentioning that we followed a guide for the correct selection
of ontologies to try to limit the bias introduced by the choice of terms and keywords [80]. The processes
were evaluated by two independent researchers and selected for subsequent analysis when both
researchers considered it relevant.

4.2. Systems Biology Analysis

Networks were generated using STRING database v.11, comprising protein-protein interactions
(PPI) for Homo sapiens. Only experimental interactions were selected, with a minimum required
interaction score set in 0.400 (default). The assembled networks were transferred to Cytoscape
v.3.7.2 software, with which the network statistics was obtained. Big nodes represented proteins
with high betweenness centrality scores and warm colors comprised proteins with high closeness
centrality measures.

Comparison between networks was performed with DyNet application for Cytoscape v.3.7.2.
Complex networks comprising HPO selected phenotypes, gene expression, and PPI networks were
assembled using the PhenomeScape app, also in Cytoscape v.3.7.2, using the default settings.

4.3. Gene Expression Evaluation

RNA-seq and microarray secondary analysis were performed using studies selected in Gene
Expression Omnibus (GEO) and The Cancer Genome Atlas (TCGA) databases. For the GEO studies,
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we looked for NF1 knockdown or knockout assays and selected only the ones performed in human
tumor cells. The data extraction was performed manually, and the robust multiarray averaging (RMA)
normalization was applied using oligo or affy R packages (R v.3.6.2). The differentially expressed genes
were obtained using the limma package (R v.3.6.2).

Firstly, for TCGA, we selected seven somatic tumors with nonsense mutations in NFI
(NF1-ns): bladder urothelial carcinoma (BLCA), brain lower grade glioma (LGG), breast invasive
carcinoma (BRCA), cervical squamous cell carcinoma and endocervical adenocarcinoma (CESC),
colon adenocarcinoma (COAD), glioblastoma multiforme (GBM), and pheochromocytoma and
paraganglioma (PCPG). Despite tumors having a somatic origin, this information can be useful
to check how alterations in NF1 could affect the global gene expression in a specific tissue/tumor
(phenotype). We then compared these samples against wild type NF1 tumors to check which genes
were differentially expressed only in the NF1-ns group. The gene expression analysis for TCGA data
was performed by extracting the data with TCGAbiolinks package and evaluating differential gene
expression with edgeR package. All analyses were performed in R v.3.6.2.

4.4. Random Walk Analysis

The heterogeneous networks comprising both the genes and phenotypes selected were assembled
in the RandomWalkRestartMH package, in R v.3.6.2, and the random walk analysis was performed with
the same package.

4.5. Database Research

Other databases consulted to obtain data for the potential NF1 phenotype-modifier genes were:
(1) BioGrid, for curated protein interactions; (2) PINOT tool, for literature data on curated protein
interactions; (3) STRING database, for protein-protein interactions; and (4) The Human Reference
Protein Interactome (HuRlI), for the binary protein—protein interactions.

4.6. Variant Dalasels

To explore variants in our candidate genes already reported in the general population or with
clinical significance, we consulted The Genome Aggregation Database (gnomAD) v 2.1.1 and the
ClinVar archive. For gnomAD, variants were classified according to its annotation. In ClinVar, only
variants reported by at least one submitter as a germline were considered and classified according to
their interpretations.

Finally, an additional analysis was performed consulting the 79,720 tumor samples made available
by the AACR Project GENIE and the 10,967 samples from the TCGA PanCancer Atlas studies, using
the cBioPortal for Cancer Genomics. Samples were filtered according to their mutational status:
NF1-mutated patients including only nonsense, frameshift, and splicing; and patients with selected
variants in our candidate genes, if available. Then, the clinical data were accessed and confronted
with the mutational status to check which cancer types were predominant when NFT was exclusively
altered and when NF1 variant co-occurred with variants in our candidate genes.

5. Conclusions

We presented here a not yet explored systems biology strategy to investigate NF1 phenotype
modifiers. The public availability of multi-omics datasets makes possible the use of robust tools
to generate complex networks including protein—protein interactions, differential expression data,
and phenotypes, reinforced by mathematical models such as random-walk. Combining all these
strategies, we found 10 candidate genes as potential NF1 phenotype modifiers. Resources and time
may be scarce to carry out association studies and systems biology analyses makes possible to better
explain the genetic heterogeneity of this complex syndrome. Our results must be interpreted cautiously
in clinical application and may guide further in-vitro and in-vivo validation studies, saving time and
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financial resources. The approach presented here may guide further in-vitro and in-vivo validation
studies, saving time and financial resources.
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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, ¢.1010G=A p.(Arg337His, commonly known as R337H), has been
detected in 0.3% of the general population. Recently, the functional MIR605 variant rs2043556 (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 MIRG05 rs2043556
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.

© 2019 Elsevier Inc. All rights reserved.

Introduction

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 7P53 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.edubr (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.

spectively [3,4]. The protein product of TP53, p53, is a transcrip-
tion factor whose ability to mediate tumor suppression has been
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
c.1010G=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
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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
MDM2 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 MIRGO5
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 MIR60S
SNP 152043556 (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 Sao 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).

MIRG05 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 Taq-

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 MIRG05 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, MIRGOS 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 MIRG0O5 SNP and was diagnosed with multiple tumors

Table 1

Genotypic and allelic frequencies of
MIRGO5 152043556 (A=G) in TP53
pLArg337His) 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

* Risk/variant allele.
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Genotype Median age
SNP rs2043556 in years (IR)?
AA 35.5 (31.75)
AG 31.5(41.75) 0.808°
GG 40 (36)
2|R, interquartile range.
b Kruskal-Wallis test.
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Fig. 1. Distribution of the median age of first cancer diagnosis according to MIRG05 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 MIRGO5 genotype as a function of age of cancer onset,
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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 152043556 (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
MIRG05 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 TPS3 p.Arg337His carriers according to tumor type and number of cancer diagnoses.

Multiple primary tumors

Single tumor

P

Other tumor types',

N (%)

CNS tumors®, N (%) Sarcomas and

Adrenocortical

Breast cancers, N

(%)

Genotype SNP
152043556

%)

/
L

is, N

12 (46.1)
6(23.1)

is, N (%)

44 (45.8)
44 (45.8)

3
i

osteosarcomas”, N (%

5(31.3)
9 (60)
1(6.7)

carcinomas, N (¥)
10 (38.5)

12 (46.1)
4(154)

0.005°

8 (308)

\
!

8(8.3)

0.308"

18 (64.3)

7(25)
3(10.7)

6 (66.7)
3(333)
0 (0)

18 (40)
19 (4222)
$(17.8)

228
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4 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,

4 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
rs2043566 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 andfor 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 MIRG05 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 152043556 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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